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Abstract

This Licentiate Thesis presents a new approach of understanding leakage in

agricultural land. Former studies concentrate on long term measurement of different 

pollutants in nearby watercourses and streams. The new approach is so far only

numerically performed, but will soon be complemented by laboratory tests and field

measurements.

Our hypothesis is that nutrient leakage into groundwater is caused by thermally

driven groundwater convection. The maximum density of water occurs at a 

temperature of near 4
o
C. Thus, a density increase of the groundwater occurs by 

heating from about 0
o
C in the north of Sweden (springtime) and by cooling from 

about 10 
o
C in the south (autumn). The depth of the convection (leakage) depends on 

the size of the thermal gradient. This hypothesis consequently explains both why the 

nutrient leakage occurs during different seasons in the north and south of Sweden and 

also why the leakage reaches greater depths in the south. 

The numerical results show that convection is induced by a small horizontal

groundwater flow.

In the south of Sweden the lowest required permeability for convection to occur was 

K=6.7·10
-10

 m
2.

. In this soil the convection cells reached to a maximum depth of 6

meters. The Rayleigh number (Ra) could be as low as 19 for convection to occur, the 

general critical Ra is 40 in porous media.

In northern Sweden a permeability of K=6.1·10
-9

 m
2
 was required. In this soil and 

climate convection occurred to depths from 0.2 to 0.9 meters. Transient solutions 

showed that the required time for the convection pattern to fully develop was 22 days.

The effect of frost lenses on the groundwater convection was also studied. Small

lenses changed the convection rolls slightly, while large obstacles forced the 

convection rolls to change size and shape.

The simulations showed that the required grain size for convection to occur was 

considerably greater than the grain size in typical agricultural soils. Still vertical

groundwater movements exist. Other possible explanations to groundwater convection 

in agricultural soil in northern Sweden are to be investigated. Unstable groundwater 

convection or oscillating convection cells, infiltration of rain and melt water, pressure 

induced convection and the possibility that Coriolis force due to Earth´s rotation could 

cause secondary currents in groundwater flow. 
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Sammanfattning

Denna Licentiatavhandling presenterar ett nytt sätt att betrakta näringsläckage i 

jordbruksmark. Tidigare studier inriktar sig främst på långsiktiga mätningar av olika

föroreningsämnen i närliggande vattensamlingar och vattendrag. 

Vår hypotes är att näringsläckaget till grundvattnet sker via termiskt driven 

konvektion. Vattnets maximala densitet finns vid 4
 o

C. Så en ökad grundvattendensitet

orsakas av uppvärmning av 0-gradigt grundvatten, strax ovanför tjälen, under våren i

norra Sverige och en kylning av 10-gradigt grundvatten på hösten i södra Sverige. 

Läckagedjupet beror på temperaturgradientens storlek. Hypotesen förklarar både 

varför näringsläckaget sker på olika tidpunkter i norra och södra Sverige och varför 

näringsläckaget når större djup i söder. 

De numeriska resultaten visar att konvektion initieras av små horisontella 

grundvattenflöden. I södra Sverige krävs en permeabilitet på K=6.7·10
-10

 m
2
 och

konvektionen når ner till 6 m djup. Rayleigh talet kan vara så lågt som 19 för att 

konvektion ska uppstå, det generella kritiska Ra talet i poröst medium uppgår till 40. 

I norra Sverige krävs en betydligt större permeabilitet, K=6.1·10
-9

 m
2
, för att 

konvektion ska uppstå mellan 0,2 och 0,9 m djup. Beräkningarna visade också att 

tidsåtgången för ett fullt utvecklat konvektionsmönster var 22 dagar.

Vidare placerades hinder i jorden för att undersöka hur t ex frostlinser påverkade 

konvektionen. Små hinder påverkade konvektionsrullarna svagt medan stora hinder 

tvingade konvektionsrullarna att ändra både storlek och form.

Simuleringarna visade att den permeabilitet som krävdes för att konvektion skulle 

uppstå var betydligt större än den permeabilitet som återfinns i vanlig jordbruksmark.

Följaktligen kan inte de små temperaturdifferenserna i norr driva konvektion i den 

typen av jord. Trots detta så förekommer klimatberoende vertikala vattenrörelser. 

Andra förklaringar till grundvattenkonvektion i jordbruksmark skall undersökas 

framöver bl a instabil grundvattenkonvektion eller oscillerande konvektionsceller, 

infiltration av regn och smältvatten, tryckframkallad konvektion samt möjligheten att 

Coriolis krafter på grund av jordens rotation kan orsaka sekundärströmmar i

grundvattenflödet.
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Nomenclature

Roman letters

cp  heat capacity    J kg
-1

K
-1

Dp  grain size    m 

gê unit vector of gravity 

wê unit vector of angular velocity 

Ek  Ekman number

g  acceleration of gravity  m s
-2

H depth of control volume m

k  thermal conductivity   W m
-1

K
-1

K  permeability    m
2

L length of control volume m

P  pressure    Pa

p  reduced pressure

Q  heat transfer rate   W m
-2

Q internal heat generation 

Ra  Rayleigh number

Rac critical Rayleigh number

Rag gravity Rayleigh number

Ra central body force Rayleigh number

Ro  Rossby number

t  time     s 

T  temperature
o
C

T0 maximum density temperature
o
C

TH  hot temperature
o
C

TC  cold temperature
o
C

TW obstacle wall temperature
o
C

u  horizontal velocity   m s
-1

v  vertical velocity   m s
-1

w  downstream velocity   m s
-1

Vi  initial velocity    m s
-1
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V  filtration velocity

X  position vector 3D

x, y, z Cartesian coordinates 2D

x1,y1,z1 Cartesian coordinates 3D

Greek letters

 thermal diffusivity   m
2
 s

-1

 coefficient 
o
C

-2

µ  dynamic viscosity   kg m
-1

 s
-1

 density     kg m
-3

0  density maximum   kg m
-3

 heat capacity ratio

 kinematic viscosity   m
2
 s

-1

 porosity    % 

 angular velocity   rad s
-1

Other symbols 

()f fluid related

()s solid related
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Outline of the Thesis

This thesis is summarizing the theory and simulated results of temperature driven

groundwater convection (seasonal groundwater turnover) in northern and southern 

Sweden i.e. for different climate and groundwater temperatures. This hypothesis 

showed to be insufficient to explain observed vertical groundwater movements.

Therefore convection induced by the Earth’s rotation has also been studied. The 

theory and initial simulations are presented. The recently constructed test equipment

to verify the Coriolis’ effect on groundwater flow is described. 

The first paper considers thermal convection in southern Sweden and the second 

paper considers thermal convection in northern Sweden.

I   Engström M., Nordell B. (2004) Seasonal Groundwater Turnover, Nordic
Hydrology (Resubmitted after review)

II   Engström M., Nordell B. (2004) Heated from above groundwater turnover, 

Journal of Hydrology (submitted to J. Hydrology)

vii



Contents

Preface...........................................................................................................................ii
Abstract....................................................................................................................... iii
Sammanfattning..........................................................................................................iv
Nomenclature ...............................................................................................................v
Outline of the Thesis ..................................................................................................vii

Contents .................................................................................................................... viii

Introduction..................................................................................................................1
Hypothesis .................................................................................................................1
The Mechanism .........................................................................................................2
Objectives ..................................................................................................................3
Scope .........................................................................................................................3

Theory of Convection in Porous Media .....................................................................5
Thermal Convection ..................................................................................................5
Rotational Convection...............................................................................................7

Simulations .................................................................................................................11
Calculation Parameters ..........................................................................................11

Laboratory Test on Rotational Convection.............................................................13

Results .........................................................................................................................15
Results of Paper I (Heated from below groundwater. South Sweden)....................15
Results of Paper II  (Heated from above groundwater. North Sweden) .................19
Initial simulation of rotational convection..............................................................23

Discussion....................................................................................................................24

Conclusions.................................................................................................................26

Further Research .......................................................................................................28
Planned Laboratory Tests on Rotational Convection.............................................28
Planned Field Measurements..................................................................................28

References ...................................................................................................................29

viii



Introduction

Nutrient loss to groundwater leads to overfeeding of lakes and watercourses, which 

has a negative impact on flora and fauna. By understanding the mechanisms behind 

the leakage, fertilising could be done more effectively. Such knowledge would also be 

helpful in preventing and counteracting other types of contamination by leakage from 

ground surface to groundwater.

Nutrient loss from agricultural areas in Sweden has been studied by e.g. Hoffmann 

et al. (1995); Kyllmar et al. (1995, 1998, 1999), and Mårtensson (1998). The 

importance of the matter is underlined by the Swedish Board of Agriculture’s action

plan to counteract such losses (Jordbruksverket, 1996). This is also evident from the 

Swedish EPA’s Handbook on Environmental Monitoring which includes a general 

strategy for monitoring of agricultural areas (Naturvårdsverket, 1995). Most studies

have focussed on long-term monitoring of nutrients (mostly nitrogen and phosphorus)

in groundwater or watercourses. The nutrient leakage from agricultural land occurs 

during the springtime in the north of Sweden and during the autumn in the south, 

where it also reaches to greater depths.

Hypothesis

Our hypothesis is that nutrient leakage into groundwater is caused by thermally

driven groundwater convection (Fig.1).

North Sweden, Spring  South Sweden, Autumn

Groundwater temp. ~3
o
C Groundwater temp. ~ 10

o
C

Q

Q

Groundwater

surface

Ground surface

Q

Q

Q

Q

Figure 1. Outline of how heating or cooling drives groundwater 

convection. Groundwater mixing reaches to greater depths in the

south of Sweden since the groundwater mean temperature deviates 

more from the maximum density water temperature (4
o
C).

The maximum density of water occurs at a temperature of near 4
o
C. Thus, a density 

increase of the groundwater occurs by heating from about 3
o
C in the north of Sweden



(springtime) and by cooling from about 10
o
C in the south (autumn). The depth of the 

leakage depends on the size of the thermal gradient. This hypothesis consequently 

explains both why the nutrient leakage occurs during different seasons in the north

and south of Sweden and also why the leakage reaches greater depths in the south. 

The Mechanism

Seasonal turnover in lakes is well understood (SNA 1995). A thermal stratification 

of lake water forms due to a stable density distribution with the densest water at the 

bottom of the lake. When the uppermost layer of water is heated or cooled, this 

stratification is dissolved by the resulting density changes during spring and autumn.

The temperature of the whole lake is temporarily equal before the temperature

distribution is “turned upside down”. The driving force of thermal convection is the

seasonal temperature variation of the surface water and its temperature dependent

density and viscosity. 

This mechanism is here applied as a “seasonal groundwater turnover”. The turnover 

occurs in different time of the year in the north and south of Sweden, depending on 

correspondingly different groundwater temperatures. Paper I considers the “heated

from below groundwater” convection in southern Sweden. This condition occurs in 

the autumn, when the uppermost groundwater is cooled to 4
o
C while the constant

mean groundwater temperature is 10
o
C. Paper II considers the “heated from above” 

groundwater convection in northern Sweden. During the spring and early summer in 

the north of Sweden warm air causes a heat transport from the ground surface into the 

ground. Therefore the uppermost groundwater layer is heated to 4
o
C. The heat flow 

melts the frost still existing further down into the ground where the mean groundwater 

temperature is constantly at 0
o
C. So, the ground surface and the uppermost

groundwater is “warm” while lower groundwater, at the frost front, is at the melting

temperature of ice. This induces a convective transport of denser groundwater. 

The temperature change of the uppermost groundwater is caused by heat conduction, 

infiltration of melt water and rain. Conductive heat transport through the soil cover 

depends on the soil depth (groundwater depth); soil thermal conductivity and the

temperature difference between groundwater and ground surface. 

Natural convection in fluid-saturated porous media is well covered in heat transfer 

literature because of its many engineering applications (Nield and Bejan 1999). 

Performed studies in saturated porous media with nonlinear density distribution 

2



usually consider convection in thin layers, up to a few centimetres. Our problem 

involves convection rolls up to a few meters. Thermal convection in aquifers has been 

studied at much higher temperatures in geological formations (Pestov 2000) and in 

thermal energy storage in aquifers (Claesson et al. 1985b). 

Objectives

The objective of this PhD project was to study thermal convection in groundwater, 

by numerical simulations, due to seasonal temperature changes as an explanation to

nutrient leakage into the groundwater. 

Scope

This Licentiate Thesis presents a new approach to understand the mechanism of 

nutrient leakage in agricultural land as a result of thermally driven groundwater

convection. Former studies concentrate on long term measurement of different 

pollutants in nearby watercourses and streams. The new approach is so far only

numerically performed, but will be complemented by laboratory tests and field

measurements.

Numerical simulations are only scientifically correct if they have proper

mathematical convergence e.g. Richardson extrapolation (Ferziger and Peri  1999). 

Performed simulations give a good estimation of in what range convection occurs 

concerning permeability and leakage depth. To fully confirm the simulation results

field measurements and laboratory tests are planned.

Some assumptions are made on natural conditions and also prerequisites for the 

simulation model. In this initial study we are only considering the water movement. In 

future work the nutrient leakage will also be included.

A constant groundwater table close to ground surface and no horizontal groundwater

flow is assumed. The permeability and the thermal conductivity are constant in the

vertical and horizontal direction. It is also assumed that the driving energy of the 

convection is the heat transport from the warmer part of ground to the colder. Melt 

water and rain infiltration that would also influence the temperature gradient are not 

considered in this study.

At the upper and lower boundary of the simulated groundwater volume the

temperatures are held constant. An initial disturbance is necessary to start the 
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convection and an initial horizontal velocity was therefore introduced. Other natural 

disturbances like inclined groundwater surface, heterogeneous permeability, and 

varying thermal conductivity of the soil, are not considered. 

The conclusions drawn are based on a narrow range of a few variables, and can not 

be generalized to e.g. a wider temperature scale.
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Theory of Convection in Porous Media 

This chapter presents two types of vertical groundwater movements, thermally and 

rotationally driven convection. The main idea is that thermal convection explains the 

observed convection both in the north and in the south of Sweden. Paper I

summarises thermally driven convection in south Sweden, the heated from below 

groundwater convection. The heated from above convection in Paper II represents

the condition in the north of Sweden. Another possible explanation to vertical ground 

water movements could be the effect of the Coriolis force, resulting from Earth’s 

rotation. This idea is also treated in this work.

Thermal Convection 

By changing a fluid’s temperature, a density and viscosity change occurs that might

stimulate the motion of a fluid (Rehbinder et al., 1995). This also happens when the 

fluid fills up a permeable material, e.g. groundwater in soil, even though the porous

material slows down the velocity of the water. It is assumed that the fluid’s

temperature is equal to the matrix’s temperature, which is rather likely in fine-grained

materials. Heat is transported by convection and conduction in the fluid and by 

conduction only in the matrix (Ene and Polisevski, 1987). 

Blake et al. (1984) provide the mathematical formulation of the thermal convection 

in porous media near 4
 o

C. The conservation of mass, momentum, and energy for the 

homogenous porous medium model are described as 

0
y
v

x
u

        (1)

x
PK

u         (2)

g
y
PK

v        (3)

2

2

2

2

y

T

x

T
y
T

v
x
T

u
t
T

    (4)
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where the variables u and v are the fluid velocity components, P is pressure,  is 

density, t is time, and T is temperature. The constant K is the (intrinsic) permeability

of the porous matrix, µ is the viscosity,  is the thermal diffusivity, and g is the 

gravitational acceleration. The heat capacity ratio  is defined as

fp

spfp

c

cc

)(

))(1()(
     (5)

where  is the porosity of the medium, ( cp)f is the heat capacity of the fluid, and 

( cp)s is that of solid matrix. The usual Boussinesq approximation of temperature

dependent density cannot be used in this case. The density function of temperature is 

not linear close to the density maximum. Therefore, a better, nonlinear approximation

is that of Goren (1966) and Moore and Weiss (1973).

))(1(
2

00
TT       (6)

where 0 is the maximum density of the water at T0=3.98
o
C and =8x10

-6
(
o
C

-2
). This 

approximation is valid in the temperature range of 0
o
C and 10

o
C. Eliminating pressure

from Eqs. (3) and (4) and incorporating Eq. (6) leads to the single momentum

conservation statement

x

T
T

gK

x

v

y

u
)98.3(2      (7)

Here the kinematic viscosity  is taken as µ/ 0. The dynamic viscosity of a fluid, , is 

a second order function of temperature between 0
o
C and 10

o
C. The viscosity function 

is derived from tabled values (Fysikalia 1991). 

2-8-6-3
T100.12+T100.74-100.11     (8)

The Rayleigh Number (Ra) is the balance between buoyancy force and viscous 

force, (Kundu, 1990).  In porous media Ra can be derived from the system of Eqs.

(1)-(7), when Eq. (7) is written in non-dimensional form. Ra is a non-dimensional

constant and an eigenvector in the solution of the non-dimensional systems of 

equations (Nield and Bejan, 1999). Ra can be written as:

HTTgK
Ra o

2
)(

      (9)

where H is the depth of the control volume. The general critical Rayleigh number,

Rac=4
2
, indicates that convection occurs when Ra>Rac, that is when the solution of

the boundary problem is unstable. The instability is the driving force of the 

convection. If we for example choose 0
o
C instead of 4

o
C at the upper boundary, in the 

6



heated from below case the control volume would be divided into two zones one 

stable zone and one unstable, as seen in Fig. 2. In the upper zone the water has a 

stable density distribution, with the lightest water on top. In the lower zone the

densest water near 4
o
C is sinking, while the water of less mass buoyancies upwards,

so that a convection roll is being formed. This could be seen as a thermally driven 

pump.

Thermally driven convection could be triggered and partly driven by horizontal 

groundwater flow. Convection then starts at a lower Ra number. This phenomenon

has been the subject of detailed studies in the field of aquifer thermal energy storage 

(Claesson et al., 1985a). Nield and Bejan (1999) analysed Ra for different boundary 

conditions and showed that it was possible to get lower critical Ra numbers than the 

general Rac=40 at undisturbed ground water conditions.

The Nusselt (Nu) number is defined as the ratio between actual heat transfer and

conductive heat transfer. With a given geometry we get 

HTTkL

Q
Nu

CH /)(
      (10)

where k is the thermal conductivity of water saturated porous matrix and Q the overall 

heat transfer rate. Thus, convective heat transfer entails Nu>1. In the performed

calculations Nu was used as a criterion for the stability of the numerical simulations.

10
o
C

4
o
C

0
o
C

Figure 2 Stable and unstable zone of a control volume.
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Rotational Convection 

All fluids that move on the earth are subject to Coriolis acceleration. Due to rotation

secondary currents will develop. Secondary currents are currents in a cross-plane 

perpendicular to the main flow direction. These currents are important since they

influence the main velocity distribution and also the cross-plane distribution of scalars 

like heat and concentration of contaminants. It has been shown that secondary 

currents are important even if they only amount about 1 % of the downstream 

velocity.

A particle, whether fluid or solid, that moves in an inertial system keeps its speed

and direction if there are no forces acting on it. If this motion however is regarded in a

local rotating system the particle seems to follow a curved path, which means it is

accelerating in this local system. This acceleration is called the Coriolis acceleration

and acts in a direction perpendicular to both the rotation axis and the velocity vector.

This Coriolis effect is the origin of some large scale phenomena in the atmosphere

and in the oceans.

A typical cross-plane flow pattern in a 

rotating channel is shown in Fig. 3. The 

secondary currents shown, arise because

the Coriolis effect tends to accelerate the 

downstream moving water towards the 

side wall. 

In order to compensate for this a lateral 

pressure gradient is built up. This pressure 

gradient is fairly uniform in the vertical 

direction since it is proportional to the 

down stream velocity. The result is that 

the two forces are locally out of balance 

and resulting cross-stream velocities must

be generated. There is a wide range of

velocities and length scales represented 

among the problems for which Coriolis 

effect is of importance. In order to quantify the relative importance of the rotation on 

a particular problem the non-dimensional Rossby number is often used, 

y1

x1

z

z1

w

Figure 3 A schematic cross plane flow 

pattern in a rotating channel with a 

downstream velocity.
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H
w

Ro
2

(11)

where w is the downstream velocity, H is the depth of the channel and  is the

rotation speed. Rossby numbers < 1 imply that the effect of rotation is important

Larsson (1986). 

To further enlighten the meaning of the Rossby number, the Gulf stream has Ro = 0.3,

Yoshimori (1993) and Ro=0.1865 was estimated to for a storm in the Boston area 

(Round and Round). 

For a 1x1x5 m (WxDxL) flow channel with the rotational speed of earth, 7.29 ·10
-5

rad/s, and a downstream velocity of 10
-5

m/s the Rossby number becomes 0.07,

indicating that the effect of rotation influences fluid flows. Eq.(11) implies that the

Rossby number becomes small, in large slow flows. It is thus increasingly important

with aquifer depth for the convection in groundwater flows. This conclusion has  to 

our knowledge not previously been drawn.

There are many approaches to describe the conservation of mass, momentum, and 

energy for convection in rotating porous media, see Fig. 3. The governing equations 

are presented by Vadasz (2000). The Darcy law for fluid flow in porous media is 

extended to include the Coriolis and centrifugal terms but is otherwise assumed to 

govern the flow phenomena. The fluid flow is assumed to be incompressible, and the

governing equations are presented in dimensionless form.

0V (12)

VeEkXeeTRaXeTRapKV wwwgg ˆ)ˆ(ˆ)ˆ(
1

(13)

QTTV
t
T 2

(14)

where V is the dimensionless specific flow rate vector, p is the reduced pressure 

generalized to include centrifugal and gravity accelerations, Rag is the gravity related

Rayleigh number (equal to Eq.(9)),  is the unit vector of gravity direction, gê X  is the

spatial position vector, Ra  is the Rayleigh number related to the central body force, 

 is the unit vector of the imposed angular velocity, is the internal heat generation

and Ek is the porous Ekman number defined by 

wê Q

K
v

Ek
2

(15)
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where  is the porosity,  is the kinematic viscosity and  is the angular velocity. 

The value of the Ekman number determines the significance of the Coriolis effect in

porous media. The Rayleigh number related to the central body force is defined as 

22
)( HTTK

Ra o
      (16)

Ra  is not adapted to a nonlinear density distribution in this form. The ratio between

Rag and Ra  is g/
2
H and describes the significance of gravity related to centrifugal

body force as far as free convection is concerned. 
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Simulations

The simulation model FLUENT and the Finite Volume Method (FVM) were used to 

simulate groundwater convection (Versteeg et al., 1995). In the thermally driven 

convection simulations a suitable mesh size was first determined. Steady-state

calculations were performed to analyse how permeability and leakage depth

influenced the formation of convection rolls.

Then, transient solutions were used to evaluate the time needed to establish stable

convection patterns. Additionally, the effect of horizontal groundwater flow on

thermal convection was evaluated in Paper I. The influence of obstacles (frost lenses

or stones) in the soil affecting the groundwater convection was simulated in Paper II.

 Initial 3D simulation of rotational convection have also been performed.

Calculation Parameters 

A 2-D control volume is filled by a porous material and water where H (m) is the

depth of the control volume and L(m) is the length of the same, see Fig. 4. Heat is 

transported across the upper and lower boundaries. Permeability is assumed equal in 

both vertical and horizontal directions and the local temperature T is equal in both 

porous material and water. The constant boundary temperatures are TH and TC, for the

heated from above case, at the top and bottom of the control volume, respectively. For 

the heated from below case TH and TC have changed place.

TH x=L

y=H TC

Vi

y=x=0

Figure 4 Heated from above vertical section of a control

volume with the length L and depth H. The upper boundary is 

at constant temperature TH and the lower boundary is at 

constant temperature TC, where TH >TC.. Vi is the initial 

velocity, and the rolls represent the expected pattern.
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There is no groundwater flow through the control volume, but an initial horizontal 

velocity Vi (m/s) is needed to start the convection. This is required by the simulation

model but does not affect calculated convection velocities. A grid of quadratic mesh

cells was used over the control volume.

Typical porosity values in sand are 35-50%. To simplify the simulations, the porous 

material is assumed to consist of spherical grains of equal size, i.e. that the porosity is 

kept constant at 35%. By varying the grain size, Ra differs because of the 

permeability change. The (intrinsic) permeability, K, as given by Nield and Bejan

(1999), is: 

2

32

)1(180

pD
K

      (10)

where Dp is the grain size and  is the porosity.
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Laboratory Test on Rotational Convection 

Small scale test equipment for measurements of rotating ground water flows has been 

constructed, by IdéArctica in Övertorneå, Fig. 5.

Figure 5 Upper picture: Side view drawing of Coriolis test equipment

Lower picture: Photograph of Coriolis test equipment
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The equipment consists of a confined sand filled channel to which two vertical

volumes filled with different levels of pure water are attached. The water levels and

the hydrostatic pressure are set so a suitable water velocity is achieved through the 

porous medium. On top of the sandbox there is a grid of drilled holes connected to 

transparent pipes. The water level in the pipes indicates the pressure distribution in the 

sandbox. The sand filled channel stands on a disc that is able to rotate in different 

velocities, maximum 6.28 rad/s. A small pump is circulating the water in “the

confined aquifer”. The idea is that different pressure zones are created due to the

rotation.

The hydraulic conductivity of the sand is 10
-5

 m/s, the area is 0.1 m
2
 so the water

flow is 10
-6

 m
3
/s equal to 3.6 liters/hour. The Rossby number for this problem is 

computed from above is 0.0001, indeed a very small number that indicates rotational 

effects are important in this experiment.

Before starting up the rotation water is pumped through the sand layer so that a fully 

developed water flow is obtained in the porous media. The rotation has to go on for a

while so that steady state condition is achieved, before any measurement can be done.

Initial laboratory tests on the Coriolis driven convection has been made, primarily to

learn how to operate the test equipment.
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Results

This study includes

Conditions for groundwater convection to occur, i.e. the influence of 

permeability, size of control volume, and mesh size. (Paper I and II)

Estimation of the time required for fully developed convection patterns to 

occur.( Paper I and II)

The effect of horizontal groundwater flow on thermal convection (Paper I)

Influence of obstacles (e.g. frost lenses or stones) on groundwater 

convection.(Paper II)

Initial simulation of rotational convection.

Results of Paper I (Heated from below groundwater. South Sweden)

Stable thermal convection occurs when Nu >1 and Ra > Rac. In reality this means

that thermal convection is influenced by soil permeability, thermal properties of the

soil, temperature difference and distance (H) between the uppermost and undisturbed 

groundwater. The results are summarized in Table 1, where the permeability is a 

function of grain size. “No of rolls” indicates the number of stable convection rolls 

within the control volume. In some cases no stable solution was found though Nu>1, 

which means that part of the heat transport must be a result of convective heat 

transfer.

The numerical modelling requires that the analysed groundwater volume is big 

enough (L, H) for convection to take place. It also requires that the mesh size is small

enough to analyse the groundwater movement. The mesh size of a fixed control 

volume (10 x 1 m) was therefore systematically reduced from 0.15 m to 0.025 m, see 

Table 1 (Part 1). It is seen that Nu converges (at 2.14) with decreasing cell size which 

thus gives the maximum cell size to 0.05 m. Subsequently at least 20 mesh cells in the 

vertical direction were used to achieve converged solutions in the different control 

volumes. Fig. 6 pictures the stream function, temperature distribution and Nu for part 

of the 10x1 m control volume under assumed standard conditions. 

15



Figure 6 Numerical steady-state solution for half a 10x1 m control 

 volume shows 8 symmetrical convection rolls acting in pairs.

Vi= 10
-9

m/s, Ra=19, K=6.7·10
-10

 m
2
, TH=10

 o
C, TC=4

o
C, Nu= 2.14.

Upper graph: Streamlines; Middle graph: isotherms. 

Lower graph Nusselt number.

The permeability was varied from 0.17 to 2.71·10
-9

 m
2
, corresponding to grain sizes 

from 0.5 mm to 2 mm, in a fixed control volume. Table 1 (Part 2) shows stable 

convection for Ra>19 which equals a grain size of 1 mm, i.e. well below the general 

Rac. Nield and Bejan (1999) also observed similar results.

Table 1 (Part 3) shows the influence of varying depth (H) for K=6.7·10
-10

 m
2
 (grain 

size 1 mm), i.e. the lowest permeability for which stable convection occurred in Part

1. Stable convection exists for depths down to 6 m with a decreasing number of rolls.

In the 4 m case no convection exists because the expected 6 rolls do not fit within the

chosen control volume. Fig. 7 shows the result of a simulation of a 10 x 5 m control 

volume. Four convection rolls appear in symmetrical pattern acting in pairs (left). The 

corresponding ground water temperature is also seen (right). 

16



Figure 8. Numerical steady-state solution when  horizontal groundwater flow (10
-3

 kg/s) is added from

 left to right in the 10x1 m control volume, Ra=19, K=6.7·10
-10

 m
2
, TH=10

 o
C, TC=4

o
C, Nu= 2.27.

Upper graph: Streamlines; Lower graph: Isotherms. This pattern should be compared with Fig 3

 where no groundwater flow is assumed.

  

Figure 7. Numerical steady-state solution for a 10x5 m control volume show four

symmetrical convection rolls acting in pairs. Vi= 10
-9

m/s, Ra=95, K=6.7·10
-10

 m
2
,

 TH=10
 o
C, TC=4

o
C, Nu=1.17.

In previous simulations no horizontal groundwater flow was assumed. To investigate 

the importance of horizontal groundwater flow on thermal convection, flow rates of 

10
-7

 kg/s, 10
-5

 kg/s, and 10
-3

 kg/s were evaluated. The two lowest flow rates show the 

same convection pattern as no groundwater flow (Fig. 6). For a flow rate of 10
-3

 kg/s 

and other parameters as in the reference case the convection pattern changed to 

become wavy. Here it was also shown that it would take 110 days to establish the 

steady-state convection pattern (Fig. 8). 

In previous simulations no horizontal groundwater flow was assumed. To investigate 

the importance of horizontal groundwater flow on thermal convection, flow rates of 

10
-7

 kg/s, 10
-5

 kg/s, and 10
-3

 kg/s were evaluated. The two lowest flow rates show the 

same convection pattern as no groundwater flow (Fig. 6). For a flow rate of 10
-3

 kg/s 

and other parameters as in the reference case the convection pattern changed to 

become wavy. Here it was also shown that it would take 110 days to establish the 

steady-state convection pattern (Fig. 8). 
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Table 1.  Summary Numerical  results of how convection is influenced ‘by mesh size,

permeability (grain size), and depth .

L H Mesh size K (·10-9) Grain size Ra Nu No.  rolls 

 (m) (m) (m) (m2) (mm) (-) (-) (-)

Part 1 
10 1 0.150 0.67 1 19 1.97 12
10 1 0.100 0.67 1 19 2.05 12
10 1 0.050 0.67 1 19 2.14 12
10 1 0.025 0.67 1 19 2.14 12

Part 2 
10 1 0.05 2.71 2.00 76 5.2 26
10 1 0.05 2.07 1.75 59 4.42 22
10 1 0.05 1.52 1.50 43 3.61 18
10 1 0.05 1.06 1.25 30 2.92 16
10 1 0.05 0.67 1.00 19 2.14 12
10 1 0.05 0.38 0.75 11 1.16 -
10 1 0.05 0.17 0.50 5 1.16 -

Part 3 
10 1 0.05 0.67 1 19 2.14 12
10 2 0.10 0.67 1 38 1.66 8
10 3 0.10 0.67 1 57 1.42 8
10 4 0.10 0.67 1 76 - -
10 5 0.10 0.67 1 95 1.17 4
10 6 0.10 0.67 1 114 1.11 4
10 7 0.10 0.67 1 134 - -
10 8 0.10 0.67 1 153 - -
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Results of Paper II  (Heated from above groundwater. North Sweden)

Stable thermal convection occurs when Nu >1 and Ra > Rac. In reality this means

that thermal convection is influenced by soil permeability, thermal properties of the

soil, temperature difference and distance (H) between the uppermost and undisturbed 

groundwater. The results are summarized in Table 2 and Table 3, where the 

permeability is a function of grain size. “No of rolls” indicates the number of stable

convection rolls within the control volume. In some cases stable solution were not

found though Nu>1, which means that part of the heat transport must be a result of

convective heat transfer.

The numerical modelling requires that the analysed groundwater volume is big 

enough (L, H) for convection to take place. It also requires that the mesh size is small

enough to analyse the groundwater movement. The mesh size of a fixed control 

volume 5x0.5 m was systematically reduced from 0.15 m to 0.025 m, see Table 2 

(Part 1).

Table 2.  Summary of numerical results of convection concerning permeability, 

  mesh size and depth of the control volume in the north.

L H
Mesh
size K(·10-9)

Grain
size Ra Nu No. rolls

(m) (m) (m) (m2) (mm) (-) (-) (-)

Part 1 
5 0.5 0.1 6.09 3 38 1.24 10
5 0.5 0.05 6.09 3 38 1.41 14
5 0.5 0.025 6.09 3 38 1.36 18
5 0.5 0.0125 6.09 3 38 1.36 18

Part 2 
5 0.5 0.025 0.67 1 4 0.21
5 0.5 0.025 2.71 2 17 0.7 12
5 0.5 0.025 6.09 3 38 1.36 18
5 0.5 0.025 16.90 5 106 1.68 20

Part 3 
5 0.1 0.0005 6.09 3 8 2.63
5 0.2 0.01 6.09 3 15 1.43 26
5 0.3 0.015 6.09 3 23 1.67 20
5 0.4 0.02 6.09 3 31 1.54 18
5 0.5 0.025 6.09 3 38 1.36 18
5 0.6 0.025 6.09 3 46 1.34 14
5 0.7 0.025 6.09 3 54 1 16
5 0.8 0.025 6.09 3 61 1.13 14
5 0.9 0.025 6.09 3 69 1.14 10
5 1 0.025 6.09 3 77
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It is seen that Nu converges (at 1.36) with decreasing mesh size which thus gives the 

maximum mesh size to 0.025 m. Subsequently at least 20 mesh cells in the vertical 

direction were used to achieve converged solutions in the different control volumes.

The permeability was varied to investigate the limits for stable convection in a 5x0.5 

m control volume. Permeability values between 0.67·10
-9

 and 16.9·10
-9

 m
2
, equalling 

a grain size of 1 to 5 mm, were investigated. Stable convection was obtained for 

permeability values greater than 2.71·10
-9

, corresponding to a soil with 2 mm grain 

size, see Table 2 (Part 2).

Table 2 (Part 3) shows the influence of varying depth (H) for K=6.09·10
-9

 m
2
 (grain

size 3 mm). Stable convection exists for depths between 0.2 and 0.9 m with a

decreasing number of rolls.  For a 1.0 m deep control volume the Nusselt number was 

smaller than 1, indicating that the temperature gradient was too small to drive the

convection. For a 0.1 m control volume the Ra number was too low for convection to 

begin at this permeability.

Interestingly, a smaller depth of the control volume required a greater permeability

to obtain stable convection. A 0.5 m deep control volume required a permeability

>2.71·10
-9

 m
2
, while a 0.1 m deep control volume required a permeability >13.70·10

-9

m
2
, see Table 3 This was strongly related to the Ra number. In some cases, stable

convection occurred though the Nusselt number was less than 1, indicating that the

convective transport reduces the heat transfer, see Table 3.

In a 5x0.7 m control volume the effect of three large obstacles was studied for 

K=6.0·10
-9

 m
2
, TH=4

o
C, and TC=0

o
C, Vi=10

-9
m/s, see Fig. 9. The large obstacles

forced the convection rolls to change size and shape. Obstacles with their own wall

temperature, TW=0
o
C like a frost lens, generated a different convection pattern from 

that of an obstacle without its own temperature (stones). Two small obstacles were 

placed in the same control volume and with the same data, affecting the convection

rolls only slightly.
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Figure 9 Numerical steady-state solution for a 5x0.8 m control volume, Vi= 10
-9

m/s,

 Ra=61, K=6.09·10
-9

 m
2
, TC=0

 o
C, TH=4

o
C. Upper graph: Streamlines of control volume

including 3 obstacles with temperature TW=0
 o
C, Nu= 0.49. Middle graph: Streamlines of 

control volume including 3 obstacles with no temperature, Nu =1.0 Lower graph:

 Streamlines of undisturbed control volume, Nu=1.13. 

The transient solution was studied on control volumes 5x0.7 m with and without 

obstacles. The time required to fully develop a steady convection pattern was about 22 

days for each case. This development is shown in Fig.10. 

Figure 10 Numerical transient solution for a 5x0.5 m control volume, Vi= 10
-9

m/s, Ra=38, 

K=6.09·10
-9

 m
2
, TC=0

 o
C, TH=4

o
C. Upper graph: Convection pattern after 1 day, Nu=1.89.

Middle graph: Convection pattern after 13 days Nu=0.55. Lower graph :Fully developed

convection pattern after 22 days Nu=  1.36
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Table 3.  Summary of numerical results of convection concerning permeabilities

   for different depths of the control volume in north Sweden. 

L H
Mesh
size K(·10-9)

Grain
size Ra Nu No. rolls

(m) (m) (m) (m2) (mm) (-) (-) (-)

5 0.5 0.025 6.09 3 38 1.36 18
5 0.5 0.025 4.23 2.5 27 1.06 14
5 0.5 0.025 2.71 2 17 0.7 12
5 0.5 0.025 1.52 1.5 10 0.53

5 0.4 0.02 6.09 3 31 1.54 18
5 0.4 0.02 4.23 2.5 21 1.1 16
5 0.4 0.02 2.71 2 14 0.67 12
5 0.4 0.02 1.52 1.5 8 0.66

5 0.3 0.015 6.09 3 23 1.67 20
5 0.3 0.015 4.23 2.5 16 1.08 18
5 0.3 0.015 2.71 2 10 0.87
5 0.3 0.015 1.52 1.5 6 0.87

5 0.2 0.01 6.09 3 15 1.61 26
5 0.2 0.01 4.23 2.5 11 1.32
5 0.2 0.01 2.71 2 7 1.32

5 0.1 0.005 16.90 5 21 4.52 62
5 0.1 0.005 13.7 4.5 17 3.65 54
5 0.1 0.005 10.8 4 14 2.65
5 0.1 0.005 8.29 3.5 10 2.63
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Initial simulation of rotational convection

Initial simulations of a 3D rotating channel have been performed for constant water 

flow rate through its porous media. Climatic conditions similar to north Sweden were 

used, see Fig. 11. The graph is picturing the y-z plane, i.e. the cross plane to the

ground water flow direction, see Fig. 3. The obtained results of this rotational

convection are similar to the corresponding 2D simulation of thermally driven 

convection. Fig 11 shows that the 3D temperature curve corresponds to two 

convection cells in the streamline pattern in the 2D case. 

The result achieved analytically by Vadasz (2000) for a heated from below situation 

shows only one convection cell in the same plane. There is no comparative

permeability, temperature or angular velocity data in Vadasz calculations.

Figure 11  Comparison between numerical solutions for a cross plane 3D model and a 2D 

model. Left graph: Isotherms in the y-z plane in a 1x0.7x5m control volume where Vi= 10
-5

m/s, =0.001 rad/s, K=6.09·10
-9

 m
2
, TH=4

o
C TC = 0 

o
C, Ra=54 , Nu=1.15 Middle graph:

Isotherms of a 1x 0.6 m control volume Vi=10
-9

m/s, K=6.09·10
-9

 m
2
, TH=4

o
C TC = 0

o
C.

Ra=38 , Nu=0.75. Right graph: Streamlines of the 1x0.6 m control volume.
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Discussion

An initial horizontal water velocity Vi =10
-9

m/s was used as a standard disturbance 

in the simulations. This disturbance triggers the start of convection but does not 

influence the flow velocities. There are several natural events that would cause similar

disturbances e.g. fluctuating ground water table because of rain infiltration, air

pressure variation and soil heterogeneities.

A non-fluctuating horizontal groundwater was assumed in this study. However, 

laboratory studies on inclined saturated porous media flow models indicate that 

thermal convection is initiated by such flow (Combarnous and Bories, 1975).

Since the permeability of an aquifer is a macroscopic mean value, it must include 

more or less permeable parts. Since any flow follows the path of minimum resistance,

groundwater will find its way through the more permeable parts of the soil. This is

however not considered in performed simulations, but should rather increase the 

occurrence of convection.

The observations indicate how infiltration of nutrients into groundwater occur during 

different seasons and reaches a greater depth in southern than in northern Sweden. 

The hypothesis that thermally driven groundwater convection would explain the 

differences in nutrient leakage was verified for southern Sweden (Paper I).

Monthly mean air temperature records for the south of Sweden (Lund) show that the 

ambient air temperature is colder than the groundwater temperature during 7 months

of the year (METEONORM). The mean air temperature is colder than 4
o
C during 

approximately 150 days of that time. This means that groundwater at shallow depths 

will be cooled off during most of the year. This amount of time is important since it 

takes as much as 110 days to fully develop a convection pattern. Observe that 

nutrients are transported in the soil though the convection pattern is not fully 

developed.

Monthly mean air temperature records for the north of Sweden (Luleå) show that the 

ambient air temperature is warmer than the groundwater temperature during 6 months

(April-October) of the year (METEONORM). This means that groundwater at 

shallow depths will be warmed during half the year. Probably there will be a thin

convective layer, between 4
o
C and 0

o
C, that moves downwards with the frost thawing.

This helps the convection to reach deeper into the ground.
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The vertical velocity of the water in the ground is in the order of 10
-6

 m/s, when a 

stable convection pattern is achieved. This means that the water would penetrate to a 

depth of 1 m within 12 days. Concurrently the water at 1 m depth flows upwards to 

close the convection roll. 

Based on made assumptions in Paper I the smallest possible permeability for

convection to occur in north Sweden is K=6.7·10
-10

 m
2
, which corresponds to a grain 

size of 1mm. This corresponds to a sandy soil while agricultural soil normally consists 

of finer grains.

The smallest possible permeability for convection to occur in south Sweden (Paper

II) is K=2.71·10
-9

 m
2
 which corresponds to a grain size of 2 mm. This corresponds to 

a coarse sandy soil while agricultural soil normally consists of finer grains.

Most of the precipitation in southern Sweden (~57% in Lund) falls during the six 

coldest months of the year. Since snow covers the ground surface only occasionally 

cold water infiltrates into the ground during most of the winter season. This cools the 

uppermost groundwater and thereby enhances the thermal convection. 

The study in Paper II also shows the occurrence of thermally driven convection in

the north, though it does not sufficiently explain the infiltration in fine grained 

material. It was shown that obstacles like frost lenses or stones in the ground change, 

but do not hinder the occurring convection pattern.

The effect of rotation on groundwater flows was indicated by its very low Ro 

numbers and initial simulations. The rotation creates a convection pattern similar to

that of thermal convection. In a large aquifer this effect cannot be neglected. It could 

also amplify thermally driven convection.

a
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Conclusions

The hypothesis, that seasonal temperature variation initiates and drives thermal

convection, was partly supported by performed simulations for the assumed standard 

conditions. General conclusions for both the studied areas are; 

The number of convection rolls increases with permeability and decreases with the

depth of the control volume. Convection rolls form at Ra > 19 in southern Sweden 

and at Ra > 15 in the northern part of the country, providing an initial disturbance, a 

horizontal very small ground water velocity.

In some cases no stable solution was found although Nu>1, which indicates that part 

of the heat transport must be a result of convective heat transfer. One explanation

could be oscillating or propagating convection rolls, which would not be seen in a 

steady-state solution.

In Paper I small horizontal groundwater flows (< 10
-5

 kg/s) through the control 

volume does not influence the convection though larger flows change the shape of the 

convection rolls, to become wavy.

The critical soil permeability 6.7
.
10

-10
m

2
 for onset of convection in the South was 

greater than typical values in agricultural soils. The calculated critical soil 

permeability corresponds to sandy soil. The simulations for the northern climate show 

that the required grain size for convection to occur is considerably greater than that of

typical agricultural soils (2.71·10
-9

 m
2
). Consequently, the temperature differences in 

the north of Sweden cannot drive groundwater convection in such soils. Still, vertical 

groundwater movements exist. 

Possible explanations to vertical groundwater movements in fine grained soils are: 

1. Unstable groundwater convection or oscillating convection cells.

2. Infiltration of rain and melt water. 

3. Pressure induced convection due to partially melted frost in the ground, i.e.

the pressure below the frost layer forces the groundwater to the ground 

surface.

4. The Coriolis force because of Earth’s rotation could cause secondary currents 

in groundwater flow. This effect has so far not been applied on groundwater 

flow, but has been studied by Vadasz (1993) in porous media.
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Thus, the simulation model must be developed to include infiltration of rain and melt

water, varying groundwater table, inhomogeneous soil permeability, thermal

conductivity, and also the lower viscosity of nutrient mixed groundwater. 

There was big difference in the time required to establish steady state groundwater 

convection for the North and the South. It took as much as 110 days to establish the

convection pattern in the South. Even if the convection was not fully developed, 

vertical groundwater movements will exist and transport nutrients. Since it takes 22

days to establish steady-state groundwater convection, for assumed standard 

conditions it is likely to occur in the north of Sweden. Vertical groundwater 

movements will exist and transport nutrients no matter if there are obstacles like frost

lenses or stones in the ground. The obstacles change, but do not hinder the occurring 

convection pattern in the ground. 

Earth’s rotation creates convection patterns in groundwater, similar to that of

thermal convection. Rotational convection in addition to thermally driven convection

could explain the seasonal variation in nutrient leakage from agricultural areas into

the groundwater.

27



Further Research 

Further simulations will be carried out concerning infiltration of rain and melt water,

pressure induced convection and more detailed transient solutions for detection of 

oscillating convection rolls. The rotational convection will be further investigated in 

extended simulations. To confirm the simulations done, laboratory tests and field 

measurements are planned.

Planned Laboratory Tests on Rotational Convection 

Firstly the test equipment has to be evaluated or “tuned in”. This is done by 

measurement of the e.g. pump capacity, occurring pressures and different rotational 

velocities. The convection will be studied by observing the varying pressure levels

over the flow area.

Planned Field Measurements 

Field measurements to verify thermally driven convection are planned to be carried 

out in collaboration with the Department of Environmental Protection at Vilnius 

Gediminas Technical University, Lithuania.. 

The field measurements are planned to take place in Lithuania. The country has

similar climatic conditions to southern Sweden, so the measurements will take place 

in the autumn between September and November for at least 10 weeks at the time,

depending on the local conditions. The test program is planned for three years and 

includes temperature measurements, trace elements and detection of nutrient 

pollutants in the groundwater. Several test areas will be located in flat water saturated

agricultural soil of different permeabilities where the groundwater table is no more

than 1 m from the surface. The measurement program is not yet decided in detail and 

funding is not yet approved 
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Abstract

Seasonal air temperature variations and corresponding changes in groundwater 

temperature cause convective movements in groundwater similar to the seasonal 

turnover in lakes. Numerical simulations were performed to investigate the natural 

conditions for thermally driven groundwater convection to take place. Thermally

driven convection could be triggered by a horizontal groundwater flow. Convection 

then starts at a considerably lower Rayleigh number (Ra) than the general critical

Rayleigh number (Rac) assuming that 10
o
C groundwater is cooled to 4

o
C, i.e. heated

from below convection in porous media. This study supports the hypothesis that 

seasonal temperature variations, under certain conditions, initiate and drive thermal

convection.

Keywords

Groundwater, nutrient loss, seasonal turnover, simulation, temperature variation, thermal convection

Introduction

Nutrient loss to groundwater leads to overfeeding of lakes and watercourses, 

negatively impacting flora and fauna. By understanding the mechanisms behind the 

leakage, fertilising could be done more effectively. Such knowledge would also be

helpful in preventing and counteracting other types of contamination by leakage from 

ground surface to groundwater (Kyllmar and  Johnsson  1998). 
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Figure 1. Outline of how heating or cooling drives groundwater

convection. Groundwater mixing reaches to greater depths in the south of

Sweden since the groundwater mean temperature deviates more from the

maximum density water temperature (4
o
C).

Seasonal turnover in lakes is well understood (SNA 1995). A thermal stratification 

of lake water forms due to a stable density distribution with the densest water at the 

bottom of the lake. Because the uppermost layer of water is heated or cooled, this 

stratification is dissolved by the resulting density changes during spring and autumn.

The temperature of the whole lake is temporarily equal before the temperature

distribution is “turned upside down”. The driving force of thermal convection is the

seasonal temperature variation of the surface water and its temperature dependent

density and viscosity. This mechanism is here applied as a “heated from below 

seasonal groundwater turnover”. The penetration depth depends on the size of the 

thermal gradient and hydraulic conductivity of the soil.

Our hypothesis is that the seasonal temperature variation initiates and drives thermal

groundwater convection (Fig.1). The development is different in northern and 

southern Sweden, due to their different mean groundwater temperatures.

The maximum density temperature of water is close to 4
o
C. In southern Sweden with 

a mean groundwater temperature of 10 
o
C the uppermost layer of the groundwater is 

cooled to 4
o
C in the autumn. This dense water begins to sink while the warmer less

dense water below starts to rise and a convection roll is being formed. In northern 

Sweden with a mean groundwater temperature below 4
o
C the density increase takes 

place in the spring when the uppermost groundwater layer is heated to 4
o
C. If there is 

a melting frost layer the mean groundwater temperature is constantly 0
o
C.

During the autumn cold air causes a heat transport (radiative and convective) from 

ground surface to air that lowers the ground surface temperature. This induces a 
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conductive heat transport from the groundwater to the ground surface which lowers 

the temperature of the uppermost groundwater. Conductive heat transport through the 

soil cover depends on the soil depth (groundwater depth), soil thermal conductivity, 

and the temperature difference between groundwater and ground surface (Claesson et 

al.  1985a). 

Natural convection in fluid-saturated porous media is well covered in heat transfer 

literature because of its many engineering applications (Nield and Bejan 1999). 

Performed studies in saturated porous media with nonlinear density distribution 

usually consider convection in thin layers, up to a few centimetres. Our problem 

involves convection rolls up to a few meters. Convection in aquifers has been studied 

at much higher temperatures in geological formations (Pestov 2000) and in thermal

energy storage in aquifers (Claesson et al.  1985b). 

Scope

A new approach to understand the mechanism of nutrient leakage from agricultural

land as a result of thermally driven groundwater convection is suggested. This

approach is here numerically studied and at this stage only groundwater movement is 

considered. Some assumptions were made on natural conditions and also prerequisites 

for the simulation model.

A constant groundwater table close to ground surface and no horizontal groundwater

flow was assumed. The permeability and the thermal conductivity are constant in the

vertical and horizontal direction. It was also assumed that the driving energy of the 

convection is the heat transport from the warmer ground up to the ground surface.

Melt water and rain infiltration that also influence the temperature gradient are not

considered in this study.

At the upper and lower boundary of the simulated groundwater volume the

temperatures are held constant. An initial disturbance is necessary to start the 

convection and an initial horizontal velocity was therefore introduced. Other natural

disturbances like inclined groundwater surface, heterogeneous permeability, and 

varying thermal conductivity of the soil, were not considered. 
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Theory of Thermal Convection 

By changing a fluid’s temperature, a density and viscosity change occurs that 

stimulate the motion of a fluid (Rehbinder et al., 1995). This also happens when the 

fluid fills up a permeable material, e.g. groundwater in soil, even though the porous

material slows down the velocity of the water. It is assumed that the fluid’s

temperature is equal to the matrix’s temperature. Heat is transported by convection

and conduction in the fluid and by conduction only in the matrix (Ene et al., 1987).

Blake et al. (1984) provide the mathematical formulation of the thermal convection 

in porous media near 4
o
C. The conservation of mass, momentum, and energy for the 

homogenous porous medium model are 

0
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where the variables u and v are the fluid velocity components, P is pressure,  is 

density, t is time, and T is temperature. The constant K is the (intrinsic) permeability

of the porous matrix, µ is the viscosity,  is the thermal diffusivity, and g is the 

gravitational acceleration. The heat capacity ratio  is defined as

fp

spfp

c

cc

)(

))(1()(
     (5)

where  is the porosity of the medium, ( cp)f and ( cp)s are the heat capacity of the 

fluid and solid matrix respectively. The usual Boussinesq approximation of 

temperature dependent density cannot be used in this case. The density function of 

temperature is not linear close to the density maximum of T0=3.98
o
C. Therefore, a 

better, nonlinear approximation is that of Goren (1966) and Moore and Weiss (1973).

))(1(
2

00
TT      (6)
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where 0 is the maximum density of the water at T0 and =8x10
-6

(
o
C

-2
). Eq (6) is valid

in the temperature range of 0
o
C and 10

o
C. Eliminating pressure from Eqs. (3)-(4) and 

incorporating Eq. (6) leads to the single momentum conservation statement

x

T
TT

gK

x

v

y

u
o )(2     (7)

Here the kinematic viscosity  is taken as  µ/ 0. The dynamic viscosity of a fluid, , is 

a second order function of temperature between 0
o
C and 10

o
C. The viscosity function 

used is derived from tabled values, Fysikalia (1991). 

2-8-6-3
T100.12+T100.74-100.11   (8) 

The Rayleigh Number (Ra) is the balance between buoyant  and viscous force, 

(Kundu, 1990).  In porous media Ra can be derived from the system of Eqs. (1)-(7), 

when Eq. (7) is written in non-dimensional form. Ra is a non-dimensional constant 

and an eigenvector in the solution of the non-dimensional systems of equations (Nield

and Bejan, 1999). Ra can be written as:

HTTgK
Ra o

2
)(

     (9)

where H is the depth of the control volume. The general critical Rayleigh number,

Rac=4
2
, indicates that convection occurs for Ra>Rac.

Thermally driven convection could however be triggered and partly driven by a 

horizontal groundwater flow. Convection then starts at a lower Ra number. This 

phenomenon has been the subject of detailed studies in the field of aquifer thermal 

energy storage (Claesson et al., 1985b). Nield and Bejan (1999) analysed Ra for

different boundary conditions and showed that it was possible to get lower critical Ra

numbers than the general Rac=4
2
 by introducing an initial horizontal ground water 

movement (disturbance). 

The Nusselt (Nu) number is defined as the ratio between actual heat transfer and

conductive heat transfer. With a given geometry we get 

HTTkL

Q
Nu

CH /)(
     (10)

where k is the thermal conductivity of water saturated porous matrix and Q the 

overall heat transfer rate. Thus, convective heat transfer entails Nu>1. In the 

performed calculations the converging Nu was used as a criterion for the stability of 

the numerical simulations.
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Simulations

The simulation model FLUENT and the Finite Volume Method (FVM) were used to 

simulate the occurrence of the convection rolls (Versteeg and Malalasekera, 1995).

A suitable mesh size for the simulations was first determined. Steady-state

calculations were then performed to analyse how permeability and leakage depth 

influenced the formation of convection rolls.

Additionally, the effect of horizontal groundwater flow on thermal convection was 

evaluated. Here transient simulations gave the time for steady-state convection pattern 

to establish. 

Calculation Parameters

A 2-D control volume is filled by a porous material and water where H(m) is the

depth of the control volume and L(m) is the length of the same, see Fig. 2. Heat is 

transported across the upper and lower boundaries. The permeability is assumed equal 

in both vertical and horizontal directions and the local temperature T is equal in both

porous material and water. The constant boundary temperatures are TC =4
o
C and 

TH=10
o
C at the top and bottom of the control volume, respectively. There is no

groundwater flow through the control volume, but an initial horizontal velocity Vi

(m/s) is needed to start the convection. This is required by the simulation model but 

does not affect calculated convection velocities.  A grid of quadratic mesh cells was 

used over the control volume.

TC x=L

y=H TH

Vi

y=x=0

Figure 2. Vertical section of a control volume with the length L and

depth H. The upper boundary is at constant temperature TC and the

lower boundary is at constant temperature TH, where TH >TC.. Vi is 

the initial velocity, and the rolls represent the expected pattern.
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Typical porosity values in sand are 35-50% for grain sizes in the order of 0.5-2.0 

mm. To simplify the simulations, the porous material is assumed to consist of 

spherical grains of equal size, i.e. that the porosity is kept constant at 35%. By varying 

the grain size, Ra differs because of the permeability change. The (intrinsic)

permeability, K (m
2
), as given by Nield and Bejan (1999), is: 

2

32

)1(180

pD
K       (11)

where Dp is the grain size and  is the porosity.

Results

Stable thermal convection occurs when Nu >1 and Ra > Rac. In reality this means

that thermal convection is influenced by soil permeability, thermal properties of the

soil, temperature difference and distance (H) between the uppermost and undisturbed 

groundwater. The results are summarized in Table 1, where the permeability is a 

function of grain size. “No of rolls” indicates the number of stable convection rolls 

within the control volume. In some cases no stable solution was found though Nu>1,

which means that part of the heat transport must be a result of convective heat 

transfer.

The numerical modelling requires that the analysed groundwater volume is big 

enough (L, H) for convection to take place. It also requires that the mesh size is small

enough to analyse the groundwater movement. The mesh size of a fixed control 

volume (10 x 1 m) was therefore systematically reduced from 0.15 m to 0.025 m, see 

Table 1 (Part 1). It is seen that Nu converges (at 2.14) with decreasing cell size which

thus gives the maximum cell size to 0.05 m. Subsequently at least 20 mesh cells in the 

vertical direction were used to achieve converged solutions in the different control
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Table 1.  Numerical  results of how convection is influenced ‘by mesh size,

permeability (grain size), and depth .

L H Mesh size K (·10-9) Grain size Ra Nu No.  rolls 

 (m) (m) (m) (m2) (mm) (-) (-) (-)

Part 1 

10 1 0.150 0.67 1 19 1.97 12

10 1 0.100 0.67 1 19 2.05 12

10 1 0.050 0.67 1 19 2.14 12

10 1 0.025 0.67 1 19 2.14 12

Part 2 

10 1 0.05 2.71 2.00 76 5.2 26

10 1 0.05 2.07 1.75 59 4.42 22

10 1 0.05 1.52 1.50 43 3.61 18

10 1 0.05 1.06 1.25 30 2.92 16

10 1 0.05 0.67 1.00 19 2.14 12

10 1 0.05 0.38 0.75 11 1.16 -

10 1 0.05 0.17 0.50 5 1.16 -

Part 3 

10 1 0.05 0.67 1 19 2.14 12

10 2 0.10 0.67 1 38 1.66 8

10 3 0.10 0.67 1 57 1.42 8

10 4 0.10 0.67 1 76 - -

10 5 0.10 0.67 1 95 1.17 4

10 6 0.10 0.67 1 114 1.11 4

10 7 0.10 0.67 1 134 - -

10 8 0.10 0.67 1 153 - -

volumes. Fig. 3 pictures the stream function, temperature distribution and Nu for 

part of the 10x1 m control volume under assumed standard conditions.

The permeability was varied from 0.17 to 2.71·10
-9

m
2
, corresponding to grain sizes 

from 0.5 mm to 2 mm, in a fixed control volume. Table 1 (Part 2) shows stable 

convection for Ra>19 which equals a grain size of 1 mm, i.e. well below the general 

Rac. Nield and Bejan (1999) also observed similar results. 
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Figure 6 Numerical steady-state solution for half a 10x1 m control 

 volume shows 8 symmetrical convection rolls acting in pairs.

Vi= 10
-9

m/s, Ra=19, K=6.7·10
-10

 m
2
, TH=10

 o
C, TC=4

o
C, Nu= 2.14.

Upper graph: Streamlines; Middle graph: isotherms. 

Lower graph Nusselt number.

Table 1 (Part 3) shows the influence of varying depth (H) for K=6.7·10
-10

 m
2
 (grain 

size 1 mm), i.e. the lowest permeability for which stable convection occurred in Part

1. Stable convection exists for depths down to 6 m with a decreasing number of rolls.

In the 4 m case no convection exists because the expected 6 rolls do not fit within the

chosen control volume. Fig. 4 shows the result of a simulation of a 10 x 5 m control 

volume. Four convection rolls appear in symmetrical pattern acting in pairs (left). The 

corresponding ground water temperature is also seen (right). 
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Figure 4. Numerical steady-state solution for a 10x5 m control volume show four

symmetrical convection rolls acting in pairs. Vi= 10
-9

m/s, Ra=95, K=6.7·10
-10

 m
2
,

TH=10
 o
C, TC=4

o
C, Nu=1.17.

In previous simulations no horizontal groundwater flow was assumed. To investigate 

the importance of horizontal groundwater flow on thermal convection, flow rates of 

10
-7

kg/s, 10
-5

 kg/s, and 10
-3

 kg/s were evaluated. The two lowest flow rates show the 

same convection pattern as no groundwater flow (Fig. 3). For a flow rate of 10
-3

 kg/s 

and other parameters as in the reference case the convection pattern changed to 

become wavy. Here it was also shown that it would take 110 days to establish the 

steady-state convection pattern (Fig. 5). 

Figure 5. Numerical steady-state solution when  horizontal groundwater flow (10
-3

 kg/s) is added from

left to right in the 10x1 m control volume, Ra=19, K=6.7·10
-10

 m
2
, TH=10

 o
C, TC=4

o
C, Nu= 2.27.

Upper graph: Streamlines; Lower graph: Isotherms. This pattern should be compared with Fig 3 where

no groundwater flow is assumed.

10



Discussion

An initial horizontal water velocity Vi =10
-9

m/s was used as a standard disturbance 

in the simulations. This disturbance triggers the start of convection but does not 

influence the flow velocities. There are several natural events that would cause similar

disturbances e.g. fluctuating ground water table because of rain infiltration, air

pressure variation and soil heterogeneities.

Monthly mean air temperature records for the south of Sweden (Lund) shows that 

the ambient air temperature is colder than the groundwater temperature during 7 

months of the year (METEONORM). The mean air temperature is colder than 4
o
C

during approximately 150 days of that time. This means that groundwater at shallow 

depths will be cooled off during most of the year.

The vertical velocity of the water in the ground is in the order of 10
-6

 m/s, when a 

stable convection pattern is achieved. This means that the water would penetrate to a 

depth of 1 m within 12 days. Concurrently the water at 1 m depth flows upwards to 

close the convection roll. 

Based on made assumptions the smallest possible permeability for convection to

occur is K=6.7·10
-10

 m
2
, which corresponds to a grain size of 1mm. This corresponds

to a sandy soil while agricultural soil normally consists of finer grains. However 

permeability values of soils are mean values i.e. there are more or less permeable

sections in the soil. Natural infiltration of rain and melt water would in such areas

rather increase the occurrence of convection.

Since the permeability of an aquifer is a macroscopic mean value, it must include 

more or less permeable parts. Since any flow follows the path of minimum resistance,

groundwater will find its way through the more permeable parts of the soil. This is

however not considered in performed simulations.

A non-fluctuating horizontal groundwater was assumed in this study. However, 

laboratory studies on inclined saturated porous media flow models indicate that 

thermal convection is initiated by such flow (Combarnous and Bories, 1975).

Most of the precipitation in southern Sweden (~57% in Lund) falls during the six 

coldest months of the year. Since snow covers the ground surface only occasionally 

cold water infiltrates into the ground during most of the winter season. This cools the 

uppermost groundwater and thereby enhances the thermal convection. 
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Conclusions

Our hypothesis, that seasonal temperature variation initiates and drives thermal

convection, was partly supported by performed simulations for the assumed standard 

conditions.

The number of convection rolls increases with permeability and decreases with the

depth of the control volume. Convection rolls form at Ra > 19, providing an initial 

disturbance, a horizontal very small ground water velocity.

In some cases no stable solution was found although Nu>1, which indicates that 

part of the heat transport must be a result of convective heat transfer. One explanation

could be oscillating or propagating convection rolls, which would not be seen in a 

steady-state solution.

Small horizontal groundwater flows (< 10 
-5

 kg/s) through the control volume does

not influence the convection though larger flows change the shape of the convection 

rolls, to become wavy.

Since it takes 110 days to establish steady-state groundwater convection, for 

assumed standard conditions it is likely to occur in the South of Sweden. Even if the

convection was not fully developed vertical groundwater movements will exist and 

transport nutrients.

The critical soil permeability 6.7
.
10

-9
m

2
 for onset of convection was greater than 

typical values in agricultural soils. The calculated critical soil permeability

corresponds to sandy soil. However, since convection still exists it must also have 

other explanations. Thus, the simulation model must be developed to include

infiltration of rain and melt water, varying groundwater table, inhomogeneous soil

permeability, thermal conductivity, and also the lower viscosity of nutrient mixed

groundwater.

Further research

The performed simulations (current paper) have been extended by similar analyses 

for the climate in northern Sweden. This work will be completed at the end of 2004.

As a next step the transient development of the convection rolls will be analysed.

Different climates, groundwater conditions, and types of soils will be compared.

Groundwater convection will also be induced by infiltration of rain, and snow melt,

and also fluctuating groundwater table because of varying air pressure. The effect of 
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varying permeability i.e. zones of more permeable layers and penetrative convection

will be included in the developed simulation model as well as the level of the

groundwater table. 

Laboratory and field tests in soils and sands will be carried out to verify simulated

groundwater convection. Field measurements are planned in collaboration with the

Department of Environmental Protection at Vilnius Gediminas Technical University, 

Lithuania. The field measurements will take place in Lithuania, which has similar

climatic conditions as southern Sweden. Measurements are planned between 

September and November 2005. The field test program is planned for three years and 

includes temperature measurements, trace elements and detection of nutrient 

pollutants in the groundwater. Test areas will be selected in flat water saturated 

agricultural soil of different permeability.
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Nomenclature

cp heat capacity J kg
-1

K
-1

Dp grain size mm

g gravitational acceleration m s-2

H depth of control volume m

k thermal conductivity W m
-1

K
-1

K permeability m
2

L length of control volume m

P pressure Pa

Q heat transfer rate W m
-2

Ra Rayleigh number

Rac critical Rayleigh number

t time s

T temperature
o
C

T0  temperature of max.density
o
C

TH bottom (hot) temperature
o
C

TC top (cold) temperature 
o
C

u horizontal water velocity m s
-1

v vertical water velocity m s
-1

Vi initial velocity m s
-1

x Cartesian coordinate

y Cartesian coordinate 

Greek symbols

thermal diffusivity m
2
s

-1

coefficient
o
C

-2

µ dynamic viscosity kg m
-1

s
-1

density kg m
-3

0 density maximum kg m
-3

heat capacity ratio 

kinematic viscosity m
2
 s

-1
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porosity %

Other symbols

()f fluid related 

()s solid related
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Abstract

Nutrient leakage from agricultural areas in Sweden mainly occurs during the autumn in the south and 

during the spring in the north. The infiltration of nutrients also reaches greater depths in the south. The

suggested hypothesis is that this results from different groundwater temperatures, i.e. 10
o
C in southern

Sweden and 3
o
C in northern. An occurring “seasonal groundwater turnover” is the suggested

mechanism, thereby transporting nutrients into the ground. In the North this transporting is conducted

by thermal convection when ground frost is thawing. The initial groundwater temperature is close to

0
o
C while the ground surface warms the uppermost water to a temperature of 4

o
C. Numerical

simulations of the “heated from above” groundwater convection in northern Sweden were performed.

The induced thermal convection reaches to a maximum depth of 0.9 m, for a permeability of 6.0·10
-9

m
2
. Generally larger permeability and smaller depths are required for convection to occur in northern

Sweden. Small obstacles slightly affect the convective flow, while larger obstacles force the convection

rolls to change size and shape. The time required to fully develop a convection pattern like the steady 

state solution was about 22 days. 

Keywords: thermal convection, groundwater, density maximum, seasonal turnover, heated from above

Introduction

Nutrient loss to groundwater leads to overfeeding of lakes and watercourses, 

negatively impacting flora and fauna. By understanding the mechanisms behind the 

leakage, fertilising could be done more effectively. Such knowledge would also be

1
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North Sweden, Spring  South Sweden, Autumn

Groundwater temp. ~3
o
C Groundwater temp. ~ 10

o
C

Q

Q

Groundwater

surface

Ground surface

Q

Q

Q

Q

Figure 1. Outline of how heating or cooling drives groundwater

convection. Groundwater mixing reaches to greater depths in the south of

Sweden since the groundwater mean temperature deviates more from the

maximum density water temperature (4
o
C).

helpful in preventing and counteracting other types of contamination by leakage from 

ground surface to groundwater (Kyllmar and  Johnsson  1998). 

Seasonal turnover in lakes is well understood (SNA 1995). A thermal stratification 

of lake water forms due to a stable density distribution with the densest water at the 

bottom of the lake. Because the uppermost layer of water is heated or cooled, this 

stratification is dissolved by the resulting density changes during spring and autumn.

The temperature of the whole lake is temporarily equal before the temperature

distribution is “turned upside down”. The driving force of thermal convection is the

seasonal temperature variation of the surface water and its temperature dependent

density and viscosity. 

This mechanism is here applied as a “seasonal groundwater turnover”. The 

penetration depth depends on the size of the thermal gradient and hydraulic 

conductivity of the soil. Our hypothesis is that the seasonal temperature variation 

initiates and drives thermal groundwater convection (Fig.1). The development is 

different in northern and southern Sweden, due to their different mean groundwater 

temperatures.

During the spring and early summer in the North warm air causes a heat transport 

from the ground surface into the ground. Therefore the uppermost groundwater layer

is heated to 4
o
C. The heat flow melts the frost still existing further down into the

ground and the mean groundwater temperature is constantly 0
o
C. So, the ground 

surface and the uppermost groundwater is “warm” while lower groundwater, at the

frost front, is at the melting temperature of ice. This induces a convective transport of 
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denser groundwater. This dense water begins to sink while the warmer less dense 

water below starts to rise and a convection roll is being formed. Conductive heat 

transport through the soil cover depends on the soil depth (groundwater depth), soil 

thermal conductivity, and the temperature difference between groundwater and 

ground surface (Claesson et al.  1985a). 

Natural convection in fluid-saturated porous media is well covered in heat transfer 

literature because of its many engineering applications (Nield and Bejan 1999). 

Performed studies in saturated porous media with nonlinear density distribution 

usually consider convection in thin layers, up to a few centimetres. Our problem 

involves convection rolls up to a few meters. Thermal convection in aquifers has been 

studied at much higher temperatures in geological formations (Pestov 2000) and in 

thermal energy storage in aquifers (Claesson et al.  1985b). 

Engström and Nordell (2004) showed that groundwater convection occurs in 

southern Sweden during the autumn. This “heated from below” convection reaches

down to at least 5 m depth when the uppermost groundwater is cooled from 10°C to 

4°C. Performed simulations required the introduction of a small initial horizontal 

ground water velocity. The convection occurred for permeability values greater than 

7·10
-10

 m
2
.

This paper considers “heated from above” groundwater convection in northern 

Sweden. Since this heating occurs when ground frost is thawing the initial 

groundwater temperature is close to 0
o
C.

Scope

A new approach to understand the mechanism of nutrient leakage from agricultural

land as a result of thermally driven groundwater convection is suggested. This

approach is here numerically studied and at this stage only groundwater movement is 

considered. Some assumptions are made on natural conditions and also prerequisites 

for the simulation model.

A constant groundwater table close to ground surface and no horizontal groundwater

flow is assumed. The permeability and the thermal conductivity are constant in the

vertical and horizontal direction. It is also assumed that the driving energy of the 

convection is the heat transport from the warmer ground surface into the ground 

water.  Melt water and rain infiltration that would also influence the temperature

gradient are not considered in this study.
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At the upper and lower boundary of the simulated groundwater volume the

temperatures are held constant. An initial disturbance is necessary to start the 

convection and an initial horizontal velocity was therefore introduced. Other natural

disturbances like inclined groundwater surface, heterogeneous permeability, and 

varying thermal conductivity of the soil, are not considered. 

Theory of Thermal Convection 

By changing a fluid’s temperature, the resulting density and viscosity change 

stimulate the motion of a fluid (Rehbinder et al. 1995). This also happens when the 

fluid fills up a permeable material, e.g. groundwater in soil, even though the porous

material slows down the velocity of the water. The fluid’s temperature is assumed

equal to the matrix’s temperature. Heat is transported by convection and conduction in

the fluid and by conduction only in the matrix (Ene and Polisevski, 1987).

Blake et al. (1984) provide the mathematical formulation of the thermal convection 

in porous media near 4
o
C. Mass, momentum, and energy for the homogenous porous 

medium model are conserved, and described as 

0
y
v

x
u

       (1)

x
PK

u        (2)

g
y
PK

v       (3)

2

2

2

2

y

T

x

T

y

T
v

x

T
u

t

T
   (4) 

where the variables u and v are the fluid velocity components, P is pressure,  is 

density, t is time, and T is temperature. The constant K is the (intrinsic) permeability

of the porous matrix, µ is the viscosity,  is the thermal diffusivity, and g is the 

gravitational acceleration. The heat capacity ratio  is defined as

fp

spfp

c

cc

)(

))(1()(
    (5)

where  is the porosity of the medium, ( cp)f and ( cp)s are the heat capacity of the 

fluid and solid matrix respectively. The usual Boussinesq approximation of 

4



temperature dependent density cannot be used in this case. The density function of 

temperature is not linear close to the density maximum. Therefore, a better, nonlinear 

approximation is that of Goren (1966) and Moore and Weiss (1973),

))(1(
2

00
TT      (6)

where 0 is the maximum density of the water at T0=3.98
o
C and =8x10

-6
(
o
C

-2
). This 

approximation is valid in the temperature range of 0
o
C to 10

o
C. Eliminating pressure

from Eqs. (3) and (4) and incorporating Eq. (6) leads to the single momentum

conservation statement

x

T
TT

gK

x

v

y

u
o )(2     (7)

Here the kinematic viscosity  is taken as  µ/ 0. The dynamic viscosity of a fluid, , is 

a second order function of temperature between 0
o
C and 10

o
C. The viscosity function 

used is derived from tabled values (Fysikalia 1991). 

2-8-6-3
T100.12+T100.74-100.11    (8) 

The Rayleigh Number (Ra) is the balance between buoyancy force and viscous 

force, (Kundu, 1990).  In porous media Ra can be derived from the system of Eqs. (1) 

to (7), when Eq. (7) is written in a non-dimensional form. Ra is a non-dimensional

constant and an eigenvector in the solution of the non-dimensional systems of 

equations (Nield and Bejan, 1999). Ra can be written as:

HTTgK
Ra o

2
)(

     (9)

where H is the depth of the control volume. The general critical Rayleigh number,

Rac=4
2
, indicates that convection occurs when Ra>Rac.

Thermally driven convection could be triggered and partly driven by horizontal 

groundwater flow, when convection begins at a lower Ra number. This phenomenon

has been the subject of detailed studies in the field of aquifer thermal energy storage 

(Claesson et al. 1985b). Nield and Bejan (1999) analysed Ra for different boundary 

conditions and showed that it was possible to get lower critical Ra numbers than the 

general Rac=40 at undisturbed ground water conditions.

The Nusselt (Nu) number is defined as the ratio between actual heat transfer and

conductive heat transfer. With a given geometry we get 

HTTkL

Q
Nu

CH /)(
     (10)
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where k is the thermal conductivity of a water saturated porous matrix and Q is the

overall heat transfer rate. Thus, convective heat transfer entails Nu>1. In the 

performed calculations the converging Nu was used as a criterion for the stability of 

the numerical simulations.

Simulations

The simulation model FLUENT and the Finite Volume Method (FVM) were used to 

simulate groundwater convection (Versteeg and Malalasekera, 1995). A suitable mesh

size for the simulations was first determined. Steady-state calculations were then 

performed to analyse how permeability and leakage depth influenced the formation of 

convection rolls.

Transient solutions were used to evaluate the time needed to establish stable 

convection patterns. The influence of obstacles (frost lenses or stones) in the soil 

affecting groundwater convection was also simulated.

Calculation Parameters

A 2-D control volume is filled by a porous material and water where H(m) is the

depth of the control volume and L(m) is the length of the same, see Fig. 2. Heat is 

transported across the upper and lower boundaries. Permeability is assumed equal in 

both vertical and horizontal directions and the local temperature T is equal in both 

porous material and water. The constant boundary temperatures are TH =4
o
C and 

TC=10
o
C at the top and bottom of the control volume, respectively. There is no

groundwater flow through the control volume, but an initial horizontal velocity Vi

(m/s) is needed to start the convection. This is required by the simulation model but 

does not affect calculated convection velocities. A grid of quadratic mesh cells was 

used over the control volume.

6



Typical porosity values in sand, with grain sizes of 1 to 5 mm, are 35 to 50%. To 

simplify the simulations, the porous material is assumed to consist of spherical grains

of equal size, i.e. the porosity is kept constant at 35%. By varying the grain size, the 

Ra differs due to the permeability change. The (intrinsic) permeability, K, as given by 

Nield and Bejan (1999), is: 

2

32

)1(180

pD
K       (10)

where Dp is the grain size and  is the porosity.

Results

Stable thermal convection occurs when Nu >1 and Ra > Rac. In reality this means

that thermal convection is influenced by soil permeability, thermal properties of the

soil, temperature difference and distance (H) between the uppermost and undisturbed 

groundwater. The results are summarized in Table 1 and Table 2, where the 

permeability is a function of grain size. “No of rolls” indicates the number of stable

convection rolls within the control volume. In some cases stable solution were not

found though Nu>1, which means that part of the heat transport must be a result of

convective heat transfer.

This study includes

a) Conditions for thermal groundwater convection to occur, i.e. the influence of 

permeability, size of the control volume, and finally, mesh size.

b) Estimation of time for fully developed convection patterns to occur. 

y=x=0 TH x=L

Vi

y=H TC

Figure 2. Vertical section of a control volume with the length L and

depth H. The upper boundary is at constant temperature TH and the

lower boundary is at constant temperature TC, where TH >TC.. Vi is

the initial velocity, and the rolls represent the expected pattern.
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c) Influence of obstacles (e.g. frost lenses or stones) on thermal groundwater 

convection.

The numerical modelling requires that the analysed groundwater volume is big 

enough (L, H) for convection to take place. It also requires that the mesh size is small

enough to analyse the groundwater movement. The mesh size of a fixed control 

volume 5x0.5 m was systematically reduced from 0.15 m to 0.025 m, see Table 1 

(Part 1). It is seen that Nu converges (at 1.36) with decreasing mesh size which thus 

gives the maximum mesh size to 0.025 m. Subsequently at least 20 mesh cells in the 

vertical direction were used to achieve converged solutions in the different control 

volumes.

The permeability was varied to investigate the limits for stable convection in a 5x0.5 

m control volume. Permeability values between 0.67·10
-9

  and 16.9·10
-9

 m
2
, equalling 

a grain size of 1 to 5 mm, were investigated. Stable convection was obtained for 

permeability values greater than 2.71·10
-9

, corresponding to a soil with 2 mm grain 

size, see Table 1(Part 2). 

Table 1 (Part 3) shows the influence of varying depth (H) for K=6.09·10
-9

 m
2
 (grain

size 3 mm). Stable convection exists for depths between 0.1 and 0.9 m with a

decreasing number of rolls.  For a 1.0 m deep control volume the Nusselt number was 

smaller than 1, indicating that the temperature gradient was too small to drive the

convection. For a 0.1 m control volume the Ra number was too low for convection to 

begin at this permeability.

Interestingly, a smaller depth of the control volume required a greater permeability

to obtain stable convection. A 0.5 m deep control volume required a permeability

>2.71·10
-9

 m
2
, while a 0.1 m deep control volume required a permeability >13.70·10

-9

m
2
, see Table 2. This was strongly related to the Ra number. In some cases, stable 

convection occurred though the Nusselt number was less than 1, indicating that the

convective transport reduces the heat transfer, see Table 1.
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Table 1.  Summary of numerical results of convection concerning permeability,

   mesh size and depth of the control volume in the north.

L H

Mesh

size K(·10-9)

Grain

size Ra Nu No. rolls

(m) (m) (m) (m2) (mm) (-) (-) (-)

Part 1 

5 0.5 0.1 6.09 3 38 1.24 10

5 0.5 0.05 6.09 3 38 1.41 14

5 0.5 0.025 6.09 3 38 1.36 18

5 0.5 0.0125 6.09 3 38 1.36 18

Part 2 

5 0.5 0.025 0.67 1 4 0.21

5 0.5 0.025 2.71 2 17 0.7 12

5 0.5 0.025 6.09 3 38 1.36 18

5 0.5 0.025 16.90 5 106 1.68 20

Part 3 

5 0.1 0.0005 6.09 3 8 2.63

5 0.2 0.01 6.09 3 15 1.43 26

5 0.3 0.015 6.09 3 23 1.67 20

5 0.4 0.02 6.09 3 31 1.54 18

5 0.5 0.025 6.09 3 38 1.36 18

5 0.6 0.025 6.09 3 46 1.34 14

5 0.7 0.025 6.09 3 54 1 16

5 0.8 0.025 6.09 3 61 1.13 14

5 0.9 0.025 6.09 3 69 1.14 10

5 1 0.025 6.09 3 77

.In a 5x0.7 m control volume the effect of three large obstacles was studied for

K=6.0·10
-9

 m
2
, TH=4

o
C, and TC=0

o
C, Vi=10

-9
 m/s, see Fig. 3. The large obstacles 

forced the convection rolls to change size and shape. Obstacles with their own wall

temperature, TW=0
o
C like a frost lens, generated a different convection pattern from 

that of an obstacle without its own temperature(stones). Two small obstacles were 

placed in the same control volume and with the same data, affecting the convection

rolls only slightly.
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Table 2.  Summary of numerical results of convection concerning permeabilities

 for different depths of the control volume in the north.

L H

Mesh

size K(·10-9)

Grain

size Ra Nu No. rolls

(m) (m) (m) (m2) (mm) (-) (-) (-)

5 0.5 0.025 6.09 3 38 1.36 18

5 0.5 0.025 4.23 2.5 27 1.06 14

5 0.5 0.025 2.71 2 17 0.7 12

5 0.5 0.025 1.52 1.5 10 0.53

5 0.4 0.02 6.09 3 31 1.54 18

5 0.4 0.02 4.23 2.5 21 1.1 16

5 0.4 0.02 2.71 2 14 0.67 12

5 0.4 0.02 1.52 1.5 8 0.66

5 0.3 0.015 6.09 3 23 1.67 20

5 0.3 0.015 4.23 2.5 16 1.08 18

5 0.3 0.015 2.71 2 10 0.87

5 0.3 0.015 1.52 1.5 6 0.87

5 0.2 0.01 6.09 3 15 1.61 26

5 0.2 0.01 4.23 2.5 11 1.32

5 0.2 0.01 2.71 2 7 1.32

5 0.1 0.005 16.90 5 21 4.52 62

5 0.1 0.005 13.7 4.5 17 3.65 54

5 0.1 0.005 10.8 4 14 2.65

5 0.1 0.005 8.29 3.5 10 2.63

The transient solution was studied on control volumes 5x0.7 m with and without

obstacles. The time required to fully develop a steady convection pattern was about 22 

days for each case. This development is shown in Fig. 4. 
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Figure 3  Numerical steady-state solution for a 5x0.7 m control volume, Vi= 10
-9

m/s, Ra=61,

 K=6.09·10
-9

 m
2
, TC=0

 o
C, TH=4

o
C. Upper graph: Streamlines of control volume including 3 

obstacles with temperature TO=0
 o
C, Nu= 0.49. Middle graph: Streamlines of control volume

including 3 obstacles with no temperature, Nu =1.0, Lower graph: Streamlines of undisturbed

 control volume, Nu=1.13

Figure 4. Numerical transient solution for a 5x0.5 m control volume, Vi= 10
-9

m/s, Ra=38, K=6.09·10
-9

 m
2
,

TC=0
 o
C, TH=4

o
C, Upper graph: Convection pattern after 1 day, Nu=1.89. Middle graph: Convection

 pattern after 13 days Nu=0.55. Lower graph : Fully developed  convection pattern after 22 days Nu= 1.36
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Discussion

An initial horizontal water velocity Vi =10
-9

m/s was used as a standard disturbance 

in the simulations. This disturbance triggers the start of convection but does not 

influence the flow velocities. There are several natural events that would cause similar

disturbances e.g. fluctuating ground water table because of rain infiltration, air

pressure variation and soil heterogeneities.

The observation indicates how infiltration of nutrients into groundwater occurs during 

different seasons and reaches a greater depth in southern than in northern Sweden. 

The hypothesis that thermally driven groundwater convection would explain the 

differences in nutrient leakage was verified for southern Sweden (Engström and

Nordell, 2004).

Current study also shows the occurrence of thermally driven convection in the north,

though it does not sufficiently explain the infiltration in fine grained material. It was 

shown that obstacles like frost lenses or stones in the ground change, but do not 

hinder the occurring convection pattern. The time required to establish stable

convection patterns is about 22 days.

Monthly mean air temperature records for the north of Sweden (Luleå) show that the 

ambient air temperature is warmer than the groundwater temperature during 6 months

(April-October) of the year (METEONORM). This means that groundwater at 

shallow depths will be warmed during half of the year. Probably there will be a thin 

convective layer, between 4
o
C and 0

o
C, that moves downwards with the frost thawing.

This helps the convection to reach deeper into the ground.

The vertical velocity of the water in the ground is in the order of 10
-6

 m/s, when a 

stable convection pattern is achieved. This means that the water would penetrate to a 

depth of 1 m within 12 days. Concurrently the water at 1 m depth flows upwards to 

close the convection roll. 

The smallest possible permeability for convection to occur is K=2.71·10
-9

 m
2
 which

corresponds to a grain size of 2 mm. This corresponds to a coarse sandy soil while

agricultural soil normally consists of finer grains. However permeability values of

soils are mean values i.e. there are more or less permeable sections in the soil. Since

any flow follows the path of minimum resistance, groundwater will find its way 

through the more permeable parts of the soil. This fact and also the infiltration of rain 

and melt water would in such areas rather increase the occurrence of convection. This

is however not considered in performed simulations.
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A non-fluctuating horizontal groundwater was assumed in this study. However, 

laboratory studies on inclined saturated porous media flow models indicate that 

thermal convection is initiated by such flow (Combarnous and Bories, 1975).

Conclusions

Our hypothesis, that seasonal temperature variation initiates and drives thermal

convection, was partly supported by performed simulations for the assumed

conditions. The simulations show that the required grain size for convection to occur 

is considerably greater than that of typical agricultural soils (2.71·10
-9

 m
2
).

Consequently, the temperature differences in the north of Sweden cannot drive 

groundwater convection in such soils. Still, vertical groundwater movements exist. 

Possible explanations to vertical groundwater movements in fine grained soils are: 

5. Unstable groundwater convection or oscillating convection cells.

6. Infiltration of rain and melt water.

7. Pressure induced convection due to partially melted frost in the ground, i.e.

the pressure below the frost layer forces the groundwater to the ground 

surface.

8. The Coriolis force because of Earth’s rotation could cause secondary currents 

in groundwater flow. This effect has so far not been applied on groundwater 

flow, but has been studied by Vadasz (1993) in porous media.

The number of convection rolls increases with permeability and decreases with the

depth of the control volume. Convection rolls form at Ra > 15, providing an initial

disturbance, a horizontal very small ground water velocity.

In some cases no stable solution was found although Nu>1, which indicates that part 

of the heat transport must be a result of convective heat transfer. One explanation

could be oscillating or propagating convection rolls, which would not be seen in a 

steady-state solution.

Since it takes 22 days to establish steady-state groundwater convection, for assumed

standard conditions it is likely to occur in the north of Sweden. Vertical groundwater 

movements will exist and transport nutrients no matter if there are obstacles like frost

lenses or stones in the ground. The obstacles change, but do not hinder the occurring 

convection pattern in the ground. 
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Further research

However, since convection still exists it must also have other explanations. Thus, the 

simulation model must be developed to include infiltration of rain and melt water,

varying groundwater table, varying air pressure, inhomogeneous soil permeability,

thermal conductivity, and also the lower viscosity of nutrient mixed groundwater. 

Laboratory and field tests in soils and sands will be carried out to verify simulated

groundwater convection. Field measurements are planned in collaboration with the

Department of Environmental Protection at Vilnius Gediminas Technical University, 

Lithuania. The field measurements will take place in Lithuania, which has similar

climatic conditions as southern Sweden. Measurements are planned between 

September and November 2005. The field test program is planned for three years and 

includes temperature measurements, trace elements and detection of nutrient 

pollutants in the groundwater. Test areas will be selected in flat water saturated 

agricultural soil of different permeability.

Laboratory tests on Coriolis driven convection will be performed. Small scale test

equipment for measurements of rotating ground water flows has been constructed. 

The test program started in May 2004 at Luleå University of Technology. 
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Nomenclature

cp heat capacity J kg
-1

K
-1

Dp grain size mm

g gravitational acceleration m s-2

H depth of control volume m

k thermal conductivity W m
-1

K
-1

K permeability m
2

L length of control volume m

P pressure Pa

Q heat transfer rate W m
-2

Ra Rayleigh number

Rac critical Rayleigh number

t time s

T temperature
o
C

T0

 temperature of 

max.density
o
C

TH hot temperature (top) 
o
C

TC cold temperature (bottom)
o
C

TW wall temperature
o
C

c horizontal water velocity m s
-1

v vertical water velocity m s
-1

Vi initial velocity m s
-1

x Cartesian coordinate

y Cartesian coordinate

Greek symbols 

thermal diffusivity m
2
s

-1

coefficient
o
C

-2

µ dynamic viscosity kg m
-1

s
-1

density kg m
-3

0 density maximum kg m
-3

heat capacity ratio 
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kinematic viscosity m
2
 s

-1

porosity %

Other symbols 

()f fluid related 

()s solid related
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