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SUMMARY IN SWEDISH  

Bwaise III i Kampala, Uganda är ett tättbefolkad och informell uppgörel-
se med ytligt grundvattenlager och otillräcklig grundläggande infrastruk-
turstjänster. Det finns hög risk för att förorening av grundvattnet och det 
kommer att medföra hälsoproblem till lokal invånarna. I denna studie, en 
stor dimension (300 m) 2D-modellen har tagits fram för att beskriva den 
hydrogeologiska kondition och att undersöka den responsen på olika in-
filtrationstakt på grundvattenlagret.  

Randvillkor av dräneringssystemet är viktiga i grundvattenflödet model-
lering. Simuleringen visar att vatten i kanal strömmar in i vattentäkten 
när kanalen är full, annars kanalen kommer att fungera som en sänka för 
grundvattnet.  

Advektion av fosfor förorsakade inte föroreningar att uppnå eller infilt-
rera in i kanalen. Integreringen av fosforkoncentration flödar in i område 
3 (föroreningsinlopp) motsvarar infiltrationstakt och plymen rör sig 
snabbare på regntiden som bärgar mer fosfor jämfört med torrtid. Med 
sorption adsorberat all fosfor inne matjord. En förenklad 3D-modell 
skapades för att illustrera flödesfältet. Ytterligare simulering kan utföras 
inom denna 3D ram för mer realistisk beräkning och konsekvent förut-
sägelse. 
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ABSTRACT 

Bwaise III in Kampala, Uganda is a densely populated informal settlement with a shallow groundwater 
table and inadequate basic services. High risk of groundwater contamination will bring health problem to 
the local residents. In this study, a large dimension (300 m in length) 2D model was developed to depict 
the hydrogeological condition and to examine the response to different rainfall infiltration rate on the 
groundwater table. The boundary condition of the drainage system plays an important role in modeling 
the groundwater flow. The simulation results show that water in the drain will flow into the aquifer when 
the drain is full, otherwise the drain will act as a sink for ground water. Advective transport of phosphorus 
results in no pollutants reaching or percolating into the drain. The integration of phosphorous concentra-
tion flowing out of Domain 3 (pollutant inlet) corresponds to the infiltration rate and the plume moves 
faster during the wet season which brings in more phosphorous compared with the dry season. With 
sorption, all the phosphorus was adsorbed within the top soil. A simplified 3D model was set up to illus-
trate the flow field. Additional simulation can be undertaken within this 3D frame for more realistic calcu-
lation and consistent prediction.  

Key words: Shallow groundwater modeling, drain, COMSOL, ALE, Peri-urban, Contaminant, 
Large dimension  

1 INTRODUCTION 

1.1 Background 

In this study, the software COMSOL 3.5 is used 
to build a model for simulation of the fluid flow 
and pollutant transport and to analyze the im-
pacts of anthropogenic pollution on shallow 
groundwater.  

The case study area, Bwaise III, is an informal 
settlement in Kampala, Uganda. The area char-
acterized by typical development schemes 
throughout Uganda: increasing urbanization 
which is greatly associated with rapid expansion 
of smaller urban centers and peri-urban settle-
ments (Kulabako, 2005).  

This peri-urban settlement in Kampala is also 
characterized by high population densities cou-
pled with the apparent agglomeration of differ-
ent social and economic activities served by the 
inadequate infrastructure and poor services 
including inter alia poor water supply and appal-
ling sanitation standards (Mwesigwa, 1995). It 
indicates that this informal low-cost settlement, 
poorly constructed housing, inadequate infra-
structures and services have to sustain a high 
population density.  

In Bwaise III (Fig. 1), like most peri-urban areas 
in the developing countries, environmental 
degradation is brought in by the increasing 
generation of anthropogenic waste and inade-
quate capacity of the municipal authorities to 
ensure the adequate provision for environmental 
health (Vernon, 2002). This becomes an im-

portant element in the groundwater protection 
and management (Kulabako, 2005). 

1.2 Problem and research questions 

In Kampala, there are about 540 tons of solid 
waste indiscriminately disposed of daily 
(Sikyajula, 2003) and untreated effluent from 
industrial and domestic sources (KSSMP, 2004). 
Moreover, poor land use practices like wetland 
destruction and open storm water channels, 
have resulted in unprecedented discharges of 
large quantities of untreated pollutant loads to 
both surface water and shallow groundwater 
(Kulabako, 2005). On the other hand, poor 
sanitation condition especially when flooding 
occurs during the wet season will add higher 
health risk to the local residents.  

Furthermore, in this low-lying area Bwaise III 
traces of sewage from latrines have been detect-
ed in wells and springs (Mwesigwa, 1995). How-
ever, water for domestic use and business estab-
lishments is mainly fetched from springs in this 
area. Therefore, the quality of the shallow 
ground-water in Bwaise III becomes of major 
concern. 

Moreover, the rain pattern in this area varies 
seasonally between wet and dry seasons, which 
greatly influences the groundwater flow and 
pollutant transport behavior.  

This study will focus on these problems stated 
above and delineate the hydrogeological condi-
tion of the study area Bwaise III, which is an 
example of the unplanned, uncontrolled and 
growing peri-urban settlement. 
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Figure 1. Geographical location of Bwaise III and the borders of its 6 local administrative zones. 
 

1.3 Objectives 

Several studies were carried out in Bwaise III 
aiming to investigate the influence of the poor 
environmental sanitation on the groundwater.  

Taking into account the high risk for the shallow 
aquifer being contaminated, the concern about 
Bwaise III is generated since groundwater-feed 
springs supply more than 50% of Kampala’s 
population (KSSMP, 2004).  

Based on the water quality monitoring by 
Kulabako, data including type, quantities (loads), 
and sources of this anthropogenic pollution 
from the peri-urban areas of Kampala, were 
recorded. The result of the variability and im-
pacts of pollution as a result of human activity 
can be utilized to generate a model to analyze 
the local condition.  

This study aims to contribute to these investiga-
tions by developing a model that describes the 
groundwater flow pattern, pollutant transport 
behavior and analyzing the impact of rain fre-
quency on the groundwater flow and pollutant 
transport. Additionally, a 3D model will provide 
a more comprehensive and realistic description 
of the local hydrogeological condition. 

1.4 Case study area - Bwaise III Parish 

1.4.1 Geographical location 

Bwaise III in Kampala is located around 4 km 
north of Kampala city centre. It covers an area 
of 57 ha. Bwaise III is divided into six local 
administrative zones, namely: Kalimali, Bokasa, 
Bugalani, St. Francis, Katoogo and Kawaala. In 

this study, two of the zones Kalimali and Bokasa 
are selected (Fig. 1). This area is bordered 
Nabweru road on the north, Bombo road on the 
east, the Bwaise-Nsooba drainage channel on 
the south and the Nakamiro drainage channel on 
the west. It is 6.65 ha in area.  

1.4.2 Population and Socio-economic situation 

The average population density in Kampala 
District is quite high, approximately 
27 000 persons/km2. Moreover, the area Bwaise 
III has one of the highest population growth 
rates in Kampala District which is 9.6% annual-
ly, more than twice the average city’s growth 
rate. 

This informal low-cost settlement is mostly 
unplanned; residents work in several nearby 
areas and return home in the evening, it is pre-
dominantly inhabited by the urban poor and 
they have inadequate basic services such as water 
supply, sanitation (solid waste, sludge, sewage 
and storm water management) and other infra-
structure. 

The area is predominantly residential. However, 
there are some economic activities for the low-
income residents. The trading includes mostly 
from cooking and selling food in the market to 
retail shops (Kulabako, 2005).  

1.4.3 Climate 

The climate of Kampala is typical of an inland 
tropical city, modified by altitude and distance 
from the sea (Africatravelling, 2000). 
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Figure 2. Temperatures in Kampala range 
from 15.15 to 29.3 (Celsius). 

Figure 3. Rainfall distribution in Kampala 
varies from 204.0 to 669.0 (mm/month).

(World66) 
 

The mean maximum temperature of the city is 
27 oC and a mean minimum of 17 oC, a diurnal 
range of 10 oC but only a small variation over 
the year (Fig. 2). The average humidity over the 
year is 75% typically high in the morning and 
low in the afternoon (Africatravelling, 2000). 

As shown in figure 3, there are two rainy seasons 
(March to May and September to November) 
and two dry seasons (December to February and 
June to August) every year.  

Between 1994 and 2004 an average total annual 
precipitation of 1498 mm was recorded at the 
Makerere University Weather Station, the closest 
weather station (about 2 km) to the study area 
(Herzog, 2007). 

1.4.4 Geological Context 

The general geology of Uganda consists of 
crystalline fractured bedrock covered by about 
30 m of regolith and unconsolidated weathered 
materials. The latter is overlain by a layer of 
alluvial deposited sediments which is supposed 
not to produce groundwater. 

Geology of the study area Bwaise III is typical in 
Uganda and especially its valley bottoms are 
covered by alluvial sediments of clays, silts, 
sands and gravels (Kulabako R. , 2005). 

1.5 Thesis layout 

This thesis is organized in 6 sections. In the first 
section, the study area Bwaise III is described 
and its hydrogeological condition for the con-
ceptual model is identified. In section two, the 
conceptual model of the study area is presented 
(method). In chapter three, the 2D and 3D 
modeling is described (result). The results are 

discussed and conclusions are drawn in section 
four.  

1.5.1 Theoretical framework 

ALE and Darcy’s law can be used integrally in 
modeling the flow field of saturated flow at a 
large scale. 

In modeling the pollutant transport, transport 
equation will be used and respectively the coeffi-
cients come from laboratory experiments and 
reasonable estimations. 

1.5.2 Method 

COMSOL was used to model the groundwater 
flow and contaminant transport in this study.  

1. 2D modeling based on previous GMS mod-
eling (Herzog, 2007) 

2. Comparison of the different approaches 
with 2D-ALE to model the long-term im-
pact and large longitude scale in the study 
area when infiltration is time-dependent  

3. Different scenarios within the 2D model 
including leachate as anthropogenic pollu-
tant sources from residential area, investiga-
tion of the influence of the rain fall / infil-
tration pattern to the groundwater quality 
and sensitivity analysis of important parame-
ters 

4. Simplified 3D model of the groundwater 
flow field. 

1.5.3 Expected results 

Through the 2D and 3D profile of the study 
area, a consistency of the COMSOL model and 
the reality can be tested and improved to get a 
better understanding of the local shallow 
groundwater flow field. Based on the view of the 
flow field of the study area, the impacts of an-
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thropogenic pollution as a result of human 
activity can be predicted via different scenarios 
and analyzed. 

2 CONCEPTUAL MODEL 

DEVELOPMENT  

In this chapter, a conceptual model is established 
based on the hydrogeological condition in the 
study area. A numerical model is setup in 
COMSOL Multiphyics. 

2.1 Introduction  

The hydrogeological conditions of the study area 
are introduced and serve as the basis to build up 
the conceptual model.  

2.1.1 The groundwater basin boundaries and 
their hydraulic nature 

In this study, the available hydrogeological 
information was limited to the zones of Kalimali 
and Bokasa (Fig. 1). As a result, the boundaries 
were set around the study area: following 
Nabweru and Bombo Road on the northern and 
eastern sides; and Nakamiro and Nsooba drain-
age channels on the western and southern sides 
(Fig. 4).  

The aquifer was divided into two layers: top 
layer A and bottom layer B. The vertical conduc-
tivity of layers was obtained through infiltration 
tests through Kulabako’s study. The hydraulic 
conductivity varies remarkably in the study area 
because of area building (Herzog, 2007). The 
conductivity of the first layer is shown as fig-
ure 5 and the value for layer B was set to 
0.017 m/d. The bottom of the aquifer was 
defined as impermeable. 

 
 Figure 4. Watershed boundaries design 

2.1.2 Aquifers 

According to the field survey and the borehole 
data from monitoring wells, the shallow aquifer 
in Bwaise III can be simplified as regolith aqui-
fer which has a depth to 15 m meeting the bed-
rock. The bedrock aquifer has very low permea-
bility and storability so that it is not taken into 
account in the model.  

2.1.3 Groundwater recharge 

In the northern part of the study area, the re-
charge is assumed to be negligible because of the 
higher urbanization where the soils are more 
compacted compared with the rest of the area.  

The recharge over the southern area was set 
according to the monthly amount of rain. 
Months that only experienced daily rain.  

The yearly average infiltration rate in year 2004 
this was 3.947×10-9 m/s which was calculated 
from the yearly total recharge 
124.47 mm/month. In this study, the recharge 
rate is applied in different ways: yearly average 
value, three-month average value and monthly 
average value, to examine the impact on the 
realisticness of the model. 

2.1.4 Groundwater flow systems 

Based on the geological and hydrogeological 
study of Bwaise III by Kulabako, Herzog got a 
simplified cross-section illustration the ground-
water flow system in the study area (Fig. 7) 
(Herzog, 2007).  

 

Figure 5. Subdivision of the study area with 
similar hydraulic conductivities of the top 
layer (Herzog, 2007). 



Modeling for delineation of protection areas for shallow groundwater resources in peri-urban areas 

 

5 

 

Figure 6. Subdivision of the study area into 
areas with similar recharge, with values 
applied for April 2004 (Herzog, 2007). 

 

Table 1. The finally applied recharge calcu-
lated from the precipitation (Herzog, 2007). 

Month 
Season 
(m

3
/d) 

Recharge 
mm/month 

times of yearly average 

Jan. dry 
(0) 

9.95 1.0 

Feb. 7.37 0.7 

Mar. 

wet 
(50) 

4.41 0.4 

Apr. 22.05 2.2 

May 0 0.0 

Jun. 

dry 
(0) 

0 0.0 

Jul. 1.72 0.2 

Aug. 7.22 0.7 

Sep. 
wet 
(50) 

13.67 1.3 

Oct. 22.01 2.1 

Nov. 21.76 2.1 

Dec. dry(0) 14.31 1.4 

Total / 
124.47 
mm/yr 

/ 

 

Figure 7. An idealized cross-section of the study area, with the flow system (Herzog, 2007). 
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The results from the GMS modeling show that 
approximate horizontal inflow of the study area 
was 1.1 m³/d through the northern side, and 
0.6 m³/d through the eastern side, in the months 
of the dry seasons; 3.9 m³/d through the north-
ern side and 10.9 m³/d through the eastern side 
in months of the wet seasons. The inflow 
through recharge has been discussed in 2.1.3. 
The outflow goes to the aquifer following along 
the topography to the lower land. 

Due to the difference between dry and wet 
season, the average shallow groundwater table 
ranges from 0.3 m to 0.6 m under the ground 
level. But in reality in Bwaise III, the storms 
always cause flooding in the lower part connect-
ing to the Nakamiro and Nsooba drainage chan-
nels which raise the water table above the 
ground.  

2.2 Numerical model  

Darcy’s law and solute transport equations are 
applied in the numerical model to calculate the 
groundwater flow in the unsatuarated porous 
media and to simulate the pollutant transport in 
such flow condition. 

Darcy’s law 

In order to study the different rainfall rats on the 
shallow water bale in this variably saturated 
porous media, a generalization of Darcy’s law 
(eq 1) is used together with the moving mesh 
capabilities in COMSOL Multiphysics 3.5 to 
calculate the exact initial water table profile. The 
governing equations for fluid flow and solute 
transport are standard application modes in the 
Earth Sciences Module in COMSOL 
Multiphysics 3.5 to calculate the exact initial 
water-table profile. 

                                       Eq. 1 

K is hydraulic conductivity; R the volumetric 
rate of recharge to water table per unit volume 
of aquifer; the dependent variable h is total 
hydraulic head. Total hydraulic head, the driving 
force for flow, is 

                                             Eq. 2 

Hp is the pressure head; y is the elevation. With 
the base of the model at y = 0, the total hydrau-
lic head H at any point in the aquifer equals the 
height of the water column Hp above it plus the 
point’s elevation y along the vertical axis.  

The equation for groundwater flow and solute 
transport link through the Darcy velocity, u is 
the velocity u according to Darcy’s law: 

                                              Eq. 3 

The velocity vector u consists of x- and y-
directed components denoted u and v. 

Figure 7 gives the boundary conditions for the 
groundwater flow problem. A zero flux Neu-
mann condition corresponds to both the sym-
metry boundary at x = 0 m and the impermeable 
boundary at y = 0 m: 

                                             Eq. 4 

The hydraulic head at x = 320 m is the simple 
Dirichlet condition 

                                               Eq. 5 

At the water table the recharge is R; the pressure 
head Hp is zero since there is no water above it; 
still its height y is unknown. We first use a Neu-
mann boundary to model the known recharge 

                                             Eq. 6 

Moving mesh 

The water table is a free surface: the exact loca-
tion is unknown when the model is set up. With 
moving mesh, the water table height can be 
automatically calculated by setting mesh defor-
mations to H−y=0, which gives the “pressure 
head = 0” contour solution from Darcy’s law for 
the flow. 

Transport equation 

Solute transport typically is time-dependent for 
geologic problems and is described with the 
advection-dispersion equation: 

 
  

  
                          Eq. 7 

θ is the porosity (m3/m3); D is the hydrodynamic 
dispersion tensor (m2/s); C is the dissolved 
concentration (kg/m3); and t is time (s). 

The dispersion represents solute spreading by 
mechanical mixing and molecular diffusion. The 
Solute Transport application mode automates 
the equations for the automated tensor entries 
with 

       
  

 

   
   

  
 

   
                   Eq. 8 

                 
    

   
      Eq. 9 

θDii are the principal components of the auto-
mated dispersion tensor built on the Darcy 
velocity (m2/s); θDij and θDji are the cross terms 
of the dispersion tensor (m2/s); the subscript 
“L” denotes longitudinal dispersivity (m); the 
subscript “T” denotes transverse dispersivity 

(m);        
    

  is the magnitude of the 

Darcy velocity vector (m/s); and D* represents 
effective molecular diffusion, Dm, in saturated 

javascript:WWHClickedPopup('es',%20'es_solute_transfer_models.16.6.html#329728', '');
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porous media (m2/s). Note that D* < Dm << Dii 
and typically is neglected. 

The boundary and initial conditions for solute 
transport in Neumann conditions are used at the 
water table, where C(x, h, t) = 0, except for the 
segment 110 < x < 220 m. Here the solute flux 
is: 

                         Eq. 10 

The relative concentration C0 is 0.015 kg/m3 

throughout the year;         is the function of 
time to represent infiltration rate changing with 
time.  

The Dirichlet condition at the left boundary in 
the bottom layer is 

                                           Eq. 11 

A Neumann condition describes the zero flux 
boundaries  

                               Eq. 12 

At the exit, the advective flux condition is used. 
The advective flux boundary is a type of “free” 
statement because you can avoid specifying the 
concentration and the advective or dominant 
component of the flux. It simply sets the disper-
sive or negligible component of the flux to zero: 

                                    Eq. 13 

Finally, the initial condition specifies that the 
aquifer is pristine, when 

                                             Eq. 14 

2.3 Model definition  

The conceptual model used as a basis for the 
modeling will therefore highly depend on the 
purpose of the modeling. 

The purpose of the model in this case is mainly 
to model the flow field; to test the impact from 
the infiltrating of rain and the drain; and to 
examine the contaminants transport.  

2.3.1 2D profile 

Generate the geometry of the flow domain 

The 2D profile is estimated to cut along vertical-
ly the flow field contour in figure 8. The thick 
black stands for the cross section profile for 2D 
model. 

According to the difference of the hydrogeology 
properties of the study area, the cross section 
2D profile is divided into 2 layers and with 3 
different hydraulic conductivity of the layer A, 

the up layer (Fig. 9). The hydraulic conductivity 
below Layer B is supposed to be zero as the 
impermeable bed rock. 

Assigning the properties to the subdomain 

All the data in Table 2 and 3 originally come 
from Herzog’s GMS model (Herzog, 2007) and 
Kulabako’s thesis (Kulabako R. , 2005). 

Assigning the properties to the Boundary  

According to the data from observation wells 
and computed GMS results, layer B (bottom) 
and half of the layer A (upper) is assumed to be 
saturated when at steady state. Moreover, transi-
ent models of year 2004 shows that the water 
table will always fluctuate around 0.3 m to 0.6 m 
below the ground surface in the left lateral in-
flow side. 

 

 
Figure 8. Location of the 2D profile as the 
thick black line in the simulation output for 
one month when applying the steady state 
flow conditions. 
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Figure 9. Geometry of the 2D profile of Bwaise III which represents different hydraulic conduc-
tivity in the domain. 
 

Table 2. Hydraulic parameters for the soils in different layers of the Bwaise III 

Layer 
variable 

K 
Depth 

[m] 
(up to) 

θs Alpha_L Alpha_T D_m 

Conductivity 
[m/s] 

Porosity 
Longitudinal 
dispersivity 

Transverse 
dispersivity 

Molecular diffusion 
coefficient 

[m
2
/s] 

Layer A 
KA1=5.0·10

-5
 

KA2= 1.0·10
-4
 

KA3=1.2·10
-4

 

1.3 0.5 30 5 1.34·10
-9
 

Layer B KB=2.0·10
-6
 15 0.5 30 5 1.34·10

-9
 

The base of the aquifer is impermeable 

 

 

Table 3. Data for the solute transport mod-
el. 

Layer 

variable 

Layer A 

(upper) 

Layer B 

(bottom) 

ρb 1200 1200 

Kf 0.185 0.062 

N 0.787 0.785 

KL 1954 254 

   2.66e-4 3.31e-4 

kplin 0.1336 0.0465 

Dml 1.34e-9 1.34e-9 

α1 30 30 

α2 5 5 

ρb is the soil dry bulk density (kg/m3); Kf and N, 

Freundlich constant (m3/kg); KL and     are 
Langmuir constant (m3/kg) and sorption maxi-
mum (kg/kg);  kplin is the partition coefficient for 
the linear sorption isotherm (m3/kg); Dml is the 
coefficient of the molecular diffusion (m2/s); α1 
is Longitudinal dispersivity and α2 is transverse 
dispersivity (m).  

Figure 10. The infiltration rate in year 2004. 
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Referring to figure 7, the boundary conditions 
for 2D model are:  

1. Left hand side boundary: pressure boun-
dary; 

2. Partly drainage bottom boundary; 
3. Right hand side outlet boundary: mixed 

boundary and hydraulic head boundary; 
4. Upper boundary: infiltration boundary. 

The infiltration adopted for general time-
dependent test in this research is as shown in 
figure 10 which is the infiltration data in year 
2004 (Herzog, 2007). 

Mesh generation 

In the two-layer model, the area corresponding 
with the contamination area should be extremely 
refined which is the part we most interested in. 
And also the other part of the upper layer 
should be refined. Another reason for an extra 
fine mesh is that in this long distant and large-
scale modelling area, the contaminant transport 
will be slow comparing with the long distant or 
the mesh will be too coarse to result in the 
convergence of the simulation. The genearated 
mesh is shown in figure 11. 

2.3.2 3D profile 

A 3D computational domain was also 
genearated to calculate the flow filed. 

Generate the geometry of the flow domain 

The 3D domain of the study area is set up based 
on the AutoCAD information but is simplified. 
The AutoCAD image was imported into 
COMSOL. After adjustment of the imported 
geometry, figure 13 is obtained which shows the 
division of upper layer, road, and drainage sys-
tem. After extrude of the 2D into 3D (Fig. 12), 
rotations of the geometry was done to describe 
the slope of the topography. 

Assigning the properties 

All the material properties remain the same as 
the 2D model. The boundary condition for the 
lateral inflow rate is set as yearly average value 
for simplicity (Table 4). 

3 RESULTS OF 2D  MODEL AND 

3D  MODEL  

The modeling results of both 2D and 3D are 
shown in this chapter, including flow field and 
pollutant transport in the porous media.  

3.1 Results of 2D model 

The groundwater flow was modeled while the 
impact of the drainage and seasonal infiltration 
rate to the water table were taken into account in 

the simulation. Phosphorus transport was also 
modeled for the study area. 

3.1.1 The steady state simulation result of flow 
field 

The yearly average infiltration rate is 
R = 3.95·10 -9 m/s and the lateral inflow is 
3.47·10-7 m/s.  

Figure 14 presents that groundwater table in the 
study area is very shallow (approximately 0.2 m 
to 0.5 m below the ground surface) which makes 
the water sensitive to pollutant because pollutant 
can reach the shallow groundwater easily and 
transport quickly once it meets the groundwater 
table and transports with groundwater flow. 

Streamlines are mostly concentrated in the upper 
layer because the bottom layer has a very small 
hydraulic conductivity so that the groundwater 
velocity is quite low. 

 

Table 4. Groundwater flow data from the 
numerical model by GMS (Herzog, 2007). 

Border Layer 
Minimum 

[m
3
/(m

2
d)] 

Maximum 

[m
3
/(m

2
d)] 

Average 

(m/s) 

East A 0.002 0.045 5.21·10
-7
 

North A 0.003 0.010 1.1610
-7
 

 

 
Figure 11. Mesh. 
 

 
Figure 12. The 3D view of the study area. 
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3.1.2 Flow field simulation results of 2D 

The simulations of 12 months in year 2004 were 
tested to study the yearly changing of the 
groundwater flow field. With ALE approach, the 
water table change can be clearly shown in the 
results.  

The flowing four figures (Fig. 15) were selected 
which represent the alternate of dry-wet season 
about every three months with the water table 
fluctuate with infiltration change.  

During the dry season with the infiltration rate 
0 mm/month to 9.95 mm/month, the water 
table will stay 0.5 m – 1 m below the ground 
surface and, groundwater will flow into the 
channel through the boundary which they con-
tact; during the wet season, the water table will 
rise above the ground and causes flooding in the 
area. 

 
Figure 13. The plan view of the study area (with simplified drain and roads). 
 

Figure 14. The steady state of the groundwater flow. 
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Figure 15. The ground water flow in year 2004 (Feburary, May, August and November from top 
to bottom). 
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3.1.3 The impact of the yearly infiltration rate on 
simulation result  

Rainfall pattern plays an important role in simu-
lation of the ground water flow.  Different yearly 
infiltration curves were tested. The curve in 
figure 16 represents the apparent division be-
tween dry and wet season. There is no infiltra-
tion during dry season for 3 month and recharge 
rate of wet season is 50 m3/d, a 2.1 times of the 
yearly average value, so the function R·R (time) 
can show the infiltration rate change following 
the trend of the curve. 

Compared with the simulation results using the 
monthly average infiltration rate in section 3.1.3, 
the results shown in figure 17 have a bigger 
influence on the fluctuate groundwater table. It 
is observed that a lower water table during the 
dry season and a higher flooding water table 
during the wet season; maximum hydraulic 
heads are also higher. During the infiltration, 
water table responses quickly and sharply to 
reach a certain condition (a stable level of water 
table during dry or wet season) regardless that 
the study area is large and simulation time is 
long. 

 

 
Figure 16. Schematic function for time-
dependent infiltration rate. 
 

 

 

 
 

Figure 17. Groundwater flow during the wet (top) and dry (bottom) season. 
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Figure 18. The outward flux along the drain 
boundary (h_drain = -0.5 m, depth of water 
in the drain  =  1 m). 
 

Figure 19. The outward flux along the 
drain. boundary (h_drain = -1 m, depth of 
water in the drain = 0.5 m) 

Figure 20. The outward flux along the drain 
boundary (h_drain = -1.3 m, depth of water 
in the drain=0.2 m). 
 

Figure 21. The outward flux along the drain 
boundary (h_drain = 0 m, depth of water in 
the drain=1.5 m). 
 

3.1.4 Drain in the simulation 

The plot of the exchange between the drain and 
groundwater shows that curves in figure 18 and 
19 correspond with the infiltration rate more 
significantly; all the values are positive which 
means in the outlet, groundwater flows into the 
drain when the water level is higher in the drain 
than in the aquifer, or flow out of the system 
through the bottom layer. 

 When the depth of water in the drain = 0.2 m 
(Fig. 20) which is almost empty, groundwater 
will flows out of the system by flowing into the 
drain but not through the bottom layer to the 
lower part of the area.  

When the depth of water in the drain = 1.5 m 
(Fig. 21) which means the drain is filled full with 
water, the groundwater outflow value (red line) 
at the right outlet boundary can be both positive 
and negative. It means when the drain is full of 
water and more groundwater came to the inter-
face along the drain walls. There is not enough 
capcity for water flow out through the bottom 

layer or the drain, therefore, groundwater will 
rise above the ground and cause flood.  

Moreover, drain water flows into the aquifer 
corresponding with infiltration into the domain. 
The high value of the outflow in the bottom 
layer means most of the groundwater flows out 
of the system through the bottom layer but 
because of its low hydraulic conductivity, flood-
ing occurs very often and eminently.  

As a result, the impact of the drain are signifi-
cant when discussing the flooding situation in 
the study area. When the water level in the drain 
is very low as the case depth of water = 0.2 m 
(Fig. 20), the groundwater table can never reach 
the ground surface with this monthly infiltration 
rate data set. However, in the case water 
depth = 1.5 m (Fig. 21), flooding in this area 
lasts throughout the wet season.  

3.1.5 Simulation of transport 

Once plume meets the groundwater table, pollu-
tant transport will speed up. Considering flood-
ing will happen during the wet season, water 
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table will inevitably reach the ground surface due 
to intense rainfall. As a result, pollutant in un-
saturated flow can be ignored in this large di-
mensional model (6 ha) and pollutant can be 
treated as being injected into the groundwater 
with infiltration at the beginning. 

Figure 22 shows the yearly pollutant transport 
plume without sorption. The plume moves 
quicker during the wet season (the two figures 
on the right) than during the dry season (the two 
figures on the left), but the change of the water 
table doesn’t seem to do much with this ‘speed-
up’. As a result, when analyzing the long-term 
impact of pollutant transport, a steady-state flow 
field may be realistic enough and more conven-
ient to calculate. As shown in figure 23 and 24, 
standing for the surface concentration of phos-
phorus after 2 years and 3 years, the plumes are 
much more spread out and have a higher con-
centration in the soil compared with the result 
during 1 year (Fig. 22).  

Figure 25 depicted the concentration transports 
into the drain, into the bottom layer and out of 
the Domain 3. The green curve represents the 
concentration flows into the drain equals to 0. 

This means no pollutants flow into the drain 
with groundwater flow. The reason for this zero 
concentration into the drain may be that simula-
tion time is not long enough for pollutants reach 
the drain. The red curve ‘out mass’ stands for 
the integration of phosphorous concentration 
out of Domain 3 where the pollutant inlet is 
located and it responds with the infiltration rate. 
The blue curve is the mass of pollutant transport 
though the border of layer A and B into the 
bottom layer. The pollutant transports into the 
bottom layer quickly at the beginning and then 
continues to move slowly when the dispersion 
occurs in a large area. When sorption of phos-
phorus during the transport is taken into ac-
count, the plume moves much more slowly and 
sticks to the top soil (Fig. 27). Compared these 
values in figure 26 with ones in figure 25, the 
concentration of phosphorus that goes into the 
bottom layer is about 10-4 kg/m3 is almost 4 
orders of magnitude different. Because the 
property of the soil and the strong sorption 
characteristic of phosphorus, pollutant is easy to 
be adsorbed in the soil so that very little pollu-
tant mass can transport with the infiltration. 

 

   
 

   
Figure 22. The results for phosphorus concentration (surface) at Feburary, May, August, and 
November in 2004 
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Another concern about the phosphorous 
transport is if the drainage system accompanying 
with exchange water between aquifer and drain 
may cause difference in the results. Simulations, 
with water depth = 1.5 m as the outlet bounda-
ry, run at 2 years and 3 years (Fig. 28, 29). The 
results doesn’t change much compared with the 
early simulations. Thus, the drain boundary 
condition may be important to calculate the 
groundwater flow but it doesn’t influence the 
pollutant transport much. 

3.2 3D simulation results 

The study area is 300 m × 200 m × 15 m. This 
large dimension will bring difficulties in calcula-
tion. In this paper, a simplified 3D model of the 
study area is set up. All the drains were regarded 
as discontinuity in the ground flow for simplifi-
cation.  

Flow field was calculated using the same numer-
ical model. As shown in figure 30, groundwater 
flows into the domain from the north and west 
boundary and flows out through the south and 
east side from the bottom layer. 

 

 
Figure 23. The results for phosphorus con-
centration (surface) at 2 years. 
 

 
Figure 24. The results for phosphorus con-
centration (surface) at 3 years. 
 

Figure 25. Concentration change with time 
without sorption. 
 

 
Figure 26. Concentration change with time 
with sorption. 
 

 
Figure 27. The results for phosphorus con-
centration with sorption (surface) at 1 year. 
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Figure 28. The results for phosphorus con-
centration (surface) at 2 years (full drain). 

 
Figure 29. The results for phosphorus con-
centration (surface) at 3 years (full drain). 
 

 
Figure 30. The results for 3D steady-state flow field at a large dimension. 
 

4 DISCUSSION AND CONCLUSION 

The field investigation (Kulabako R. , 2005) and 
modelling results both explained the typical 
hydrogeological condition in Bwaise III that it is 
an area with porous and limited vadose zone. 
According to the steady state simulation, it 
shows that the water table is 0.2 m to 0.5 m 
below the ground surface (<1 m) which made it 
quite vulnerable to contamination. Groundwater 

flow mainly occurs in the upper layer (<1.5 m) 
because of the low hydraulic conductivity in the 
bottom layer.  

The Darcy’s Law coupling with ALE module 
works well in calculating the water table fluctua-
tion along with infiltration rate change. General-
ly, during the dry season the water table will stay 
0.5 m - 1 m below the ground surface and 
groundwater will flow into the channel; during 
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the wet season the water table will rise above the 
ground which causes flooding in the area. 

Three types of infiltration patterns are simulated: 
type 1) yearly average; type 2) monthly average; 
type 3) three-month average infiltration. The 
higher the value for the infiltration rate, the 
more significant impact will be imposed on the 
groundwater table to rise. For type 3 which has a 
continuous rain during the three-month wet 
season and no rainfall during three-month dry 
season, water table will stay lower during the dry 
season and remain higher during the rainy sea-
son compared with the other 2 types. Moreover, 
when the study area is relatively small (12 m in 
length) compared with 300 m in this research, 
the simulation shows that the water table re-
sponds very fast to high intense rains 
(>25 mm/ min) with flooding occurring within 
1-2 days (Kulabako et al., submitted). Therefore, 
the water table responses to the infiltration rate 
quickly regardless of size of the study area. 

Drainage system in the simulation can be a very 
interesting topic and it plays an important role in 
the results. Different depths of water in the 
drain are tested by setting four different bounda-
ry conditions in the model: when the drain is 
empty, 1/3 full, 2/3 full (average value) or full. 
Flow across the whole outlet boundary will 
differ. When the drain is full, the water in the 
drain will go into the aquifer as a source. In 
other three situations, the drain acts as a sink to 
the groundwater. Flooding phenomenon in the 
full drain will occur 80 days more than in the 
2/3 full drain during a 365-day simulation. On 
the contrast, in an empty drain flood doesn’t 
occur at any time during 365 days simulation. 
Thus, how to set the outflow boundary condi-
tion for the drain is quite important for setting 
up a realistic model. Therefore, the limitation in 
this 2D model appears to be the uncertainty 
about the boundary condition for the drain.  

Regarding to pollutant transport, phosphorus is 
selected for analysis since pollutant comes most-
ly from anthropogenic source in the residential 
area. Without sorption, the integration of phos-
phorous concentration out of Domain 3, where 
the pollutant inlet is located, responds with the 
infiltration rate and the plume moves faster 
during the wet season which brings in more 
phosphorous than during the dry season. No 
pollutants flow into the drain even if the simula-
tion time is long enough. The reason for this 
zero concentration into the drain may be that 
the drain wall cut through the pollutant 
transport. 

Sorption of phosphorus during the transport is 
quite important in the early phase of the 
transport simulation (Kulabako et al., 2008). The 
mass of phosphorus that goes into the bottom 
layer is 4 orders of magnitude difference less 
than the transport simulation without sorption. 

Modeling of the Bwaise III is a complex prob-
lem. It involves all kinds of parameters: hydro-
geological properties, governing laws, outflow 
boundary condition, infiltration rate, and also 
the impact from lateral inflow, bottom layer 
boundary and property which are not discussed 
deeply in this thesis.  

More data can attribute to the reliability of the 
model. But not all those data can be fully ob-
tained. Therefore, assumptions and simplifica-
tions need to be made when missing information 
appears.  

Uncertainty of the model cannot be eliminated 
but analysis can be made to set up a more realist 
model. Modeling is a very good methodology to 
make predictions and analyze problems; howev-
er, it is not a substitute for field survey in envi-
ronmental investigation.  
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