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Abstract 
 

The Brumunddal sandstone is located some 150 km north of Oslo in the county of Hedemark 

in Southeastern Norway (Figure 1-2). Groundwater is a major resource of water both for 

consumption and agricultural use in Brumunddal. Ground water from the unconfined 

sandstone aquifer is continuously pumped. The usage of huge amount of water has effects on 

the level of ground water and hence on the amount of water stored in the aquifer from time to 

time. As groundwater and surface water are connected, the viability of groundwater dependent 

ecosystem and the base flow component of river flows can also be impacted. The river 

Brumunda which is fed by the aquifer joins lake Mjøsa, the largest Lake in Norway.  

 

Groundwater balances provide information on the quantities of the most significant inflow 

and outflows, which is important for assessing the sustainability of a ground water 

management regime. Ground water is essentially a hidden resource and there are many gaps 

in the available data; therefore, studies of groundwater under both natural and artificial 

conditions have employed modeling techniques. Groundwater models describe groundwater 

flow using mathematical equations that are based on certain simplifying assumptions. Ground 

water modeling has become a very important process in managing ground water resources. 

 

The objective of this thesis is to develop a 2-dimensional map-view ground water model to 

determine the direction of groundwater flow, quantify the inflow and outflow and to 

determine the relationship between the aquifer and the Brumunda river. 

 

COMSOL Multiphysics, formerly known as FEMLAB, is a computer software that makes 

possible to numerically solve partial differential equations. The numerical solution relies on 

the Finite Element Method (FEM). The Darcy‘s Law application mode of COMSOL 

Multiphysics version 3.4 was used to quantify water balances for the aquifer.  

 

The model was calibrated to the average 2007 (summer) groundwater levels for 33 privately 

owned wells and 24 stage readings of river Brumunda to match model simulation with actual 

measurement. About 68 percent of the simulated water levels are within 5 meters of measured 

water levels and about 20 percent are within 20 meters of measured. The rest are within 40 
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meters. Model simulations are most sensitive to changes in hydraulic conductivity and less 

affected by changes in precipitation recharge. 

 

Results from a steady state model showed that the maximum head in the sandstone aquifer is 

369m and the minimum head which corresponds to the southern part of the study area is 

178m. The hydraulic conductivity which gives the best fit of the observed and calculated head 

is 1.26e-7 m/s. The transmissivity calculated is proportional to the thickness of the aquifer. 

The maximum transmissivity is found to be 9.69e
-5

 and the minimum is 7.28e
-5

 m
2
/s. The total 

amount of water recharging the aquifer was estimated to be 2598566 m
3
/year. The total 

amount of discharge from the aquifer to the river Brumunda was estimated to be 649642 

m
3
/year. This accounts for 25 percent of the recharge. The total discharge through the Public 

Narud water supply well is 1063000 which accounts for 41 percent of the total recharge. The 

rest water of the recharge which is about 885924 m
3
/year is pumped by the private wells for 

agriculture and consumption purposes. This is equivalent to 34 percent of the total recharge. 

 

The calibrated steady state model can be used to predict effects for different pumping 

scenarios.  
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1. Introduction 
 

1.1 Outline of the problem 
 

Water is essential for life on Earth. Next to air, water is the most essential of Man‘s 

requirement for life. The largest source of fresh water lies under the earth‘s surface (Todd and 

Mays, 2005). The demand of water has increased as population and urbanization have 

increased. Today, conflicting interests on water issues appear frequently. All people in the 

world compete for less than 1% of earth‘s water supply. There is enough fresh water to supply 

all the people on the earth, but the problem arises as both people and fresh water is unevenly 

distributes over the world. 

 

The Brumunddal sandstone is located approximately 150 km north of Oslo in the county of 

Hedemark in southeastern Norway (fig 1-1). Groundwater is a major resource of water both 

for consumption and agriculture in the Brumunddal sandstone area. Ground water from the 

sandstone aquifer is continuously pumped for consumption and agricultural uses. The usage 

of huge amount of water has an effect on level of ground water and reduces the amount of 

water stored in the aquifer over time. Moreover, in agricultural areas like Brumunddal, the 

agricultural practice can also lead to contamination of the aquifer system and hence the 

connected surface waters. As groundwater and surface water are connected, the viability of 

groundwater dependent ecosystem and the base flow component of river flows can also be 

impacted. The river Brumunda which is fed by the Brumunddal sandstone aquifer joins lake 

Mjøsa, the largest lake in Norway 

 

To solve all the above problems, an enhanced understanding and quantification of 

groundwater resource is required. An improved comprehension on the flow behavior of 

ground water will help to improve its proper management and use. Groundwater balances 

provide information on the quantities of the most significant inflow and outflows. This is 

important for assessing the sustainability of a ground water management regime. Ground 

water is defined as all the water confined in spaces within bed rock and regolith (Skinner and 

Poerter, 2005). Ground water is essentially a hidden resource and there are many gaps in the 
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available data; therefore, studies of groundwater under both natural and artificial conditions 

have employed modeling techniques. The term model refers to any representation of a real 

system (Fetter, 1988). Groundwater models describe groundwater flow using mathematical 

equations that are based on certain simplifying assumptions. Ground water modeling has 

become a very important process in managing groundwater resources. 

 

The Objective of my thesis is to: develop a 2-dimensional map or areal-view hydrogeological 

model for the Brumunddal sandstone aquifer, determine the direction of groundwater flow, 

quantify the inflow and outflow of the aquifer and determine the relationship between the 

aquifer and the Brumunda River. 

 

Darcy Law defines the volumetric rate of flow through a tube of saturated medium as a 

relation between the hydraulic conductivity of the medium, the hydraulic gradient in the tube 

and the cross-sectional area of the tube. Combining the flow equations with groundwater 

measurement and other data together with vigorous model assessment technique can extend 

the information that can be obtained from the data. Using Darcy law to model a groundwater 

system enables quantification of the water balance: how much water is there and how much is 

entering and leaving the aquifer and where. 

The Darcy‘s law under the earth science‘s module of the software package COMSOL 

Multiphysics, is used to address the problem. COMSOL MultiPhysics, formerly known as 

FEMLAB, is a computer software that makes it possible to numerically solve partial 

differential equations. The numerical solution relies on the Finite Element Method (FEM), in 

which the geometry  studied   is divided into a finite element mesh. Thus, instead of trying to 

solve a highly non-linear problem on the entire geometry, an approximate solution is sought 

in each element.  
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1.2 The main objective of the study 

 
The main objectives of this thesis are : 

 To develop a 2-dimensional map-view ground water flow model for the phreatic 

Brumunddal sandstone aquifer in southern Norway. Numerical simulation for steady 

state heads in the unconfined aquifer will be carried out.  

 To determine the direction of the groundwater flow in the aquifer 

 To quantify the water balance inflows and outflows of the aquifer 

 To determine the relationship between the aquifer and river Brumunda. 

 

1.3 Thesis outline 
 

The thesis has six chapters. An outline of each follows: 

Chapter 1: Introduction, introduces the problems that the thesis addresses, the aims of the 

thesis and the outline of the subsequent chapters. The geology, hydrogeology and set up of the 

study area will be dealt in this chapter 

Chapter 2: Theoretical background of groundwater modeling, discusses groundwater flow 

modeling and water balances. It presents the equations governing groundwater flow and 

discusses the types and uses of models. It also explains the general procedures for 

constructing a ground water model. 

Chapter 3: Field work and methods, describes the major tasks accomplished in the field. 

The methods used to collect field data and samples. Moreover, this chapter will be concerned 

with laboratory methods. The Darcy‘s law application mode of the Earth science module 

presented in COMSOL Multiphysics will be discussed briefly. Methods applied for estimating 

input parameters will be discussed. 

Chapter 4: A Model for the Brumunddal sandstone Aquifer, details the main results of 

this research. It presents a steady state two-dimensional model for the sandstone. Different 

procedures for developing the model will be discussed under this chapter. Calibration and 

error analysis will be discussed. Modeling water balances are also the focus of this chapter. 

Chapter 5: Discussion, the modeling methods and results are discussed in detail.  
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Chapter 6: Conclusion and recommendations, the conclusions reached in the research are 

presented in the final chapter. This will end the whole work by outlining some 

recommendations future researchers should focus on. 

 

1.4 Research Limitations 
 

This section describes the limitations settling the tradeoff between developing a representative 

groundwater flow model in general and obtaining enough field observation. The limitations 

here can be either technical, such as accuracy of computations, and/or are resulted from the 

various assumptions regarding the real natural system being modeled. The complexity of 

groundwater systems and the uneven spread or  poor quality or even shortage of observed data 

may present impact on the output of the model. In the natural environment groundwater 

movement is constrained in three dimensions by geologic and/or landform structures, and 

lithology and/or regolith. It is clear that models have made the complex nature simple and have 

been playing a major role in groundwater management. However, their interpretation and use 

have to be based on their assumptions and limitations. The hydrological parameters and aquifer 

characteristic properties are all just approximations of their true field distributions. 

Consideration of numerous processes including anthropogenic water extractions and the 

interactions between water in adjacent geological formations is required. An integrated 

assessment which involves characterising recharge, discharge and transmission features within 

groundwater systems and developing linkages between water discharge rates and groundwater 

elevations might produce a better result. The water table of the unconfined Brumunddal aquifer 

is dynamic because of uncontrolled pumping. 

 

 1.5 Location of the study area 
 

The study area is located approximately 150 km North of Oslo in the south-eastern part of 

Norway. It covers approximately 9 km
2
 (figure 1-3). The perimeter of the study area which is 

approximately 13.5 kilometres coincides with the boundaries of the groundwater flow model. 

More details about the model boundaries will be given in chapter four. The Brumunddal area 
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is the most known agricultural industry in Norway. Ground water is used both for human 

consumption and agricultural purposes. Brumunddal is the largest settlement in the Ringsaker 

Municipality of Hedmark County.  It is a small, densely populated area surrounded by scenic 

countryside and farms on the eastern shore of Mjøsa, Norway's largest lake. The Brumunddal 

town which lies 15 km north of Hamar is situated at the end of river Brumunda, running from 

the highlands into Lake Mjøsa. 

 

 

Figure 1-1 Overview of the Brumunddal area 

 

 

1.6 Land use and Drainage pattern 
 

 

The land within the study area is composed of a mixture of agriculture fields, bottomland hard 

wood forests and rivers. Land surface topography is generally ragged with elevation ranging 

from approximately 180 meters above Sea level around the southern part of the river 

Brumunda which lies in the study area to 499 meters at the ridge Bjøorgeberget. Bjørgeberget 

is located on the western side of the study area. The river Brumunda flows for 32km in a 

southwesterly direction to discharge into Lake Mjøsa (Fig. 1-2). Only about 6 km of its total 

length lies in the present study domain. The river Brumunda is slow flowing with gravel of 
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small grain size. Further downstream the slope becomes steeper with large-sized gravel. The 

catchment area of the river is 221km
2
. Extensive ditching in the drainage basin has resulted in 

rapid changes in the water discharge and increased turbidity in periods with heavy rainfall. 

Mean annual discharge at the outlet is 3.3m
3
 s

-1
, and the 95 percentile approximately is 0.2m

3
 

s
-1

 (Rustadbakken et al., 2003). 

 

 

 

 

Figure 1-2 Drainage pattern of Brumunda river (modified from http://ngu.no) 

 

 

 

http://ngu.no/
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1.7 Geology and Hydrogeological background  
 

 

This section presents description of the geology and hydrogeology of the study area based on 

previous literatures. The geology of an area is the basis of its hydrogeology and description of 

all relevant aspects of the geology is an essential part of constructing a groundwater flow 

model for the Brumunddal sandstone aquifer.  

 

1.7.1 Geology 
 

More than 1 Km thick lava and sedimentary rocks are preserved in Brumunddal (figure 1-4, 1-

6). It is currently proposed that this rock unit be termed as the Brumunddal Group. The 

Brumunddal Group consists of two units: The Bjørgeberg Formation and the Brumund 

Formation. These units belong to the Permian Oslo Graben (Skjeseth, 1963). Descriptions of 

each of the units are given below: 
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Figure 1-3 Location map of the Brumunddal sandstone, 150 km North of Oslo (modified after (Lothe, 

1998) and (Haugan, 1998)) 

 

 

1.7.2 The Bjørgeberg Formation 
 

The lower unit of the group is termed the Bjørgeberg Formation and consists of four rhomb-

porphyry lava flows interspersed with, red-stained sandstones and conglomerates (Ramberg et 

al., 2008) and (Rosendahl, 1929). The rhomb-porphyry lavas are four types. These are: RPu, 

RPz, Rpy and RPx rhomb-porphyry lavas.  All the four lavas appear to be of local origin. In 

Brumunddal the rhomb porphyry lava eruption shows the progressive reduction in Volcanic 
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activity the further north we move within the Oslo region (Ramberg et al., 2008). And they 

are the northern most outcrop of Permian romb porphyry lavas in the Oslo Rift preserved 

within a half graben (fig 1-5).  

 Rhomb porphyry lavas differ from basalts in their composition containing, among other 

things, greater amounts of silicon, sodium and potassium, but less iron and magnesium. 

 

Figure 1-4 Geologic Startigraphy of the study area (modified after Lothe, 1998) 

 

1.7.3 The Brumund Formation 
 

The overlying unit, the Brumund Formation, is made up of approximately 800 meters of thick, 

red and yellow-colored sandstones containing well-sorted and rounded sand grains (fig 1-4). 

Thin red clay stones and limestone are occasionally encountered in association with the 

sandstone (Ramberg et al., 2008). However, (Rosendahl, 1929) found that the sandstone 

varies in thickness between 400 and 700 m. Subordinate mudstone and calcrete horizons are 

associated within the sandstone succession. The fine to coarse-grained sandstone is exposed in 

a 6.5 km by 2.5 km area (Lothe, 1998) in a half- graben, delineated to the east by the NNE-

striking and WNW-dipping Brumunddal fault (fig 1-3). The Brumunddal Fault is a transfer fault 

zone between a N-S running master fault of the Oslo Rift in the west (Nystuen 2008). This open 

valley is oriented NNE-SSW. The valley is bounded by Bjørgeberget (499m) in the west and 
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Høsbjørgkampen (579m) in the east. The exact age of the Brumunddal sandstone is not 

established, but a lower Triassic age has been indicated by Stromer (1966) and Spjeldnes 

(1971). 

 

 

 

Figure 1-5 Geological crosssection which shows the Brumunddal sandstone and the rhomb-

porphyry lava 
 

 

 

These units are fractured and dip about 30-50° towards the southeast or east. This is mainly 

due to a large normal fault against the Eocambrian rocks in the southeast (Skjeseth, 1963). 

The fault is supposed to be of Permian age and is an eastern continuation of the fault zones 

along the Precambrian horst on the Nespeninsula situated to the southwest. 

 

Different authors proposed that the Brumunddal Sandstone was originally deposited as 

aeolian dunes that were periodically reworked and the sand then re-deposited by seasonal 

rivers that appeared sporadically in wadis (dry riverbed) after heavy rainstorms. Hence, the 

Brumunddal area was part of a large desert covering the northern Oslo Rift. This can be 

demonstrated by the existence of Fossil soil profiles, calcareous tuffs, freshwater limestones, 

and traces of evaporite minerals (Ramberg et al., 2008). 
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Figure 1-6 Geology of the Oslo rift including the Brumunddal sandstone and porphyry lavas ( modified 

after Ramberg et al., 2008) 

 

 

 

 1.7.4 Hydrogeological background 

 

Short reports on the groundwater in the present study area has been given by (Skjeseth, 1963), 

(Knutsson, 2008) and (Englund and Jorgensen 1975). The region is underlain by sedimentary 

rocks that were originally deposited as flat-lying layers separated by planar surfaces (bedding 

planes). However, over time the rocks have been bent (folded), cracked (fractured), sheared 

(faulted), and weathered, resulting in moderately deformed rocks which are underlain by 

bedrocks. Hence the Brumunddal Sandstone contains both primary porosity and fractures 
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which are passage ways for ground water flow. This combination of fractures and pores is 

called dual porosity (Knutsson, 2008). 

 

Water (precipitation) that enters the regolith flows through spaces between the grains, 

pebbles, and rocks to recharge the water table. It also moves through the fractures, faults, and 

open bedding planes that are the result of deformation. 

Knutsson, 2008 in his report stated that the Permian Brumunddal sandstone with an effective 

porosity of 5% and strongly fractured can yield up to 20 l/s. The Brumunddal sandstone is one 

of the major aquifers in Norway and it supplies the town of Brumunddal with water (Gaut and 

Ellingsen, 1992). This formation is highly porous. Porosity and permeability coefficient for 

some samples from the Brumunddal sandstone are given in table 1-1. 

 

Sample no. 1 2 3 

Cylindrical Core № I II III I II III I II III 

Porosity (%) 18.2 17.2 18.8 14.9 15.5 15.1 12.8 13.6 10.6 

Permeability 

coefficient (x10
-4

 

cm/s) 

1.9 0.49 2.2 2.6 3.0 2.1 0.27 0.15 0.16 

 

Table 1-1 Porosity and permeability coefficient for three samples from Brumunddal 

Sandstone (modified from Englund and Jorgensen, 1975) 

 

Based on data derived from drilled wells, (Englund and Jorgesen, 1975) have found that 

groundwater occurs throughout the area underlain by the sandstone. They also mentioned that 

considerable variations in groundwater flow have been recorded during drilling. This variation 

of the groundwater level from place to place within the study area can be confirmed from 

appendix 1 of the present study. 

 

In addition to the sandstone the Permian basalt and romb-porphyry are also good aquifers. 

Hence the hydrogeology of the Brumunddal sandstone is also controlled by the underlying 

rhombic porphyry. The existence of water in this unit is associated with the joints and 

fractures but much less water is obtained than in the Brumunddal sandstone (England and 
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Jorgsen, 1975). The rhombic porphyry is mostly underlain by relatively impervious shale, and 

springs are common near the contact between the Porphyry lava and the Brumunddal 

sandstone (Skjeseth, 1963).  
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2. Theoretical background of groundwater 

modeling 
 

  2.1 Definition of a model 
 

In general, models are conceptual descriptions or approximations that describe physical 

systems using mathematical equations—they are not exact descriptions of physical systems or 

processes. A groundwater flow model simulates flow indirectly by means of governing 

equations thought to represent the physical processes that occur in the system, together with 

equations that describe the spatial and temporal head and flow boundary conditions (Anderson 

and Woessner, 1992). The applicability or usefulness of a model depends on how closely the 

mathematical equations approximate the physical system being modeled (Mandle, 2002); 

(Anderson and Woessner, 1992). Groundwater models describe groundwater flow using 

mathematical equations that are based on certain simplifying assumptions. These assumptions 

typically involve the direction of flow, geometry of the aquifer, the heterogeneity or 

anisotropy of sediments or bedrock within the aquifer. Because of the simplifying 

assumptions embedded in the mathematical equations and the many uncertainties in the values 

of data required by the model, a model must be viewed as an approximation and not an exact 

duplication of field conditions (Kresic, 2007). 

 

2.2 Uses of Groundwater models 
 

Groundwater flow models are used to calculate the rate and direction of movement of 

groundwater through aquifers and confining units in the subsurface. These calculations are 

referred to as simulations. The simulation of groundwater flow requires a thorough 

understanding of the hydrogeologic characteristics of the site. 

 

According to (Kresic, 2007), groundwater models can be used for three general purposes: 
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 To predict or forcast expected artificial or natural changes in the system (aquifer) 

studied 

 To describe the system inorder to anlyze various assumptions about its nature and 

dynamics. Descriptive models help to better understand the system and plan future 

investigations. 

 To generate a hypothetical system that will be used to study principles of groundwater 

flow associated with various general or specific problems (example models of 

contaminant fate and transport are developed based on ground water flow models). 

 

2.3 Types of Groundwater model 
 

Several types of models have been developed to study ground water flow systems. They can 

be divided into three broad categories (Prickett,1975): Sandtank models, analog models and 

mathematical models. 

A sand tank model consists of a tank filled with an unconsolidated porous medium through 

which water is induced to flow. Analog models are based on the principle that the flow of 

groundwater  is analogos to the flow of electric currents. 

 

 

2.3.1 Mathematical models 
 

Mathematical models,which are  the concern of today‘s groundwater model, consist of a set of 

differential equations that are known  to govern the flow of ground water. Mathematical 

models are also called computer models. Computer models are used to solve equations in  

complex flow conditions. Mathematical models can be either analytical or numerical (Kresic, 

2007). 

 

Analytical models solve the partial differential equations mathematically and  the result can be 

applied to one point or line of points in the analyzed flow field (aquifer). Incontrast numerical 

models solve the partil differntial equations numerically and describe the entire flow field of 

interest at the same time which provides  solutions for as many data points as specified by the 

user (Kresic, 2007). 
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2.3.2 Numerical models 
 

During numerical modeling the area of interet is subdevided into many small areas (referred 

to as cells or elements) and a basic groundwater equation is solved for each cell usually 

considering it‘s water balance (water inputs and outputs). The solution of a numerical model 

is the distribution of hydraulic heads at points representing individual cells ( Kresic, 2007). 

The points can be placed at the center, at intersections between adjacent cells or elsewhere 

(fig ). The two primary methods of numerical solution (models) are finite difference and finite 

element (fig 2-1). Both can be used in one-,  two-,  or three-dimensional modeling (Kresic, 

2007). 

 

Numeric groundwater model setup consists of the following main stages (Kresic, 2007): 

 Developing of conceptual site model (CSM) 

 Definition of model geometry 

 Input of hydrogeologic parameters 

 Definition of model boundary conditions 

 Definition of initial conditions for transient models 

 Definition of internal and external hydraulic stresses acting upon the system. 

Numerical models can be either Finite-Difference or Finite-Element. 

 

 

 

 

 

 

2.3.2.1 Finite-Difference Methods (FDM) 

 

The finite difference method (fig 2-1b) is a method for solving ground water governing 

equations by dividing the flow region into a discrete rectangular grid with nodal points which 

are assigned values of head (known head values along fixed head boundaries or points, 
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estimated heads for nodal points that do not have initially known head values). The finite 

difference method solves the Laplace equations by approximating them with a set of linear 

algebraic equations 

 

 

2.3.2.2 Finite -Element Methods (FEM) 

 

The finite element method (fig 2-1c) is a second way of numerical solution. This method is 

also based on a grid pattern (not necessarily rectangular) which divides the flow region into 

discrete elements and provides N equations with N unknowns. Material properties, such as 

permeability or hydraulic conductivity, are specified for each element and boundary 

conditions (heads and flow rates) are set. A system of equations is solved to compute heads at 

nodes and flows in the elements. 
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Figure 2-1 Finite difference and finite element representation of an aquifer region, from 

(Wang and Anderson, 1982) 

(a) Map view of aquifer showing well field, observation wells and boundaries 

(b) Finite difference grid with block-centered nodes, where Δx is the spacing in the x 

direction, Δy is the spacing in the y direction, and b is the aquifer thickness 

(c) Finite element mesh with triangular elements 

 

2.4 Model Conceptualization 
 

Model conceptualization is the process in which data describing field conditions are 

assembled in a systematic way to describe groundwater flow and contaminant transport 

processes at a site. The model conceptualization aids in determining the modeling approach 

and which model software to use. 
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Developing a modeling concept is the most important part of ground water modeling and 

requires a thorough understanding of hydrogeology, hydrology and groundwater dynamics 

(Kresic, 2007). 

 

2.5 Boundary conditions 
 

The specification of appropriate boundary conditions is an essential part of conceptualizing 

and modeling groundwater systems. A quantitative modeling of groundwater systems entails 

the solution of a boundary value problem (Reilly, 2001 ), and (Anderson and Woessner, 

1992). 

In order to determine a unique solution of such a mathematical problem, it is necessary to 

specify boundary conditions around the flow domain for head (the dependent variable) or its 

derivatives. In the ground water flow modeling process, boundary conditions have an 

important influence on the extent of the flow domain to be analyzed or simulated. In 

developing a conceptual model, the extent of the flow domain to be analyzed is expanded 

vertically and horizontally to coincide with physical features of the ground water system that 

can be represented as boundaries (Reilly, 2001 ). There are three possible types of boundary 

conditions which may apply to any part or boundary of the modeled area (Kinzelbach, 1986). 

 

 Boundary conditions of the first kind (Dirichlet conditions) prescribe the head value. 

In a modeled domain there should be atleast one point that constitutes a first kind 

boundary. This is necessary to guarantee the uniqueness of the solution. Otherwise it 

can only be determined up to a constant. 

 Boundary conditions of the second kind (Neumann conditions) specify the boundary 

flux. Boundary flux is the head gradient normal to the boundary. A special case of this 

type of boundary is the impervious boundary where the flux is zero (Zero flux 

boundary). 

 Boundary conditions of the third kind (Cauchy or mixed boundary conditions) specify 

a linear combination of the head and flux at a boundary. They are used as semi-

pervious (leakage) boundary. 
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2.6 Governing Equations  
 

The physics of fluid flow in porous media is a well research area in different Earth sciences 

and Engineering areas. Equations describing flows in media have been developed analytically 

over the years. The governing equations for groundwater flow are based on two fundamental 

principles: Darcy‘s aw and conservation of mass (Haitjema, 1995). These two fundamental 

principles are outlined below. 

 

2.6.1 Darcy’s Law 
 

In 1856 the French engineer, Darcy conducted a series of experiments on flow of water 

through columns of sand (figure 2-2). He performed laboratory experiments to examine the 

factors that govern the rate of water flow through the sand. The results of his experiments 

defined basic empirical principles of groundwater flow that are embodied in an equation now 

known as Darcy‘s law. Darcy‘s apparatus consisted of sand–filled column with an inlet and an 

outlet. Water pressures are monitored by manometers connected to the top and bottom of the 

sand column (figure 2-2 and figure 2-3). 
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Figure 2-2 Darcy's experimental sand column after (Darcy, 1856) original paper (in 

Anderson and Wang, 1982) 
 

 

 

 

Referring to figure 2-2 if the water levels in the manometers are h1 and h2 as measured with 

respect to some horizontal datum then; h1 and h2 are referred to as hydraulic heads. The top of 

the sand column is at h=h2, while the bottom is at h=h1 with heads h2 and h1 respectively. If 

we assume the difference (z2-z1) is the length separated the two heads. Then Darcy‘s law is 

expressed follows: 

 

manometer 

manometer 
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KAQ                                                                                         (2.1) 

 

 

Where Q is the volumetric flow rate [L
3
/T], A [L

2
] is the cross sectional area of the sand 

column and z2-z1
 
[L] is its length (figure 2-3). The parameter K [L/T] is proportionality 

constant found to be dependent on the type of sand and in the apparatus: it is termed the 

hydraulic conductivity (Haitjema, 1995)  The minus sign on the right side of the equation is 

necessary because the head decreases in the direction of flow. 

 

In another form Darcy‘s law can be expressed as the discharge per cross-sectional area as 

follows:  

 

     
dz

dh
K

A

Q
qz                                                                                              (2.2) 

 

 

Where q [LT
-1

] is known as the specific discharge and is sometimes called the Darcy 

velocity.  

 

12

12

zz

hh

dz

dh
  in equation 2.1 is a dimensionless quantity which represents the rate that head 

changes in the z direction, and is known as the hydraulic gradient. 

The index z in equation (2-2) indicates that the specific discharge is parallel to the z –

direction. Groundwater is not constrained to flow only in one direction as in Darcy‘s column. 

In the real subsurface groundwater flows in complex three-dimensional patterns hence the 

result in equation 2.2 holds in any direction with a Cartesian x, y, z coordinate system 

(Haitjema, 1995). The hydraulic gradient components are written as partial derivatives; for 

example, 
x

h
 rather than as a common derivative

dx

dh
, a convention that applies whenever a 
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variable is a function of more than one variable (Fitts, 2002). All the three components of the 

specific discharge vector in the aquifer then follow as: 

 

x

h
kqx                        

y

h
kq y             

z

h
kqz                                       (2.3) 

                                                                                                   

 

The partial derivatives of  ),,( zyxh  in equation 2-3 represent the three components of 

hydraulic gradient. It is a common practice to set z vertical and x and y horizontal, though the 

coordinate system can have any orientation (Fitts, 2002). 

 

 

 

 

Figure 2-3 Demonstration of   Darcy‘s law (modified after Haitjema 2005), 1  and 2  are the 

heads 
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2.6.2. The continuity Equation 
 

If the head ),,( zyxh  is known throughout an aquifer, the ground water movement can be 

calculated everywhere by using Darcy‘s law. However, as a rule the head distribution is not 

known, and an additional equation is required. This additional equation is provided by the 

realization that no water can spontaneously disappear or appear at a particular point in the 

aquifer: Conservation of mass (Haitjema, 1995) 

 

We will derive a mathematical equation for continuity of flow considering a water balance for 

a small block of soil and water in an aquifer (see figure 2.4). Assuming the sides of the block 

are parallel to the coordinate directions x, y, z, and measures Δx,   Δy, and Δz respectively. 

Consider the specific discharge vectors are at the center of all six sides of the block. It is 

assumed that the specific discharge at the center of a side represents the average for that entire 

side. Water balance for the block is expressed as total inflow equals total out flow:  

 

                   Total out flow-Total inflow = 0                                                            2.4 

 

 

Figure 2-4 Analysis of a small block of soil and water in an aquifer and the continuity of flow (Haitjema, 

1995 
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From the water balance equation and figure 2-3 we can see that: 
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If 

0,0,0 zyx , the quotients in 2-6 become partial derivatives: 

 

0
z

q

y

q

x

q zyx                                                                                                   (2.7) 

 

Equation (2.7) is called the continuity equation. 
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2.6.3 Laplace’s Equation 
 

Combination of Darcy‘s law and the continuity equation into a single basic second order 

differential equation leads to an equation which governs steady state groundwater flow.  That 

is combining (2.3) and (2.7) yields: 
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A popular way of writing (2.9)   is in terms of the so-called ―symbolic notation‖ (haitjema, 

1995): 

 

          02h                                                                                                               (2.10) 

 

Where 2  (pronounced ‗nabla-second) is called operator of Laplace. 

The second-order partial differential equation given in (2.8) through (2.10) is called the 

equation of Laplace. Equation 2.9 is the governing equation for groundwater flow through an 

isotropic, homogeneous aquifer under steady state conditions, (Anderson and Woessner, 

1992). Laplace‘s equation is universally used in physics to describe different phenomena 

(Haitjema, 1995). 

 

If flow rates are specified on the boundary of a mesh (for examples to represent seepage from 

lakes of rivers, or recharge from the soil surface) or at points within the mesh (for example to 

represent groundwater withdrawal by pumping) the steady-state, saturated flow equation 

becomes: 
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Where N is the specified flow rate. N is positive if water is flowing into the system and 

negative if water is flowing out of the mesh. To apply this equation to real world groundwater 

flow problems one has to apply a set of boundary conditions formed by for instance streams, 

lakes, wells, etc, by making simplified assumptions (Haitjema, 1995). 

 

Through the process of model calibration and verification discussed in later sections of this 

document, the values of the different hydrogeologic conditions are varied to reduce any 

disparity between the model simulations and field data, and to improve the accuracy of the 

model.  
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3. Field work, methods and COMSOL 
 

  3.1 Field work  
 

Field work was conducted from July 30 until August 12, 2007. During   my stay in the field 

different tasks were accomplished. 

 

 3.1.1 Groundwater level measurement 
 

 The first task was to locate the existing wells by the help of topographic maps and GPS 

(figure 3.2). In the study area a total of 50 wells were able to be located. However, due to 

inaccessibility it was only possible to get data from 34 wells. The location of the wells given 

in figure 3-1 and appendix 1 includes large part of Brumunddal sandstone and the surrounding 

area. All the wells are privately owned. An Extensive amount of water is used both for 

consumption and farming. Groundwater level and depth to the bottom of the existing wells 

along with their UTM coordinates were recorded and registered in an excel database during 

the field work (appendix 3-1). Groundwater table generally follows surface topography and 

high variation of groundwater levels observed. 

 2007)  

         Figure 3-1 Location of wells in and around the study area  ( using Surfer (Golden Software, 2002)) 
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Photo 3-2 Groundwater level measurement in Brumunddal (02 August, 2007) 

 

 

 

The measured ground water data will be used for calibration process (chapter four). The result 

of the model may be greatly affected by the variation of the groundwater level data. The 

quality of the measured data may be affected as the wells are always under stress stress. A 

contour map of the observed groundwater level data for Brumunddal sandstone is shown in 

figure 3-3 below. The contours reveal that groundwater flows towards the river Brumunda. 

The contour map is constructed using Surfer 8 with kriging interpolation method.  
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Figure 3-3 Groundwater contour maps for Brumunddal sandstone (data for August, 2007) 

 

3.1.2 Geological observation 
 

Attempts were also made to note some aspects of geology of the study area in the field work 

and later at laboratory. Eight samples of rock were collected for further laboratory analysis. It 

was difficult to find a representative sample as all the samples are highly weathered.  

Description of some out-crops in the site follows: 

 

 

Brumunddal sandstone 
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Location 608250E, 6755842N in UTM 

 

At this location an outcrop of hillside and road cut was observed. The extent of the out crop 

was approximately 6m by 100m. The rock was described as sandstone. It is relatively fresh 

with reddish color (figure 3-3). The layer has a strike of N25
◦
W and dipping to the west 

 

. 

Figure 3-4: The reddish Brumunddal Sandstone (August 05, 2007) 

 

 

Location 607530E, 6754778N, 608039E, 6756568N in UTM 

 At these localities sandstone which is exposed due to a river was observed. The outcrope  is 

near the  a locality called Prestsætra, north-west of the study area. Similar features as the 

previous were observed. This fine to medium grained sandstone is highly weathered 
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Location 603920E, 6755218N in UTM 

At this location relatively black colored sandstone was observed. The color might be due to 

high degree of weathering. The fine to medium grained rock is exposed in a river cut. It is 

weakly deformed. Its dimension is less than 10m in N-S and is about 2m thick. Its strike is 

N30W and dips sub vertically towards the west. Plagioclase mineral is common to observe in 

the samples. 

 

3.2 Laboratory work 
 

Eight samples from the Brumunddal sandstone were  analyzed for inorganic carbon and heavy 

metal concentrations (table 3.1, 3.2 and 3.3) at the department of Geosciences, University of 

Oslo .The objective of the analysis was to determine the concentrations of trace elements and 

inorganic carbon in the samples. Seven trace elements namely, Fe, Ni, Cd, Zn, Pb, Mn and Cu 

were analyzed using X-Ray Fluorescence (XRF). The results may be used for several 

purposes for further researches in the area. Approximately 5 grams of powdered soil were 

used for the analysis from each sample. The results of the analyses show that iron is the 

dominant trace element in the Brumunddal sandstone (table 3.2). All the samples were 

crushed in to powder before the experiment.                                                                                                        

         

 

 

Sample code              Location(UTM) 

East North 

1 605505 6754336 

2 608018 6756575 

3 606444 6755486 

4 608250 6755842 

5 605332 7655192 

6 605332 6755192 

7 603920 6755218 

8 608391 6756080 

 

 

  

 

Table 3-1 Location of rock samples from the field used for analysis 
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 Heavy mineral concentration  (g/Kg sample) 

Sample 

code 

Fe Ni Cd Zn Pb Mn Cu 

1 2,546947 0,003436 0,000606 0,008288 0,001819 0,681207 0,010915 

2 11,49542 0,017497 0,000203 0,07528 0,015056 0,329603 0,01587 

3 2,615023 0,002842 0 0,001516 0,000568 0,019139 0,008906 

4 0,964536 0,002941 0 0,00098 0,001568 0,025682 0,004117 

5 4,233137 0,005361 0,00037 0,02514 0,001109 0,419617 0,009243 

6 1,753483 0,00324 0,000381 0,014866 0,000381 0,638497 0,007814 

7 6,36207 0,004502 0,000392 0,068515 0 0,422833 0,00783 

8 1,28783 0,005682 0,000379 0,007575 0,001894 0,036741 0,00303 

mean 3,907306 

 
0,005688 

 
0,000291 

 
0,02527 

 
0,0028 

 
0,321665 

 
0,008466 

 

 

 

Table 3.2 Trace element concentrations in 8 samples from Brumunddal 

sandstone 

 

In organic carbon analysis: This is a method to analyze how much inorganic carbon is present 

in a sample. Procedures used follows:  

      -Hydrochloric acid (HCl) was added to the original weighted samples (approximately 

0.5gm). This is to remove the inorganic carbon from the sample so that the analyzer 

(equipment) will give measure for Total carbon (TC) and Total Organic Carbon (TOC). The 

added HCl has to be removed from the sample by water 

From these we can find the total inorganic carbon  (TIC) available in each samples: 

 

      TC-TOC=TIC 
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T 

      sample 

Code 

             

Weightof 

sample used 

(g) 

TC               TOC            TIC 

1. 0.44 0.59 0.02 0.57 

2. 0.40 0.06 0.05 0.01 

3. 0.40 0.08 0.02 0.05 

4. 0.40 0.01 0.00 0.01 

5. 0.44 0.20 0.00 0.19 

6. 0.43 0.34 0.01 0.33 

7. 0.42 0.24 0.03 0.21 

8. 0.44 0.69 0.00 0.69 

 

Table 3.3  TC,TOC and TIC concentrations for  8 samples form Brumunddal sandstone 

From the above table one can see that the amount of inorganic carbon is nearly equal to the 

amount of total carbon. The total organic carbon is very small. 
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3.3 General background about COMSOL Multiphysics 
 

This section provides an introduction to the software program used for developing the 

groundwater level for the present study area and an overview of its capabilities. Only a brief 

outline is given here, for details about COMSOL please refer to COMSOL‘s user guide which 

is available online at http://www.comsol.com/. COMSOL MultiPhysics, formerly known as 

FEMLAB, is a computer software that makes it possible to numerically solve partial 

differential equations. The numerical solution relies on the Finite Element Method (FEM), in 

which the geometry  studied   is divided into a finite element mesh. Thus, instead of trying to 

solve a highly non-linear problem on the entire geometry, an approximate solution is sought 

in each element. If this element is considerably small the physical problem is assumed to vary 

linearly (FEMLAB 3.1, 2004) 

COMSOL Multiphysics offer a complete environment that allows one to perform all the steps 

in the modeling process. Its graphical user interface handles CAD (Computer-aided design) 

modeling, the import of drawings and images, physics and equation definition, mesh 

generation, equation solving, visualization, and post processing. COMSOL has developed a  

module (i.e, the Earth Science Module)  that is  helpful for fluid flow applications. The Earth 

Science Module is a package of COMSOL Multiphysics for simulation of subsurface flow 

and other applications in earth science. The next chapter will discuss and implement 

COMSOL to develop Groundwater flow model for the Brumunddal Sandstone Aquifer. 

COMSOL provides generic partial differential equation (PDE) solvers that are robust in 

handling coupled equations. This group of application modes estimates the hydraulic head 

flowing in free systems and within the interstices of a porous medium (COMSOL 

Multiphysics 3.4, 2008). 

Therefore, COMSOL appears to have the potential to be both a versatile and an effective 

integrated ground water flow simulator. The fluid-flow equations  in the eath science 

application mode represent a wide range of possibilities. Included are: 

 Navier-Stokes equations: for surface and other free flows. 

 Richards’ equation:  describes nonlinear flow in variably saturated porous media. 

 Darcy’s law: explains  slow , saturated porous media 

 The Brinkman equations: describe fast flow in porous media where shear is non-

negligible. 
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With Darcy‘s law and Richards‘ equation, COMSOL Multiphysics solves for pressure and 

offers interfaces for pressure head and hydraulic head. The different equations in the module 

combine arbitrarily and link to other physics including solute transport, heat transfer, electric 

potentials, magnetic potential, and structural deformation, to name a few. Because you can 

type in any expression for coefficients, the equations set up in this module are especially 

flexible.  

 

3.3.1 Boundary Conditions 
 

A unique solution to the governing statements requires boundary conditions for all models. 

The Darcy‘s law application mode of the Earth Science Module provides a number of 

boundary conditions. This can also freely be specified for unique conditions by entering 

expressions in the boundary settings dialog boxes or by altering the boundary mechanics in 

the equation systems dialog boxes. Three types of boundary conditions for the Darcy‘s law 

application mode are described below: 

 

3.3.1.1 Dirichlet condition 

 

The dirichet condition is a boundary condition of the first type where it can be assumed no 

flow is considered through the boundary to or from the system under consideration. It is also 

called boundary type 1 (Reilly, 2001 ). It is given as: 

 

                 HoH                                                                                                  (3.1) 

 

Where Ho is a known head given as a number, a distribution, or an expression 

 

3.3.1.2 The zero flux condition 

 

This boundary condition is also called the Neumann condition. In various literatures this can 

also be called boundary type 2. It is a specified flow boundary and it is given as: 

                 0HK                                                                                                  (3.2) 



 

37 

 

Where, K is the hydraulic conductivity and H is the head. While this Neumann condition 

specifies zero flow across the boundary, it allows for movement along it. In this way the 

equation for the zero flux condition also describes symmetry about an axis or a flow divide 

(FEMLAB 3.1, 2004) 

 

3.3.1.3 Constant (Inward flux) flux 

 

Often you can determine the fluid flux from the pumping rate or from measurements. With the 

inward flux boundary condition, positive values correspond to flow into the model domain 

where as negative values correspond to flows out of the domain. 

 

                            NHK                                                                                   (3.3) 

 

 

 

where N is a value or expression for the flux you specify and the rest expressions are as 

mentioned before. 

 

3.3.1.4 Mixed boundary condition 

 

Occasionally there is a  need to specify the flux in to the flow domain combined with 

information about the hydraulic potential at some finite distance. The model domain might 

connect to a larger body of water through a semi-pervious layer. You can represent this 

condition with the mixed boundary expression. The equation for the mixed boundary 

condition is expresses in COMSOL multiphysics as: 

                     (3.4) 

Where pb and Db are the pressure and elevation of the distant fluid source; and Rb is the 

―conductance‖ of materials between the source and the model domain. Typically Rb = K'/B' 

where K' is the permeability of the thin layer and B' is its thickness. The stated flux N0 can 

assume a value or can  be set  to zero. 
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3.4 Methodology 
 

The use of  different programes for groundwater flow modeling  depends  up on the objective 

of the model to be developed and the knowledge of the software. In this thesis COMSOL 

Multiphysics, an environmentally interactive finite element method, is implemented to  

develop a steady state  ground water flow model for the study area. A mong the various 

application modes of COMSOL the Darcy‘s law, which applies to a slow fluid flow in porous 

medium, is used. Darcy Law describes flow in porous media driven by gradients in hydraulic 

potential field. Darcy‘s law assumes a laminar flow in porous media. For a steady state 

ground water flow, Darcy‘s equation as used in COMSOL is given as: 

 

                                        SQHK ].[                                                               (3.5) 

                           Where 

                                   K = the hydraulic conductivity [LT
-1

] 

                                   H = hydraulic head [L] 

                                   Qs = fluid source 
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Where Kxx, Kyy and Kzz is the hydraulic conductivity in the x, y and z directions 

respectively. If we further consider an isotropic geologic medium and dividing both sides of 

equation 3.2 by K, one can express equation 3.2 as: 
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Considering only two dimensional flow equation 3.3 can further be simplified to: 
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Equation 3.4 is called the Boussinesq equation and this is an equation based on Darcy‘s law 

and it‘s the Governing equation in this model hereafter.                                      

Boussinesq equation is the general flow equation for two dimensional unconfined flows 

(Fetter, 1988) and (Haitjema, 1995). 

In this approach, to obtain a solution of h, both K and Qs must be available everywhere on the 

flow domain. However, for most practical applications, flux and head measurements are, at 

best, available only at a few points and therefore cannot be used directly to solve the equation 

above. 

To obtain estimations of Qs and K and then solve Equation 3.4 everywhere on the flow 

domain, we use a simple calibration or inverse modeling method. Since the modeled area is 

assumed as homogeneous and isotropic, a constant value of K is obtained after the calibration. 

The finite element interpolation functions in COMSOL are then used to compute the variable 

hydraulic head. On the other hand the thickness of the aquifer is variable. This leads to a 

spatially variable parameter of the aquifer. This is parameter is the transmissivity. The 

transimitivity of an aquifer is expressed as a product of the hydraulic conductivity and the 

aquifer thickness. 

                          T=Kb                                                                                             (3.9) 

     Where, T is the transmissivity of the aquifer in [L
2
/T] 

                  K= hydraulic conductivity given in [L/T] and 

                  b= thickness of the saturated aquifer expressed in [L] 

 

 Hence instead of the hydraulic conductivity COMSOL solves for transmissivity (see section 

4.3.4.5) based on head and aquifer thickness. This is solved by calibration or inverse modeling 

using COMSOL. The software (COMSOL) then determines spatially variable transmissivity 

from an estimated hydraulic conductivity. To achieve this two important things have to be 

done. First, we must provide information to the software about the unknown parameters of the 

system, including initial parameter guesses. Second it is mandatory to define information 
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about the observations including the location and spatial flow water measurements. This task 

involves the calibration of the software by varying the unknown variables in the Darcy‘s Law 

equation of groundwater flow. Different iterations have been considered by trial and error 

variation of the hydraulic conductivity and the liquid source or infiltrations to the aquifer. 

Details about calibration are discussed in section 4.3.1. 
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3. A model for the Brumunddal  

     Sandstone aquifer 
 

 

 
This chapter describes the procedures adopted for the construction and calibration of the 

groundwater flow model for the Brumunddal sandstone aquifer. The subsequent results 

obtained are discussed. A step-by-step description follows. 

 
 

4.1 Objective and procedures of modeling 
 

As mentioned earlier in section 1.2 the objectives of this work are to: 

 

 To develop a 2-Dimensional map-view ground water flow model for the phreatic 

Brumunddal sandstone aquifer in southern Norway  

 To determine the direction of the groundwater flow in the aquifer 

 To quantify the water balance inflows and outflows of the aquifer 

 To determine the relationship between the aquifer and river Brumunda 

 

 To model groundwater flow means to develop mathematical and numerical models of the 

aquifer system being studied and to use these models to predict the values of hydraulic head at 

points (times) of interest.  For example, the values of head may be needed to determine the 

impact of pumping on water table levels or to predict the direction and rate of groundwater 

flow. To accomplish the objectives information on the geology, hydrology, meteorology and 

hydrology of the area should be available at hand. Step by step procedures for the modeling 

include the following: 

 Developing a conceptual model 

 Identify the governing equation to be used 

 Characterize model domain and geometry 
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 Identifying the locations of aquifer boundaries 

 Determining values of aquifer materials properties  

 Determining values and types of boundary conditions 

 Calibrating and verifying  the model 

 Water budget estimations 

 

Some of the above procedures are collectively discussed under the subsection conceptual 

model below while others are explained as a subsection by them selves 

 

 

4.2 Model Construction 
 

 

 4.2.1 Conceptual model 
 

As stated in the previous chapters a model is full of assumptions. The model developed here is 

limited by simplifications of the conceptual model that describes the complex flow systems. 

The model was greatly simplified by averaging the aquifer‘s hydraulic properties in the 

modeled area and it was assumed that the aquifer is homogeneous and isotropic. In reality thin 

layers of sedimentary materials are available in between the lava flows. And the water levels 

observed at the field greatly vary from one locality to the other even with small range of 

distance (see appendix). 

 

The Brumunddal sandstone is located between (6058276E, 6752688E), south tip and 

(6092854E, 6757927N), north east tip in UTM coordinate. It covers an approximate area of 9 

km
2
. The geometric model was simplified into a homogeneous, isotropic saturated unit-

hydrostartigraphy of variable thickness. By homogeneous and isotropic it means that the 

hydraulic conductivity was equal in space and direction throughout the model. The aquifer 

was assumed as homogeneous and isotropic because of limitations and lack of aquifer 

performance tests data and borehole geological data available in the study area. The model 

further assumes a steady state and horizontal flow of groundwater. It should be noted that 

detail aquifer performance tests in the study area might show some heterogeneity. 
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Furthermore, there is insufficient data to investigate systematic variability in the aquifer 

parameters over the modeled area. The thickness of the flow domain ranges approximately 

from 500 to 800 meters above sea level.  

  

 The eastern part of the study area is bounded by a Permian Normal fault. The porphyry lava 

which forms the western boundary of the aquifer is relatively impermeable, however due to its 

topographically higher position some lateral recharge is assumed to flow to the aquifer 

(figure).  

Brumunddal sandstone is an open aquifer which is recharged by precipitation on its top part. 

The amount of water percolates to the aquifer directly from the precipitation is estimated from 

the annual mean precipitation and the evapotranspiration data obtained from the Norwegian 

Water and Energy Directorate (NVE). The mean annual precipitation and evapotranspiration 

of the Brumunddal area is 590mm and 350 mm respectively. Other lateral sources of 

infiltration through the west and east boundaries have also been quantified to affect the water 

balance of the system. The total mean annual recharge from the different sources to the 

Brumunddal Sandstone has been estimated to 4793888 m
3
/year. Moreover, the water entering 

the system is discharged to Lake Mjøsa at the southern part of the domain. River Brumunda is 

located inside the modeled area. The river was simulated as a constant head boundary. Exact 

measurements on the water level of the river have not been done. However, approximate 

values were estimated from contours of existing topographic maps. Further assumptions on 

the river Brumunda is that no or little water contributed to the aquifer from the upstream of 

the river. That means the water flows through the channel without percolation. Hence no need 

of modeling as input flux from the upstream of the river. 
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                  Figure 4-1 Boundary conditions 

 

 



 

45 

 

4.2.2 Governing Equation 
 

The Darcy‘s law application mode of the Earth Science Module describes fluid movement 

through interstices in a porous medium by gradients in pressure and gravitational potential. 

The velocities in porous media are very slow, this is because the fluid loses considerable 

energy to frictional resistance within pores. The application mode applies to water moving in 

an aquifer or stream bank (COMSOL Multiphysics 3.4, 2008). The governing equation for 

fluid flow described by Darcy‘s law as given in COMSOL Multiphysics  is: 

 

      SQH][-K
t

h
S                                                                                         (4.1) 

 

Where : 

       S is the storage coefficient, 

       K is the hydraulic conductivity (LT
-1

) 

      Qs  is the volumetric flow rate  per unit volume of porous medium for a fluid source or    

recharge to water table.    

 

For a steady state condition 4.1 becomes: 

           0QH][K S                                                                                               (4.2) 

 

Total hydraulic head, the driving force for flow in COMSOL is given as 

 

H = Hp + y where Hp is the pressure head (L) and y the elevation (L). The base of the aquifer 

was taken as -400 meters below sea level (see figure).  
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4.2.3 Model Domain and Model Geometry 
 

The modeled area was spatially descrtised in to triangular finite element grid of 4735 active 

cells covering approximately 9 square kilometers (figure 4.1). The cells represent portions of 

the porous material within which hydraulic properties are the same. Each cell then has a finite 

element equation describing groundwater flow through it. Because of the assumption that the 

flow is steady state, there is no need to temporally descritized the flow domain. The meshing 

at 9696 degrees of freedom resulted in 2428 mesh points (nodes) and 4735 active mesh 

elements. The minimum element quality for the mesh resulted for the model here is 0.1908. 

 

 

Figure 4.2 Meshing result for the Brumunddal sandstone aquifer using COMSOL, the legend shows the 

quality of the mesh 
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4.2.4 Input Parameters 
 

After developing the conceptual model for the Brumunddal Sandstone Aquifer, different 

hydrological values which characterize the aquifer were used as input for the model. 

Hydraulic conductivity, recharge, discharge and head were the input parameters used. 

Recharge from precipitation and lateral boundaries were used as input. Discharge from the 

aquifer is through wells and an outlet located at the river. Prior to this space coordinate 

parameters were executed, so that each of the above parameters would match with the 

corresponding space coordinates. All these input values were executed to the model on the 

respective boundary conditions. 

 

4.2.4.1 Infiltration 
 

The Brumunddal sandstone is an unconfined aquifer which receives infiltration from 

precipitation and the surrounding areas. The total infiltration to the system was calculated 

based on the precipitation, evapotranspiration and the catchment areas contributing the 

domain system. The mean annual precipitation and evapotranspiration for Brumunddal and 

the surrounding areas respectively are 590mm and 350mm. This data was obtained from the 

Norwegian Water and Energy Directorate (NVE). Infiltration was calculated as the difference 

between the precipitation and evapotranspiration. The infiltration was then 240 mm/year or 

8e-9 ms
-1

. 

 

                  I = P-ET                                                                                              (4.3) 

       Where I = vertical Infiltration 

                 P = Precipitation 

                ET= Evapotranspiration 
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4.2.4.2 Recharge through Lateral boundaries 

 

In addition to the infiltration through the top part of the aquifer additional recharges were 

considered through the boundaries (figure 4-1). For simplicity the recharging areas through 

the boundaries were divided as follows: 

 

 

 

 

 

Source of recharge m
-3

s
-1

 m
3
/year 

Areal recharge from precipitation 0.072 2270592 

Recharge from west boundary 0.032 201830 

Recharge through the  East slope across the fault 0.048 126144 

Total recharge to the aquifer through all  external boundaries 0.152 2598566 

 

Table 4.1 Recharge used as input parameters along all the boundaries of the model domain 

 

4.2.4.3 Water level or hydraulic head 

 

The stage of the river Brumunda was used for defining the river as constant head internal 

boundary (figure 4-1). The values were estimated from the contours of a 1:50,000 scale 

topographic maps taken from the Norwegian Geological Survey (NGU) website. The stage of 

the river varies greatly along its course following the topography (appendix). However, it was 

assumed that the level of the water in the river is constant at a fixed point hence an external 

stress upon the aquifer will have no effect on the level of water in the river.  
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4.2.4.4 Hydraulic conductivity 

 

The hydraulic conductivity used as input was obtained by varying the spatial distribution of 

hydraulic conductivity arbitrary in the process of calibration which will be discussed in 

section 4.4.1. The hydraulic conductivity is same both in the x and y direction as we consider 

an isotropic medium and a horizontal flow. The hydraulic conductivity used based on the 

calibration was 0.011 m/day which is equivalent to 1.26e-7 m/s. 

 

4.2.5 Model Boundary Conditions 
 

The Brumunddal Sandstone aquifer covers approximately 9 square kilometers. It is bounded 

by different physical features (figure 4-1). 

 

4.2.5.1 Boundary conditions at the lateral extent of the model 

 

 The East, South East and north east model boundary coincides with a Normal fault (Figure 4-

1). The fault is approximately 9 km long. The fault can act as a facilitator for groundwater 

passage from outside the modeled region. This boundary was simulated as a fixed flux 

boundary (see equation 3.3 on page 34). Some amount of water which enters the aquifer 

through this fault was estimated (table 4-1). 

 

The west and northwest part of the modeled area is bounded by a Lava flow. The porphrytic 

lava flow is relatively impermeable. However considerable amount of water can be recharged 

to the aquifer because of its topographic position. Hence this boundary was considered as a 

flux boundary using equation 3.3. The estimated water recharging through this boundary to 

the aquifer was 0.048 m
3
s

-1
. This value was executed in meters square per second. Dividing 

by the length of the boundary the flux is 5.5e-6m
2
s

-1
. 

The southwest model boundary coincides with a water shade divide. The water divide was 

delineated based on contour maps and the flow directions of the groundwater. This part of the 

model boundary was simulated as a symmetry or no-flow boundary (equation 3.2): 

 

                 0HK  
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4.2.5.2 Boundary condition associated with the top of the model 

 

The top of the model was represented as water table of the unconfined aquifer. Hence it was 

allowed for areal recharge from precipitation. Mean annual precipitation and mean annual 

evapotranspiration was obtained from the Norwegian Water and Energy Directorate (NVE). 

Water infiltrates through the upper boundary of the domain. The upper boundary was thus 

considered as the boundary of prescribed flux. 

At the water table the recharge is R which is equivalent to Qs in equation 4.1. The pressure 

Hp is zero since there is no water above it. Neumann boundary is used to model the known 

recharge (equation 3.3 on page 34). 

 

4.2.5.4 River Brumunda as constant head Boundary 

 

The river Brumunda, which is about 7 km long at the modeled area, flows through the aquifer. 

It runs from the Northern part all the way approximately parallel to the eastern boundary. It 

discharges the water finally to Lake Mjøsa, few kilometers from the southern part of the study 

area. According to (Rustadbakken et al., 2003) 95 percentile of the mean annual discharge of  

river Brumunda is estimated to be 0.2m
3
 s

-1
. This can be assumed as the total amount of water 

flowing from the aquifer through the outlet of the river, which finally joins Lake Mjøsa. 

The river was treated as a constant head flow boundary condition. The stage of the river was 

approximately read from the topographic map of the Brumunddal area and the adjacent wells. 

The estimated heads or stages of the river vary from 178 m, recorded at the southern course of 

the river to 284m at the upper stream (appendix). 
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4.3 Model calibration and Sensitivity Analysis 
 

4.3.1 Calibration 

Model calibration consists the process of adjusting model parameters to reduce the difference, 

known as residuals, between simulated and observed values. It involves changing values of 

model input parameters in an attempt to match field conditions within some acceptable 

criteria. The hydraulic conductivity of the aquifer was manually adjusted to achieve a best fit 

between simulated and observed values. The model calibration process for the Brumunddal 

sandstone aquifer included comparisons between model simulated conditions and field 

conditions for the hydraulic head data, groundwater flow direction and water mass balance.  

Observed head data was collected from the Brumunddal sandstone aquifers from July 30, until 

August 7, 2008. Thirty-three wells with a total of 33 observations over that period were used 

in the calibration process (figure). The simulated versus observed groundwater levels for all 

the observations are illustrated in (figure 4-3). 

The calibration process resulted in a horizontal conductivity of 1.26e-7 m/s which is 

equivalent to 0.011 m/day. The hydraulic conductivity here reported was within the 

reasonable range of previously reported Sandstone aquifer Properties, which ranges from 10
-5

 

to 10
-1

 m/day (Anderson and Woessner, 1992). Moreover, (Istok, 1989) found that the 

hydraulic conductivity of sandstone ranges from 10
-6

 to 10
-10

 m/s. A simple graphical 

comparison between measured and computed heads, which resulted in a correlation 

coefficient of 0.90, is shown in (figure 3-4). In this example, the closer the heads fall on the 

straight line, the better the "goodness-of-fit".  
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Figure 4.3 Observed versus calibrated heads with correlation coefficient of 0.90 

 

The calibration of the model with regard to hydraulic conductivity was done after adjusting 

the boundary conditions. 

 

4.3.2 Model Error 
 

Analysis of residual statistics, such as Mean Error (ME), Mean Absolute Error (MAE) and 

Root Mean squared (RMS) are three ways of expressing the average difference between 

simulated and measured heads (Anderson and Woessner, 1992).  RMS is the most common 

model error statistic used to verify that a model is correctly calibrated. Smaller RMS error 

values indicate better calibration.  According to (Anderson and Woessner, 1992), RMS is 

calculated by:  

              5.02

1

])(
1

[ hsh
n

RMS m

n

i

                                            (4-4) 

   Where hm  = measured heads 

               hs = simulated heads 

               n = number of calibration values 
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The average RMS error for the present calibrated model was 13.4m. The range of simulated 

head values in the Brumunddal sandstone aquifer was 145m. Using the Mean Absolute Error 

(MAE) method the model error was found to be 8.97 m. The third method of calculating 

residual error called Mean Error (ME) seems to give a narrow residual value, which is 3m. 

But usually not a wise choice because both negative and positive differences are incorporated 

in the mean and may cancel out the error (Anderson and Woessner, 1992). Hence, a small ME 

may not indicate a good calibration. It is important to note that to date; there is no standard 

protocol for evaluating the calibration process (Anderson and Woessner, 1992). Formulas for 

the MAE and ME are respectively given below: 

                     
n

i

ism hh
n

MAE
1

)(
1

      (4-5) 

 

                     ME = 
is

n

i

m hh
n

)(
1

1

       (4-6) 

 

Where the parameters are as given above for RMS 

 

 

4.3.3 Sensitivity Analysis 
 

A sensitivity analysis was performed to determine to what extent Changes in the aquifer‘s 

hydraulic properties would affect the model‘s Average RMS error. The parameters of concern 

were hydraulic conductivity and areal recharge. These parameters were varied independently 

between 0.1 and 1000 times their calibrated value. The result of the sensitivity analysis is 

presented in Figure 4-4. The sensitivity analysis indicates the model is least sensitive to 

Changes in the areal recharge of the general water source representing the Brumunddal 

sandstone aquifer. The sensitivity analysis indicates the model is more sensitive to changes in 

hydraulic conductivities than areal recharge. That means calculating or determining for 

hydraulic conductivity is very critical. Model error greatly increased as the hydraulic 

conductivity was decreased. 
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          Figure 4-4 Sensitivity analysis 

 

 

4.4 Model Results 
 

This sub-topic will provide the results of the groundwater flow model. The following model 

outcomes will be discussed in detail: 

 Hydraulic heads 

 Aquifer Thickness 

 Transmissivity 

 Relationship between groundwater and surface water in the study area 

 Analysis of flow budget. 

The groundwater flow budget will be calculated to assess the net annual flow in the aquifer. 

Once an understanding of the current aquifer flow system was obtained, the model can be 

used to simulate well field‘s operation in pumping scenario by other researchers. 
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4.4.1 Hydraulic head 
 

After calibrating and ensuring that the model has the ability to produce similar value data as 

what we have from field we can use it for different purposes. The head is the primarily value 

we can have from the model. Figure 4-5 shows the distribution of the ground water head in 

the modeled area. The maximum values are indicated in red color while the blue shows values 

with minimum groundwater level above sea level.  The maximum head value was almost the 

same as the maximum head observed from field. The North East of the modeled area and 

western shows high values of hydraulic head (Figure 4-4). This can be mainly because of the 

water recharging from the adjacent higher topography areas. The influence of the water from 

the lava (western lateral boundary) seems to be higher. This result supports the discovery by 

(Jørgensen and Englund, 1975) who stated that the hydrogeology of the Brumunddal 

sandstone is largely controlled by the rhombic porphyry.  Following figure shows COMSOL 

result for the similated hydraulic heads. The surface colour shows the head distribution in the 

area. The contour lines are also heads. There is a tendency of the head to reflect the surface 

elevation. The ground water level decreases as we go from North and west part of the model 

towards the river and the south. 
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Fig 4-5 COMSOL result Calculated Hydraulic head distribution for the Brumunddal Sandstone Aquifer 

(Horizontal and vertical axis show East and North UTM coordinates respectively) 

 

 

                               

                                    

 The following graph is a cross section along the line in figure 4-5 showing the distribution of 

the ground water head in the study area.  
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 Fig 4-6 Cross section which shows the head distribution along a line from western part of the 

aquifer to the river Brumunda 

 

Figure 4-6 shows that the calculated water table along the line and shows high variation of 

groundwater level in the area. The lowest head along the line corresponds to the water level at 

the river Brumunda. The groundwater level at the area seems to follow the topography. 

 

4.4.2 Thickness of the Aquifer 

 

As stated early the thickness of the aquifer varies from location to location. Rosendahl (1929) 

found that the sandstone varies in thickness between 500 to 800 m. According to the present 

COMSOL model result the maximum and minimum thickness of the saturated aquifer in the 

modeled area respectively are 769 and 578 meters. The result shows reduction in thickness of 

the aquifer when we compare to that of Rosendahl (1929).  
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4.4.3 Transmissivity 
 

 The aquifer under study has variable thickness. The hydraulic conductivity was assumed 

homogeneous. Transmissivity (T) of an aquifer can be related to the hydraulic conductivity 

(K) and the saturated aquifer thickness (b) as: 

                       T =Kb                                                                                    (4-7) 

Direct calculation of the transmissivity was not possible because of the variation in thickness. 

However, an expression for transmissivity was executed to the software. In an open aquifer 

the aquifer thickness is equal to the head. Hence, b can be substituted by the head. This leads 

to an expression: 

                                 T = K* H                                                                              (4-8) 

        Where,      

                           T = Transmissivity [L
2
/T] 

                           K =Hydraulic conductivity [L/T] 

                           H =Hydraulic head [L] 

 

Transmissivity distribution determined from the calibration is shown in figure 4-7. The 

transmissivity result modeled by COMSOL varies between 7.28e
-5

 and 9.69e
-5 

m
2
/s.  
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Figure 4-7 COMSOL transmissivity result of the Brumunddal sandstone aquifer 

 

 

 

4.4.4 Relationship between the Aquifer and the river Brumunda 
 

One of the main objectives of this research is to investigate the interaction between the 

groundwater and surface water of the study area. River Brumunda, perennial river flows from 

the highlands, in the northern part of the study area, to Lake Mjøsa. The result of the hydraulic 

conductivities and the direction of the flow show that the Brumunda is effluent (gaining) river 

(figure 4-8). That is some amount of water is lost from the aquifer to the river, which finally 

discharges to lake Mjøsa. The quantity of the water flowing to river Brumunda from the 

Sandstone aquifer will be quantified in the subsequent sections. 
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Figure 4-8 Hydraulic head and direction of ground water flow, surface color plot shows head in meters 

above sea level while the arrows show movement of groundwater 

 

 

 

4.4.5 Analysis of Water budget 
 

The ground water flow budget for the sandstone aquifer was calculated to quantify the 

recharge of water to the aquifer and the discharge of water from the aquifer. The flow budget 

is specified to the modeled area and may not be representative of the aquifers elsewhere along 

the Brumunda River. A flow budget is defined as the sum of all inputs (recharge) minus the 

sum of all outputs (discharge) equals the change in storage within the aquifer. Net flow is 

calculated as the difference between recharge and discharge. Recharge to the model includes 

recharge from precipitation, and lateral recharge from the boundaries. Discharge from the 
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model includes withdrawals from wells, and flow to Brumunda River. The average annual net 

recharge and discharge computed by the model is presented in Figure 4.8. Because of lack of 

data on the amount of water entering the aquifer at the upstream, it was assumed that all the 

water entering the area at the upper stream has no direct contact with the aquifer. It leaves 

without contributing to the aquifer. There for it was not included in the model part. 

 

 

4.4.6 Net Recharge 
 

The most abundant source of recharge to the sandstone aquifer is the areal recharge from 

precipitation. The average annual net recharge to the sandstone aquifer from precipitation 

which infiltrate directly is approximately 2270592 m
3
/year and accounts for 87 percent of the 

total net recharge. The average annual net recharge from eastern boundary of the model across 

the fault is approximately 126144 m
3
/year and accounts for 5 percent of the total net recharge. 

The average annual net recharge from the western and northwestern slope boundary across the 

lava flow is approximately 201830 m
3
/year and accounts for 9 percent of the total net 

recharge.  

 

 

 

Figure 4-9 Estimated recharge to Brumunddal aquifer 
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4.4.7 Net Discharge 
 

Through boundary integration COMSOL gives you the quantity of water that discharges from 

the modeled domain through its boundaries.  The Brumunddal drinking water supply is 

provided by wells located at Narud (located at 606823 E, 6754652 N in UTM) .Withdrawal 

from this well makes the highest discharge from the aquifer. It is about 1063000, which 

accounts for 41% percent of the outflow. Water withdrawal by other private owned wells is 

estimated at 879617m
3
s

-1
. This accounts for about 34 percent of the discharge amount. Water 

from the aquifer also moves to the river Brumunda. This is equivalent to 649642 m
3
/year. 

This accounts for 25% of the total discharge. 

  

 

 

 

 

Figure 4-10: Discharges  from Brumunddal aquifer 
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Table 4-2: Water balances from the steady state model. 

 

 

Components                                                                     Steady state model (m
3
/year)                                                                                                        

Inflows 

                    Percolation                                                               2270592 

                    North west (NW slope)                                              201830 

                   South east (SE slope)                                                  126144 

                   South west water divide                                                  0        

                   TOTAL                                                                      2598566 

 

Outflows  

                    Brumunda                                                               649642 

                    pumping from Narud well                                     1063000       

                    Pumping through other wells                                   885924        

                    TOTAL                                                                   2598566        

In – Out                                                                                               0                                
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Figure 4.11 Average annual Net Flux for Brumunddal sandstone aquifer, pumping data is from 2006 by 

the Municipality of Brumunddal. Positive values indicate flow in to the aquifer while negative values are 

flow out of the aquifer 
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5. Discussion 
 

The Brumunddal Sandstone is one of the major bed-rock aquifers in Norway. The purpose of 

the modeling was to quantify the water balance components acting on the aquifer and to 

investigate the interaction between the ground water and river Brumunda by developing a 

simplified hydrogeological model of the Brumunddal sandstone aquifer. COMSOL 

Multiphysics is relatively newly developed software which has a wide application in Earth 

sciences. The current model developed consists of simple representations of physical fluxes 

calculated using application of Darcy‘s law. Source term and lateral recharges are estimated 

from available meteorological data and the areal coverage of the contributing catchments. 

Hydraulic conductivity was adjusted by calibration. The transmissivity of the aquifer was 

calculated based on the hydraulic conductivity. One of the advantages of COMSOL is that a 

simple expression can be substituted for the hydraulic conductivity in terms of its unknown‘s 

transmissivity and the variable thickness. 

The quality of a model depends on its assumptions. Hence the following should be kept in 

mind: 

 A model is an approximation of a reality and does not replace the physical nature of 

the system 

 A good model result can always be achieved through upgrading field observations 

 The applicability or usefulness of a model depends on how closely the mathematical 

equations approximate the physical system being modeled 

 Modeling is an excellent way to help organize and synthesize field data but it is 

important to recognize that modeling is only one component in a Hydrogeological 

assessment and not an end in itself. 

 

A model cannot be better than its input data. Almost all models suffer from lack of sufficient 

data and uncertainties. Infact, as was mentioned in section 2.1, one of the main reasons why 

models are constructed is lack of sufficient quality data.  

The sensitivity analysis suggests that the model is highly sensitive to hydraulic conductivity.  

On the other hand it is less sensitive to recharge. The present model cab be updated simply. It 

can even be extended to transient flow.  
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 6. Conclusions and recommendations 
 

 6.1 Conclusion 
 

The two dimensional map-view model developed for the Brumunddal sandstone aquifer 

fulfills its basic goals i.e. it demonstrates that the geometric model furnishes a sound basis for 

constructing a flow model for the area and it helps in understanding the flow dynamics of the 

aquifer. The model is workable in a sense that it reproduces the unknown pattern of flow in 

the area and the values of hydrogeological parameters (example. head, and flow quantity) 

generated by the model. It was not possible to compare the values with values generated by 

other works, as almost no literatures are presently found regarding groundwater flow 

quantification in the study area. Therefore it‘s difficult to make concrete predictions based on 

this model owing to the uncertainties associated with certain assumptions and input 

parameters. If the spatial distribution of recharge all along the boundaries and the pattern of 

variation in hydraulic conductivity values in the aquifer can be ascertained accurately, then 

this model can be made to work accurately reliable with very minor modifications. 

The following specific conclusions regarding the results of the model can be drawn: 

 The maximum head in the sandstone aquifer is 369m and the minimum head which 

corresponds to the southern part of the study area is 178m 

 The hydraulic conductivity which gives the best fit of the observed and calculated 

head is found to be 1.26e-7 m/s. 

 The transmissivity calculated is proportional to the thickness of the aquifer. And the 

maximum transmissivity is found to be 9.69e
-5

 and the minimum is 7.28e
-5

 m
2
/s 

 The total amount of recharge entering the aquifer was estimated to be 2598566 cubic 

meters per year 

 The water pumped from the wells at Brumunddal is the highest discharge of the 

aquifer. The discharge through all the wells was estimated at 75% of the total 

discharge. 

 The river Brumunda is a gaining river. The amount of water received by the river from 

the aquifer is 649642 m
3
/year. This accounts for 25 percent of the total discharge. 
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 6.2 Recommendations 
 

The model, just as many mathematical models of this kind, is of a preliminary nature. It can 

be improved by collecting additional data including drilling, test pumping of longer duration 

(one week or more), continuing monitoring of water levels, making field inventories of actual 

current abstractions, etc. By doing so, the model can definitely be used to simulate possible 

future changes to hydraulic head or groundwater flow rates as a result of future changes in 

stresses on the aquifer system.   

A two dimensional profile model or full three dimensional model for the aquifer would be 

most relevant to further analyze impacts and to manage the aquifer. 

Consideration of numerous processes including anthropogenic water extractions and the 

interactions between water in adjacent geological formations is required.An integrated 

assessment which involves characterising recharge, discharge and transmission features within 

groundwater systems and developing linkages between water discharge rates and groundwater 

elevations might produce a better result. The water table of unconfined aquifers is dynamic. 

Hence I also propose a transient model for the present area.  
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Appendix A  
 

Table i: coordinates and groundwater level measurementsfor wells in Brumunddal (measured 

in from August 03 to 10, 2007)  

 

Well_ID UTM_ East UTM_ North Groundwater meter 
above sea level 

W010 607394 6755775 278.96 

W002 606877 6754591 260.8 

W039 606992 6756585 449.7 

W007 607348 6756025 369.82 

W038 602295 6757875 404.3 

W015 607271 6757570 414.2 

W015 607271 6757570 414.16 

W015c 607271 6757570 414.17 

W037 607642 6753910 305.2 

W036 607372 6753542 300.59 

W001 606087 6754363 340.55 

W016 607419 6756505 367.53 

W017 606606 6757775 461.31 

W018 606135 6757744 479.25 

W019 605784 6757637 498.25 

W023 605118 6757668 503.61 

W022 604860 6757444 476.2 

W021 604894 6757586 496.38 

W020 605821 6754527 404.79 

W014 606100 6755211 397.24 

W024 606004 6755930 441.12 

W025 604905 6756004 405.27 

W026 604905 6756004 404.92 

W027 604779 6755967 401.45 

W040 604920 6755535 367.79 

W005 608380 6755805 280 

W028 608420 6755920 336.2 

W029 608538 6756375 337.64 

W30 608767 6756221 337.5 

W006 608399 6757174 311.37 

W031 607955 6758102 314.6 

W032 602471 6754786 304.69 

W033 602203 6754379 303.1 

W034 602785 6752665 226.48 

W035 602063 6752938 265.14 

W003 607062 6754907 334.24 
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W004 607215 6755536 364.09 

OW 606961 6754246 188.37 

 

 

 

 

 

Table ii: Stage of river Brumunda as estimated from topographic map   

 

Etta East (UTM) 
T 

North (UTM) 
North 

head (masl) 
Head(m) 

605963 6752632 178 

608393 6756652 280 

607393 6754432 220 

606633 6753232 190 

605943 6752612 180 

606273 6752912 181 

606983 6754162 188 

606693 6753562 187 

607603 6754852 240 

607843 6755172 242 

608253 6755452 250 

608293 6755702 260 

608443 6755882 265 

608383 6756652 276 

608003 6757052 284 

605728 6752212 184 

606858 6753792 210 

607601 6754682 230 

608311 6756197 270 

608246 6755402 246 

606406 6753072 182 

608306 6756222 270 

608136 6756847 280 

608016 6755342 244 
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Table iii: Observed versus calculated heads (in meters above sea level) for the Brumunddal 

Model using COMSOL Multiphysics 

 

 

 

East North calc. Obs. 

607348 6756025 335.15 369.82 

607394 6755775 319.95 278.96 

607062 6754907 279.66 334.24 

606877 6754591 264.88 260.80 

606087 6754363 296.72 340.55 

607215 6755536 318.97 364.09 

607603 6754852 218.97 240.00 

607843 6755172 232.59 242.00 

608016 6755342 235.89 244.00 

608293 6755702 248.03 260.00 

608443 6755882 264.16 265.00 

608306 6756222 271.00 270.00 

608383 6756562 293.33 276.00 

608163 6756847 297.61 280.00 

608003 6757052 296.13 284.00 

606983 6754162 199.68 188.00 

607419 6756505 345.19 367.53 

608399 6757174 331.07 311.37 

608100 6756000 261.17 255.00 

606700 6754000 206.50 191.00 

607500 6755000 206.50 213.00 

607600 6755000 229.54 217.00 

608098 6756493 276.00 275.00 

608146 6755970 253.00 251.00 

608218 6756493 272.00 270.00 

608258 6756438 270.00 269.00 

607971 6756843 282.00 280.00 

608016 6756750 279.00 277.00 

608152 6756212 260.00 261.50 

608165 6756534 274.00 273.00 

608258 6756438 270.00 269.00 

608196 6755833 245.50 247.50 

608179 6756298 263.00 265.00 
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Appendix B 
 

 

Modeling using COMSOL’s Graphical Interface- brief steps 

 

1. Start COMSOL Multiphysics: Start→programs→COMSOL Multiphysics. It can also be 

started from the shortcut found on your computer‘s desktop. This open‘s the so called 

Model Navigator where you choose the application model and specify the model 

dimension. 

2. In the Model Navigator, click the Multiphysics button select 2D from the space 

dimension list. 

3. In the list of application modes select 

      Earth Science Module→Fluid flow→Darcy‘s  law →hydraulic head analysis 

      Next click Multiphysics button. Click add 

4 Click ok 
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Figure (i):  Model navigator page of COMSOL graphical interface (GI) 

 

 

 

 

OPTIONS AND SETTINGS 

 

1. From the option menu select Constants, then enter constants which you use when you 

define the boundaries and subdomains. For this model the following constants  were 

used. 
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Figure (ii): Constant dialog box 

 

 

2. From the physics menu choose model settings 

3. Select SI from the base unit system list in the model setting dialog box 

4.  Click ok 
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Figure (iii): Model settings 

 

 

  

 

 

 Geometric modeling 

1. Create a geometry which represent the model domain either by using the CAD 

drawing tools of the COMSOL Multiphysics  interface or import a CAD geometry to 

COMSOL 

2. For the present model a geometry was made using Golden software (Surfer 8). This 

was imported to comsol through  File →import →CAD data from file 

3. Select the menu item option→Axes/Grid settings. On the axes page specify the 

settings. When done click ok. 
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Figure (iv): Axix and grid setting 

 

 

 

 

   Physics Settings 

1 From the Multi physics menu select Darcy’s law (esdl) 

2 From the physics menu select subdomain setting 

 Select  the subdomain  of your geometry model then enter the the following specifications for 

the current model 
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Figure ( v) : Subdomain settings 

 

 

 

 

Boundary settings 
 

1. From the physics menu select boundary settings to open the boundary 

setting dialog box 

2. Select the the boundary in which you want to specify under the boundary 

selection 

3. Select the type of boundary from the draw down menu under boundary 

condition 

4. Specify the flux or head in the space for No and No respectively 

5. Click ok 

 

 
 

 
 Figure (vi):  Boundary setting 
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Meshing 
 

To creat the mesh follow the procedures: 

1. From the main tool bar clcick mesh 

2. Select the free mesh parameters and specify the the different parameters (see User guide) 

3. When done click remesh 

 

Solve 

 To solve the problem: 

1 click solve from the main tool bar 

1 Select solve parameters under the solve button 

2 Specify blanks based on your model and choice 

3 When done click ok 

 

 

Post processing 

 
1. From the  post processing menu which is located on the main tool bar specify different 

options to get results and graphs 

2. Adjust parameters based on your desire (which plot or result you are interested) 

3. When done click ok 

 


