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Abstract

The tideland paddy zone drainage system plays an important role in preventing flood damage and protecting the
tideland paddy zone by draining the rainwater from the paddy zones and the surrounding catchments in good time.
Therefore, scientific design of drainage system and accurate assessment of drainage capacity in tideland paddy zones

are important for sustainable development in agricultural production and safe farming.

So far, many theories and methods have been proposed for drainage systems and many programs have been developed
to design urban drainage systems, river systems, and simulate and analyze their drainage and pumping capacities, such
as SWMM, HEC, and DHI, but have the drawbacks that it is impossible to simulate and analyze the flood runoff

process in drainage systems with complex combined structure of paddy fields and drainage channels.

This paper presents an efficient method of drainage system numerical analysis method of a tideland paddy zone. This
method combines a flow simulation model in drainage canals based on one-dimensional unsteady flow numerical
method and a runoff analysis model in a paddy zone where many paddy fields are connected differently. By applying
this method, a drainage system analysis program of tideland paddy zone was developed. The program comprehensively
analyzed and evaluated the drainage capacity of the Suk Hwa tideland drainage system in the DPRK and verified its

accuracy and effectiveness.
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Introduction

A drainage system of tideland is a system of hydraulic structures consisting of drainage channels, drainage gates

and regulating pond that are installed to prevent flood damage by controlling runoff flow and flow direction of
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rainwater. Generally, drainage systems differ in their mission and method of installation depending on the hydrological
characteristics and location of the area to be installed.

So far, various kinds of programs related to water resources management and water flow numerical analysis have
been used for drainage system simulation analysis in different parts of the world.

Typical of these programs are SWMM (Storm Water Management), HEC (Hydrological Engineering Center), DHI
(Danish Hydraulic Institute), SOBEK and SWAT (Christou et al. 2017, Ontowirijo et al. 2023, Rujner et al. 2018, Patra
et al. 2016, Dau et al. 2017, Gerlach et al. 2016).

The SWMM model was first developed in 1971 and has been widely applied in a number of urban areas with
several updates, and has been applied to non-urban areas. In the SWMM model, one basin is generally divided into
several sub-catchments, based on the characteristics of each sub-catchment, its runoff process is calculated separately,
and synthesizes the runoff of each sub-catchment along the sewer network.

Harsha et al. (2020) used the SWMM model to evaluate drainage capacity in large cities in India and Shanghai
City in China and to evaluate the accuracy. In this study, the computational results of the SWMM model are shown to
be relatively ideal and reliable.

Some researchers have proposed a method for estimating drainage capacity of urban drainage networks by
combining GIS and SWMM models (Jiang et al. 2015; Perin et al. 2020). The paper establishes a geospatial information
database design and modeling parameter auto-determination method for automatic determination of modeling
parameters, problems arising in modeling the storm network using SWMM model, and evaluates the existing storm
network drainage capacity of the study area. Tu et al. (2020) also performed rainfall runoff simulations in several large
cities around the world, using the same approach as S. Sri Harsha et al. (2020).

Khodashenas et al. (2016) performed simulations and evaluations of urban drainage systems in the city using
SWMM models and GIS. GIS was used for extraction of attribute information, parameter setting and calibration for
catchments, and SWMM model was used for rainfall runoff simulation of urban drainage system.

Pachaly et al. (2020) designed an efficient drainage system in a city of India by combining SWMM model with
MIKE URBAN model. The SWMM model is one-dimensional and cannot be used to simulate flood extent or flooding
depth. Therefore, a two-dimensional MIKE URBAN model was used to overcome the limitations of the SWMM model.
The SWMM model shows the flood at the nodes, and the MIKE URBAN model shows the flood extent, the flooding
depth and the direction of the surface flow over the surface.

The SWMM model is suitable for urban areas with relatively complex hydro-hydraulic conditions, and it has the
advantages that the simple model structure makes it easy to design drainage systems, easy to understand and run time

short, but because of not assuming flow interactions between sub-catchments, it has the disadvantages of



oversimplifying surface runoff. Hence, it is not possible to simulate rainfall runoff in tideland drainage systems where
the sub-catchments, such as paddy fields, are interconnected and interact.

The SOBEK model is a fully coupled hydraulic model capable of simulation of drainage channel and surface
runoff developed in the Netherlands. SOBEK includes rainfall runoff module and water quality module.

Carrivick (2006) proposed a method to redesign the drainage system of a flooded area due to large scale rainfall
using the SOBEK model. In addition, several researchers have used the SOBEK model to design drainage system and
evaluate drainage capacity in large-scale floodplains (Happonen et al. 2016; Rahman et al. 2014; Afrasiabikia et al.
2017; Tarekegn et al. 2010). The SOBEK model is very efficient in estimating the drainage capacity in areas with high
rainfall and large catchment area. However, this model also cannot simulate the flow dynamics in paddy fields and
drainage systems interacting with each other through the irrigation gate.

The program for the simulation analysis of agricultural land drainage system includes the SWAT model.

The SWAT model is a continuous, physically-based, semi-distributed watershed model that was originally
developed by the USDA Agricultural Research Service to assess the impact of agricultural land use management
practices on water, sediment, and nutrient yields in large basins with different soil types, land uses, and management
practices.

The SWAT model divides a watershed into a number of sub-basins connected by stream networks. Each sub-basin
is further divided into a number of hydrologic response units (HRUs) that are unique combinations of different land
uses, soils, and surface slopes.

Some researchers used the SWAT model to evaluate the drainage capacity of a watershed with and without the
introduction of subsurface drainage system (Addab et al. 2022, Chen et al. 2022). In these studies, a new drainage
algorithm was proposed to estimate drainage capacity and four parameters were selected for groundwater runoff
assessment: impervious layer depth, subsurface drainage depth, drainage time for paddy field capacity, and drainage
delay. Subsurface drainage depth was determined by the depth of the drainage pipe and the remaining parameters were
determined by comparing the simulated values for the drainage pipe flow with the observed values. Then, the
simulations were performed for the period 2008-2010, and simulated hydrological elements were compared with and
without the installation of the drainage pipe. The introduction of the subsurface drainage system resulted in a reduction
in mean surface runoff by about 30% and mean soil water content by about 10%, while subsurface drainage discharge
accounted for about 16% of annual rainfall and about 37% of the total catchment runoff.

Many researchers have used SWAT models to simulate the effects of subsurface drainage on river discharge in
large catchments (Roy et al. 2021, Hoghooghil 2021, KhornN et al. 2022, Nasiri et al. 2020, Beharry et al. 2021, Xie et

al. 2023). The SWAT model is suitable for simulating and analyzing the subsurface drainage system because it provides



a relatively accurate estimate of long-term subsurface drainage discharge and sediment discharge in large-scale
catchments. However, since the subsurface drainage system is simulated and analyzed mainly, it has the disadvantage
that it is not applicable in areas without subsurface drainage systems.

Hence, this paper presents a paddy zone drainage system simulation analysis method that combines a flow
simulation analysis method in paddy zone with different combinations of various scale paddy fields and flow simulation
analysis in drainages network based on one-dimensional unsteady flow numerical method. The runoff simulation
analysis method of paddy zone consists of a method for calculating runoff through the irrigation gates in individual
paddy fields and a rank search algorithm for paddy fields with complex coupling. The flow simulation analysis method
in a drainage network consists of the numerical calculation of water flow in a single channel, the internal boundary
treatment method at the junction of paddy field and the channel, and the internal boundary treatment method in the case
of a drain at the lower boundary of the channel. The simulation analysis method of the paddy zone drainage system was
applied to the calculation of the drainage capacity of the Suk Hwa tideland drainage system in Sonchon County, North

Phyongan Province of the DPRK, and its accuracy and effectiveness were verified.

Methods

Analysis of runoff simulation in paddy zone
Models of paddy zone runoff simulation

In paddy zones, rainwater enters drainage via interconnected irrigation gate, unlike in dry fields or hill-slopes.
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Fig. 1. Division of paddy field for numerical modeling

To numerically model the paddy field discharge, consider paddy fields connected to a drainage channel as shown in
Fig. 1. As shown in the figure, paddy field-1 and paddy field-2 are connected side by side with paddy field-3 and paddy
field-3 is connected with paddy field-4.



Fig.2. Runoff of the case when the irrigation gate is not flooded

When rainwater runs down in the paddy zone, the water balance relationship is shown in Fig. 2 when the irrigation
gate in the i paddy field is not flooded.

When the irrigation gate is flooded, there are cases where the paddy field is connected to a drainage channel and to a
paddy field (Fig. 3).
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Fig. 3. Runoff of the case when the irrigation gate is flooded

The model of the runoff simulation, which reflects the water balance relationship between individual paddy fields

shown in Figs. 2 and 3, can be written as follows:
dh(t,L
w L) (8)- 0. wp0) - AW() .
t
AW, (1) =-U,(c)-S,(¢)

Where, i-paddy field number, Pi(f)-precipitation of paddy field (m), AWi(f)-sum of deviations of other water balance
components of paddy field (m?), Ui(t)-evaporation of paddy field (m?), S(#)-Infiltraion of paddy field (m?), w;-the area
of paddy field (m?).

The depth of water (m) above the irrigation gate of paddy field 4i(#,L) is expressed according to the combined

H(t)-z, (L=0)
h(t,L)=H(e)-H. (). (L=1) @)
H/(t)-H,,,(t), (L=2)
Where, i-paddy field number, Hy(f)-water level height of paddy field(m), z~irrigation gate height of the paddy field

conditions of paddy field and drainage as follows:

(m), H;(f)-water level height of the drainage channel (m), L={0,1,2}, L=0: irrigation gate is not flooded, L=1: irrigation



gate is flooded and is connected to the drainage channel; L=2: irrigation gate is flooded and is connected to the paddy
field.

gt E) is the amount of water inflow into the paddy field (m?/s), is expressed as follows:

0, (E =0)

q.(t,E)=1{ )
20,0 (E=1)
j=1
Where, E={0,1}, E=0: without paddy field influx; £=1: with paddy field influx, /- number of paddy fields influx into
the paddy field, O:1,(¢)-discharge of irrigation gate in j* paddy field influx into the i paddy field (m?/s).
04t C) is the discharge from the paddy field (m?/s) and is expressed as follows:

ofe.c)-|ZV) (=0 @

ok, (c=1)

Where, C={0,1}, C=0: the case of flow from paddy field to paddy field, and C=1: the case of flow from paddy field
to drainage.

QOi(?) is the discharge through the paddy field irrigation gate, is given by

mIVZgBi(hi(t5L))3/2’ (L:O)
0(1)=1 , , h(t,L) )
'J2gBh ————, (L=1,2
1 g A} |hl(t’L] ( )

Where, L={0,1,2}, L=0: irrigation gate is not flooded, L=1: irrigation gate is flooded and is connected to the drainage
channel; L=2: irrigation gate is flooded and is connected to the paddy field, B;-width of paddy field irrigation gate (m),
g-acceleration of gravity (m?/s), and At,L) is calculated by Eq. (3). The m; is the discharge coefficient of the paddy field
irrigation gate, and m’; is the discharge coefficient of the flooded irrigation gate.

By the equations considered above, a system of main equations for the simulation modeling of paddy zone runoff is
constructed.

Numerical modeling of individual paddy field runoff

Given rainfall in paddy fields, other water balance components such as evaporation, infiltration, or neglecting minor
amounts, the main unknowns in Eq. (1) are /:(¢,L) and Qi(¢).

From the Eq. (1), the continuity equation for the i paddy field is given by

dh.(t,L
W, ah (L) _ P(t)w, —Q.(z,C) 6)
dt
This can be expressed in a finite difference way as follows:
H ..—H, a0,
w i,n+1 in _ WP _ Ql,n+l Ql,n (7)

i At i~ n

Where, i-paddy field number, n-time number, w; -area of the paddy field. H;,, H;,+1-paddy field surface water level,
and P,-the rain intensity, Q; ., Qin+1-The flow rate of the paddy field irrigation gate.
From this equation, the flow rate is obtained as follows:
2w, 2w,
Qun=—"H,,+—H,, -0, +2wPF, (®)
' At At 7 ’
The values of Q;,+1, H;u+1 in the i paddy field are calculated using the well-known Newton’s iteration method, in

which case the following equations are used, depending on the two cases when the irrigation gate is not flooded and



when it is flooded.

Runoff when the irrigation gate is not flooded

- Q
1K+l - h

Ah; = Hy,—H g

do 3 ho )
D= =i - B h1/2

(dh] J 2 m i, K

D 2w, 2w,
H, . =|—MH,+2z)+2wP +—H, -0, —+D
i, K+1 |:3 ( i, K z) i“n At in Qt,n:l ( At j

Where, m;-the discharge coefficient of the paddy field irrigation gate, g-acceleration of gravity (m%/s), Bi-width of
paddy field irrigation gate (m), h/=H;-z;, zi-irrigation gate height of the paddy field, Q; x+i-the K+1" approximation of Q;,
and H; g+1-the K+1% approximation of H..

Runoff when the irrigation gate is flooded

When the irrigation gate is flooded, there are cases where the water level of the paddy field is higher than the

drainage channel and lower.

Considering both cases, H;+1 is calculated using the following equation :

b, Hl K+ f;‘HL,KH = li (10)

The coefficients are

2w,
A_t + Ddzf (Hum 2 HL,K+1)
b, = 5 (11)
Wi
A_t + Ddif + Dlow (Hi,K+1 < HL,K+1)

_ Dy = Dy (H ixn = H L,K+1)

; (12)
- Ddzf (Hi,K+1 < HL,K+1)

l[ :D low<i

2w.
i (Hoo-H )+ D, 2, +(2wiﬂ+fw;Hi,n—Q[,nJ (13)

Dlow :[ aQi j — mi’\/EBi (Hi,K'HL,K) (14)
My K \/|Hi,K_HL,K |
Ahlow = H[OW,K+1 - Hlow,K (15)
D, — an m\/_B( lowK i) (16)
v aHdif K 2\/|Hi,K’HL,1<|
dzf =(H gy —H ) —(Hx—H, ;) (17)

Where, the m’~the discharge coefficient of the flooded irrigation gate, and Hjy+i-the K+1% approximation of
drainage water level H;.

As can be seen, to express the water depth in the paddy field H;in the form of a linear equation, when the irrigation
gate is not flooded, Eq. (9) can be used and when the irrigation gate is flooded, Eq. (10) can be used with the flow

numerical calculation method in the drainage channel.



One-dimensional numerical modeling of unsteady flow processes in drainage system

In this paper, a one-dimensional numerical method for unsteady flow processes in a drainage system, where a large
number of paddy fields are connected to each other and the channel is separated or merged together to form a complex
structure is proposed.
Basic Equations of One-Dimensional Unsteady Flow in Drainage

The system of basic equations of one-dimensional unsteady flow in an open channel of drainage consists of the

continuity equation and the equations of motion of the water flow [27].

9z, 00 _

ot ze (18)
a_Q+£[Q_j+gA(a_Z+$ZQ|J:0

or ox\ A4 ox k

Where, x-spatial coordinates representing the stream-wise distance (m), A-water flow area (m?), Q-cross-sectional

average flow (m%/s), and Z-water level (m).

k:lAR2/3

n
Where, n is the bed roughness coefficient, R is the hydraulic radius (m).
Applying the Preissmann implicit difference scheme to Eq. (18) and after some linearization, the following numerical

model is obtained.
AliAQi + BuAZt + CliAQH—l + DliAZHl = Eli

19
AZiAQi + BZiAZi + CZiAQH—l + D2iAZi+1 = E2i 4

Where, A1~FE1i, A2~E»;are coefficients determined by the water flow area 4", water flow width B”, discharge 0", and
water heights of the previous stage.

Eq. (19) is solved by applying the backward-forward method. The forward transfer coefficients Hj, I;, J;, Fj+1,
Gj+1 are determined by the forward process and AQ;, AZ; are calculated by the backward process.

The method of calculating the backward-forward coefficient without internal boundary points has been described in
detail in Kim et al. (2019).

Since the drainage system of paddy zones are connected to each other and one channel is connected to several paddy
fields so that the drainage system are forming a complex internal structure in which the water flow is confluent with
each other, the numerical calculation cannot be carried out by the method presented above alone, and the internal
boundary treatment methods at these confluences must be combined. The internal boundary treatment methods for
drainage systems include the treatment of confluences when the water flow of the paddy field enters in the drainage
channel if the paddy irrigation gate is not flooded, the treatment of junctions when the water flow of the drainage
channel enters in the paddy field, the treatment of channel sections when several drainage channel are combined and
draining gate is installed in the outlet of drainage channel. The internal boundary treatment methods when several
drainage channel are combined and draining gate is installed in the outlet of drainage channel has been described in
detail in Kim et al. (2019). Hence, this paper only describes the internal boundary treatment when the water flow of
paddy field enters in the drainage channel and the water flow of the drainage channel enters into the paddy field.
Internal boundary point treatment method at the location where paddy field water-flow enters the drainage
channel

The case of a paddy field connected to the side of the drainage channel is shown in Fig. 4.
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Fig.4. When the water flow of paddy field enters into the drainage channel

As shown in the figure, we set up one virtual channel interval. Then, the distance between the i section and i+1"
section of the virtual channel interval is set to zero. The continuity condition of the flow between the two sections is

established as follows.

Z,=2,
(20)
Qi + Q_/‘ = Qm
Let us transform Eq. (20) into
Z,+ A2, =2+ AZ, (21)

Oin+AQ,, =0/ +A0, + 0, (22)
Ordering Eq. (21) into
AQ,,, =AQ0,+0O" -0/, + Qf
AZ, =AZ,, +(z], - 2")

i+1

(23)

Substituting the relationship of AQ=F,AZ+G; into the first equation of Eq. (23) and ordering, after the model
coefficients AZ;and AQ;+ are determined by the forward model coefficients H,, i, Ji, Fi1, Gi+ as follows:

F.,=F
Gi+l = G[ + Q[n - Q['-:l + Qf
SH, =0 (24)
I =
J, =2z -Z"

Internal boundary point treatment method for drainage channel flow into paddy field
Consider the case where the water flow of a drainage channel enters into paddy field through the irrigation gate, as

shown in Fig. 5.
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Fig. 5. When the water flow of drainage canal enters into paddy field

Then, to determine the backward-forward coefficients, we assume the following continuity condition:

{Zi = Zi+1 = Zx
Qm = Qz - Qs

Where, O is the inflow from the drainage channel to the paddy field (m?/s).

Transforming Eq. (25) into

From the continuity equation in paddy field

Z!+ANZ, =7] +AZ,,

i+l

Q:H + AQiH = Qin + AQi - Qs

AS(Zin)AZ

Qs - At i+l

(25)

(26)

@7

Substituting the relationship between Eq. (27) and AQ=F:AZ+G; into Eq. (26) and ordering, the backward-forward

coefficients are determined as follows:

£ =)
At

Gi+l = Gi +Qin _Qir-li—l

H, =

I, =

J=Z" -7Z"

Drainage system simulation analysis process of paddy zone

(28)

Figures 6 and 7 show the different connection state of different paddy fields and drains. If hundreds of paddy fields

and several drainages are combined to form a paddy zone, numerical calculations must be performed on the basis of the

first set of cross-section calculation order of paddy fields and drainages to simulate the inflow and outflow processes,

reflecting the combination of individual paddy fields and drainages.
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Fig. 6. Different connection states of paddy fields.
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Fig. 7. Different connection states of drainages.

In this paper, a new numerical algorithm is proposed to perform the runoff simulation analysis while automatically
searching for the paddy field calculation orders by analyzing the complex coupling relationships of these paddy fields.

Some of the paddy field class structures representing a paddy field are as follows:

Structure of paddy field class field(){

Integer center paddy x//x coordinate of paddy field center

Integer center paddy yl/ly coordinate of paddy field center

Integer output paddy x //x coordinate of paddy field outlet

Integer output paddy y /ly coordinate of paddy field outlet

Integer up n* //mumber of influent paddy fields

Integer up_no() //No of influent paddy field

Integer dn_n //mumber of discharged irrigation gates (paddy fields)
Integer dn_no() //No of discharged paddy field

Integer channel n //number of drainages connected to paddy field

H

Figure 8 shows a class of paddy fields represented by a diagram.
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Fig. 8. Graphical representation of a paddy field class

The structure of the paddy field class includes, first, the attribute variables to store the number of paddy fields that are



influenced into the paddy fields and the number of paddy fields that are discharged from the paddy fields. Next, there
are central point storage variables and output point storage variables that characterize the location and discharge
direction of the paddy field.

There are many cross sections in a single drain and, in order to ensure the stability of the numerical solution, there
must be more than one non-junction section between the sections where the drainage channel and paddy field (irrigation

gate) are combined. For example, if paddy fields of 50m width are connected to a drainage channel, there should be

four ~ five sections per 50m to be placed more than one drainage section between the sections where paddy fields in the

left and right sides of the drainage channel are joined. Therefore, it is reasonable to set one section per 10 ~ 15m in the

drainage channel.
Some of the single drainage channel class structures are as follows.

Structure of the drainage channel class channel () {

Integer level //grade of drainage channel
Integer cross_n //number of cross-sections
Integer cross_x() /Ix coordinate of cross section

Integer cross_y() //y coordinate of cross section
Integer cross_index() //calculation number of cross section

Integer paddy no() //paddy field number connected to the cross section

}

The structure of the drainage channel class includes the attribute variables to store the number, the location and the
calculation rank of sections of the corresponding drainage channel.

® Set the initial and simulation conditions of the calculations.

Input the rainfall time series in the paddy field and set the calculation initial water levels (drainage channel water
level and water level of individual paddy fields).

Set the calculation time interval (usually 5s) and simulation time.

The paddy field area and the width, the height and the flow coefficients of irrigation gate for individual paddy fields
are set.

Input the upstream and downstream boundary conditions, bed roughness coefficient, cross-sectional view, and initial
flow rate for the individual drainage channel sections of the paddy zone.

@ Identify the connection state of paddy fields and drainage channel sections in the paddy zone.

The connection state of paddy fields is stored in the corresponding storage variables, comparing the central and
output points of individual paddy fields. Based on the values of these storage variables, the corresponding values are
also stored in the storage variables that reflect the inflow and outflow relationships between paddy fields, paddy fields
and drainage channels.

Comparing the locations of individual drainage sections, the connection state of drainage channel sections is stored in
the corresponding storage variables.

® Search for paddy field calculation rank.

The simulation of the runoff in the paddy zone should be carried out one by one from the paddy field farthest from
the drainage channel. For this, the paddy field, which is the most distant from the drainage channel, should be searched
and the calculation rank of the paddy fields should be assigned.

For automatic search of these paddy field computational ranks, a hierarchical search rule was established.

The layers were divided into upper, middle and lower boundary layers, and the computational ranks were assigned to
the paddy fields entering the corresponding layer.

The process of assigning the detailed computational ranks is as follows.



First, we establish the initial computational ranks based on the values of the attribute variables up n, dn_n, and
channel n of the paddy field class.

First, in the case of up_n=0, dn_n>1, and channel_n=0, these paddy fields haven’t the influent paddy fields and only
have the discharged irrigation gates so these paddy fields belong to the upper boundary layer. Assuming the number of
these paddy fields to be 7, we assign a unique rank from 1 to » to paddy fields.

Then, in the case of up n>1, dn _n>1, and channel n=0, these paddy fields lie between paddy fields of the upper
boundary layer and paddy fields connected to the drainage channel, i.e., these paddy fields belong to the middle layer. If
the number of these paddy fields is m, the computation ranks should be assigned to paddy fields, starting from paddy
fields directly connected to paddy fields of the upper boundary layer, from n+1 to n+m.

In the case of up_n>1, dn_n=0, channel n=1, these paddy fields are directly connected to the drainage channel and
belong to the lower boundary layer. Assuming the number of these paddy fields is p, the computation ranks from
n+m+1 to n+m+p are assigned to these paddy fields.

If the set of paddy fields of the middle layer consists of several paddy fields connected in parallel, these paddy fields
should be further divided into upper, middle and lower boundary layers and the computation ranks should be reassigned
from n+1 to n+m.

In this case, paddy fields directly connected to the initial upper boundary layer are searched for paddy fields of the
upper boundary layer in the second stage, paddy fields directly connected to the initial lower boundary layer are
searched for paddy fields of the lower boundary layer in the second stage, and paddy fields lying between them are
included in the middle layer in the second stage.

This process is repeated until there is no case of paddy fields connecting in parallel the middle layer.

@ Search for the drainage channel section computation rank.

In the drainage channel system, the main drainage and branch drainage are classified.

In case the final section location of the individual drainage channel does not coincide with any non-final section
location of other drainage channel, we set this drainage channel as the main drainage and assign a value of 0 to the
attribute variable level.

Then, in case the final section location of the individual drainage channel coincides with any section location of main
drainage channel, the first-grade branch drainage is determined and the value of /evel is set to 1.

In case the final section location of the individual drainage channel coincides with any section location of first-grade
drainage channel, second-grade branch drainage is determined and the value of /evel is set to 2. In this way, the drainage
system is classified into main and branch drainage channels at all grades.

As a next step, the computation ranks are assigned to the cross sections of the main and branch drains.

Number 1 is assigned to the starting section of the main drain. Then, starting from the starting section, we compare
the cross_x, cross_y values of the individual sections with those of all sections of the other drainage channels, and
unique rank to the corresponding sections are assigned until the values are not equal. If the number of such sections is P,
then computation ranks are assigned from 2 to P+1 to these sections.

If the value is the same, this section is considered as the first confluence point, the computation rank of the starting
section of the connected branch drainage channel is set to P+2, and unique ranks are assigned from P+3 to the cross
sections to the confluent position.

Then, again comparing the location of cross sections from first confluence point, the second confluence point is
searched and the computation ranks are assigned in the same way as above. In this way, confluence points search and
computation ranking are performed to the final section of the main drainage.

If the computation ranking of the drainage system has finished, the computation ranks of drainage channel sections in
which the paddy field is connected are stored in the attribute variable paddy n, starting from the starting section.

The assigned computation ranks of the drainage sections are shown in the figure as follows:
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Fig. 9. Connection state representation of paddy fields using paddy field class
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Fig.10. Computation rank search of drainage channel section

® The runoff calculation of paddy zone should be performed.

According to computation ranks determined in Step 3, the runoff calculation through the irrigation gate of individual
paddy fields is performed.

If the irrigation gate is not flooded, Eq. (9) and if the irrigation gate is flooded, Eq. (10) are used to calculate from
paddy fields in the upper layer to paddy fields in lower layer. At that time, the calculation is repeated until the calculated
values coincide with the assuming water depth above the irrigation gate at the corresponding calculation time by
applying an iteration method in individual paddy fields.

According to the drainage channel section computation ranks determined in Step 4, the forward coefficients F; and G;
in the individual drainage sections are determined and according to the set upper and lower boundary conditions, the
water height and flow rate of the drainage sections are calculated. The backward-forward coefficients are determined by
comparing the water level of the drainage channel and the paddy field irrigation gate in the cross-sections connected to
the paddy field using Eqgs. (23) and (27).

Increasing the calculation time, the water level and flow rate in each paddy field and drainage channel section are

calculated.



Results and discussion
Placement and connection of element objects for the drainage system simulation analysis of the Suk Hwa

tideland
Figure 11 shows a map of some catchments, paddy fields, drainage channels and regulating pond of Suk Hwa

tideland in Sonchon County, East Phyongan Province of the DPRK, by using the newly developed tideland drainage

simulation system.
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Fig.11. Drawing of connection state between paddy fields, drainage channels, regulating ponds and drainage gates.

Three catchments, 176 paddy fields, four branch drainage channels and one regulating pond connected to the sea
through drainage gates.

Currently, three catchments are directly connected to the sea through a river channel. However, in this case, the high
tide causes the rise of sea water along the river channel to negatively affect the channel capacity, and furthermore, the
risk of flooding the reclaimed tideland paddy zone in the case of the overlap of tides with the flood discharge formed in
the catchment during the flood period is high.

In this context, a drainage scheme was proposed to concentrate all the inflows in the reclaimed tideland paddy zone
and the inflows of the channeling ditches connecting the three catchments, to organize discharge as much as possible
during the low tide period, and to adjust by using the available volume of regulating pond during the high tide period,
and a drainage system simulation analysis was carried out to determine the number of drainage gates to use effectively
the available volume of regulating pond.

Figures 12, 13, 14 and 15 show the details of the connection state of each component of the drainage system.
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Fig. 12. Connection state between paddy fields, paddy field and drainage channel as shown in the expansion.
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Fig.13. Connection state of the drainage channel and regulating pond and drainage gates as shown in the expansion
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Fig. 14. Precipitation process from July 11 to July 12,2023

Fig.15. Drainage channel cross-section

Accuracy assessment of the drainage system simulation analysis method of tideland paddy zone

To verify the accuracy of the proposed drainage system simulation analysis method, a comparative analysis was first



carried out between the data observed during the flood period in July 2023 and the values simulated reproducing the
situation.

The number of paddy fields is 176 and the total area is 84.8 hectares. Figure 14 shows the hourly precipitation
distribution over 24 hours between July 11 and July 12, 2023.

The channel section of the drainage is shown in Fig. 15.

Where, b=1.5m and /#=1.0m.

The simulation conditions for individual paddy fields are set as Table 1.

Table 1 Parameter settings for the runoff calculation of paddy fields

Runoff co Irrigation ga Irrlgat.l on ga Paddy field ar Bqttom he Initial water
No efficient te width(m) te height ca ight level(m)
(m) (m?) (m)
1 0.67 0.5 3.04 1 476 3.24 3.24
2 0.67 0.5 3.02 1 271 3.22 3.22
3 0.67 0.5 2.99 1 316 3.19 3.19
4 0.67 0.5 2.84 1 436 3.04 3.04
5 0.67 0.5 2.78 1 240 2.98 2.98
6 0.67 0.5 2.7 1 391 2.9 29
7 0.67 0.5 2.65 1 413 2.85 2.85
173 0.67 0.5 2.24 1 634 244 2.44
174 0.67 0.5 1.57 1 633 1.77 1.77
175 0.67 0.5 1.47 1 597 1.67 1.67
176 0.67 0.5 1.36 1 360 1.56 1.56

As shown in Fig. 11, the main drainage channel has four drainage channels, 117 computational cross-sections of the
first-degree drainage channel, 101 computational cross-sections of the second-degree drainage channel, 93
computational cross-sections of the third-degree drainage channel, 85 computational cross-sections of the fourth-degree
drainage channel, and the distance between the computational sections is set to 10 m.

Table 2 shows the set of channel simulation conditions for the drainage system.

Table 2 Parameter settings for water flow numerical calculation of drainage channels

No Number of cross-sections Cross-sectional distance(m) Roughness coefficient
1 117 10 0.031
2 101 10 0.031
3 93 10 0.031
4 85 10 0.031

The total calculation time was set to 72h and the calculation time interval was set to 5s.
The height-area data of the regulation pond are shown in Table 3 and the initial water level is 1.0m.

Table 3 Height-area data of regulation pond

H‘Eﬁ)}” o I 1.4 -0.9 -0.4 0.0 0.1 0.6 1.1 1.6 2.1
AREA 0 2 46 100 145 155 225 294 384 473
(HECTARE)

The simulation conditions of the drainage gate are set as shown in Table 4.

Table 4. Characterization of the drain gate

Width Height Sill height Number of drainage gate opened
(m) (m) (m) (unit)
1.0 1.0 -0.8 2

Fig. 16 shows the locations of the water gauges and flow meters located in paddy fields and drainage channels.




As shown in the figure, four water gauges

irrigation gates.
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Fig. 16. Layout of observation points

® Observation Point

are installed in drain-1 and three flow meters are installed in paddy field

Fig. 17 shows the comparison results between the discharge observed from 11 to 12 July 2012 and the discharge

calculated using the paddy field runoff simulation method presented in this paper.
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Fig. 17. Comparison of discharge in individual paddy field irrigation gates
The comparison between the observed and calculated values in drain-1 is shown in Fig. 18.
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As can be seen from

Fig. 18. Comparison of water level processes in the calculation sections of drain-1.

the figures, the calculated irrigation gate discharge and hydrograph at the observation points of

the drainage channel and paddy fields coincide very well with the observations. The average relative error is % in the

case of the irrigation gate discharge, and is % in the case of hydrograph. Hence, the proposed method can be applied to

the real problem with sufficient accuracy.

Drainage gate number determination of regulation pond in the presence of inflow of a channeling ditch

In this paper, based
calculation was carried

events.

on the accuracy of the simulation analysis of drainage systems in paddy zone, a simulation

out to determine the number of drainage gates in the regulation ponds for 100-year period flood

The initial level of regulation pond was set to 1.18m, the maximum permissible level was set to 1.3m, and the final

level of regulation to be lowered after 72h was set to 0.5m.

Fig. 19 shows the hourly precipitation distribution for 308mm of 24h maximum rainfall.
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Figure.19. 24 Hourly distribution of 24 h maximum rainfall

Fig. 20 shows the detailed connection state between the individual elements of the drainage system, assuming that the

channeling ditch enters

a regulation pond.
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Fig.20. Connection state between catchment, channeling ditch, paddy field, drainage channel, regulation pond and drainage gate

As can be seen from the figures, the flood inflow formed in catchment-1, catchment-2 and catchment-3 due to the

24-h maximum rainfall

is flowing into the regulation pond through two river channels. The maximum value of flood



pr & 91T ocesses flowing through the river channel connected to the catchment-1 is 25.6m3/s, and the maximum value
of flood processes flowing through the river channel connected to the catchment-2 and catchment-3 is 37.8m3/s.

The maximum value of the inflow process that flows into the regulation pond through paddy zone drainage channels
is 8.32m3/s.

Under such conditions, simulations were carried out to determine the size and number of drainage gates under

conditions that do not change the volume of the regulation pond.

Fig. 23 shows the results of the runoff control calculations for the regulation pond with the number of gates in the
case of a 2mx2m gate.
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Fig.23. Calculation results of the runoff control in the regulation pond.

The maximum peak flow of flood inflow process in the paddy field and river channels that flow into the regulation
pond is 66.9m3/s.

In the figure, when the sea level is above the internal level of the regulation pond, the discharge is stopped and the
gate is opened during the low tide to achieve a concentrated discharge. With the increase of the number of gates, the
discharge during the low tide also increases. It can be seen that the difference of the discharge change amplitude with
the number of gates at individual low tide periods are due to the difference of discharge capacity of the drainage gate
with the water level of the regulation pond, and the higher the water level, the larger the discharge change amplitude.

Fig. 24 shows the hydrograph of the water level change in the regulation pond, and Table 5 shows the maximum

water level at the regulation pond with the number of gates and the final water level values after 72h.
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Fig.24. Hydrograph of water level change in regulation pond.

Table 5. Variation of maximum and final water levels in regulation pond with the number of drainage gate.

Number of drainage gate
(unit)

Maximum water level

(m)

Final water level

(m)




1 1.65 1.41
2 1.45 0.92
3 1.28 0.69
4 1.13 0.50

As shown in Table 5, in the case of one or two gates, the maximum and final water levels do not satisfy the maximum
permissible water level in the regulation pond and the final target water level.
In the case of three gates, the maximum level is below 1.4m, but the final water level is 0.69 m, exceeding 0.5 m. In

the case of four gates, both the maximum and final water levels satisfy the simulation conditions.

To control the 100-year period flood that occur in the catchment and paddy zone around tideland, using the volume

of existing regulating pond, four gates of at least 2mx2m size should be installed.

Conclusions

In this study, a new simulation analysis method of drainage system in tideland paddy zone was proposed by
combining the runoff simulation analysis method of tideland paddy fields through irrigation gate and the water flow
simulation analysis method of drainage channel system, and applied to the Suk Hwa tideland located in North Phyongan
Province of the DPRK and verified its effectiveness.

First, a new runoff simulation analysis method of paddy zone combined with a search algorithm to determine the
runoff computation ranks of paddy fields, reflecting the different combinations of paddy fields, is proposed.

Also, a method of determining the backward-forward coefficient for internal boundary treatment at the location
where the main flow of the drainage channel and the paddy field irrigation gate flow are confluent was proposed and
applied to the numerical calculation of the water flow in the drainage system.

The simulation analysis method of drainage system in tideland paddy zone, which combines the runoff simulation
analysis method of paddy zone and the water flow numerical calculation method of drainage channel system, can be
used effectively to verify the flood drainage capacity of tideland drainage system, to support the design of drainage
system, and to determine the suitable location and scale of regulation pond for the prevention of flooding in the tideland

paddy zone directly affected by tide.
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