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Abstract 
The thesis concerns the small vertical water movements created by thermal convection and the 
Coriolis force acting on groundwater flows. These small flows are of importance to vertical 
transports of temperature, nutrients and contaminants that would not be spread in the way they 
are. The first part analyzes thermally driven, seasonal groundwater convection by numerical 
simulation. The second part shows that the Coriolis force also induces secondary currents in 
groundwater flow through different vertical permeability distributions. Density driven 
convection occurs during the autumn in southern Sweden when the ambient air temperature 
cools the mean groundwater temperature from about 10ºC. When the shallow groundwater is 
cooled by the ambient air its increased density makes this water sink, slowly increasing in 
temperature, while pressing the warmer water upwards creating a convection cell. The process 
is ongoing as long as there is a thermal gradient between ground surface and the groundwater. 
Under favorable conditions convection can reach a depth of 6m. Such density-driven water 
movements occur most easily in more permeable soil. In northern Sweden, the situation is 
reversed, since the mean groundwater temperature is below 4ºC, at which water is at its density 
maximum. So, in springtime when the uppermost groundwater is heated to 4ºC by the warmer 
air the convection process starts. Here, the sinking groundwater does not reach the same depth, 
less than one meter. The Coriolis force has been considered too small to have any effect on 
groundwater flow, though its importance in meteorology and oceanography is well established. 
These theories have been applied using numerical simulations of groundwater flow. The 
numerical model has been validated by simulating some earlier studies of Coriolis forces in 
fluids. Furthermore, the model has been extended to include porous media. It has been shown 
that secondary currents occur in nonlinear vertical permeability distributions. For simulations 
of constant and linear distributions no secondary currents have been seen. The development is 
more pronounced in confined aquifers. The structure of the bottom of the aquifer affects how 
the secondary currents arise. It was shown that both temperature gradients and the Coriolis force 
form secondary currents in groundwater and a general conclusion is that groundwater flow is 
more complex than previously assumed. 
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Sammanfattning 
Avhandlingen beskriver vertikala grundvattenrörelser som orsakas dels av temperaturdriven 
konvektion och dels av Corioliskraftens inverkan på grundvattenströmning. Dessa små flöden 
har betydelse för vertikala transporter av temperatur, näringsämnen och föroreningar som 
annars inte skulle spridas ut på det sätt som de gör. I den första delen analyseras 
temperaturdriven grundvattenkonvektion för relativt kalla klimat. I den andra delen visas hur 
Corioliskraften påverkar grundvattenflödet för olika vertikala permeabilitetsfördelningar. 
Densitets-driven konvektion uppträder under hösten i södra Sverige när omgivningsluftens 
temperatur kyler den genomsnittliga grundvattentemperaturen från ca 10°C. När det ytliga 
grundvattnet kyls av den omgivande luften, ökar dess densitet och vattnet sjunker, samtidigt 
som varmare vattnet trycks upp och skapar en konvektionscell. Processen pågår så länge som 
det finns en termisk gradient mellan markytan och grundvattnet. Under gynnsamma 
förhållanden kan konvektionen nå 6m djup. Sådana densitetsdrivna vattenrörelser uppträder 
lättast i mer permeabel jord. I norra Sverige är situationen omvänd, eftersom den genomsnittliga 
grundvattentemperaturen är under 4ºC, vid vilken vatten har sitt densitets-maximum. Så, på 
våren när det översta grundvattnet värms till 4ºC av varmare luft startar konvektionsprocessen. 
Här når det sjunkande grundvattnet inte samma djup, mindre än en meter. Corioliskraften har 
ansetts vara för liten för att ha någon effekt på grundvattenrörelser, medan dess betydelse för 
meteorologiska och oceanografiska system är väl etablerad. Dessa teorier har här tillämpats 
genom numeriska simuleringar av grundvattenströmning. Den numeriska modellen har 
validerats genom att simulera några tidigare studier av Corioliskraften i vätskor. Vidare har 
modellen utvidgats till att omfatta porösa medier. Det visas att sekundära strömmar uppträder 
då permeabiliteten varierar olinjärt med djupet. För simuleringar av konstanta och linjära 
fördelningar har inga sekundära strömningar observerats. Utvecklingen är mer uttalad i 
begränsade slutna akvifärer och dess bottenstruktur påverkar hur sekundärströmmarna uppstår. 
Det visade sig att både temperaturgradienter och Corioliskraften bildar sekundära strömmar i 
grundvatten och en allmän slutsats är att grundvattenflödet är mer komplext än tidigare antaget. 
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Nomenclature 
A  non-constant vector 
Ai  scalar 
C  centrifugal force    N 

cp  heat capacity    J kg-1K-1 
Dp  grain size    mm 
d30  representative grain diameter  m 
e   unit vector 
ê   unit vector in direction of imposed angular velocity 
Ek  Ekman number 
Er  Earth`s radius    m 
Fcen  Centripetal force   N 
Fcor  Coriolis force   N 
g  acceleration of gravity   ms-2 

g*  gravitational force   N 
H  depth of control volume   m 
K  permeability    m2 
k  thermal conductivity   W m-1K-1 
k0   reference value of permeability 
kp   the dimensionless permeability function; 
L  length    m 
m  mass    kg 
pr   the dimensionless reduced pressure 
P  pressure    Pa 
Q  heat transfer rate   W m-2 
r  position vector 
r  radius of cone    m 
R  radius of inertia   m 
r   Orthogonal position vector 
Ra  Rayleigh number 
Rac  critical Rayleigh number 
Re  Reynolds number 
Ro  Rossby number 
T  temperature    oC 
t  time    s 
T0  temperature of max.density  oC 
TC  cold temperature (bottom   oC 
TH  hot temperature (top)   oC 
TW  wall temperature   oC 
u  horizontal water velocity   m s-1 
V  dimensionless filtration velocity 
v  velocity vector 
v  vertical water velocity   m s-1 
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Vi   initial velocity    m s-1 
Vr  velocity of the moving object  m/s 
x  Cartesian coordinate 
y  Cartesian coordinate 

 
Greek letters 
    

c  centripetal potential function 

g  gravity potential function 
α  thermal diffusivity   m2 s-1 
β  angle    ° 
γ  coefficient    oC-2 
θ  latitude    °  
μ  dynamic viscosity   kg m-1s-1 
ρ  density    kg m-3 
ρ0  density maximum   kg m-3 
σ  heat capacity ratio 
τ  period of time   s 
υ  kinematic viscosity   m2 s-1 
φ  porosity     
Φ  total potential 
Ω  angular velocity    rad/s 
 
Other symbols 
()f  fluid related 
()s  solid related 
()I  inertial frame 
()R  rotating frame 
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Outline of the Thesis 
This thesis is divided into two parts. The first part concerns the theory and simulated results of 
temperature driven groundwater convection (seasonal groundwater turnover) in southern and 
northern Sweden, i.e. for different groundwater temperatures. In the second part theory and 
simulated results are presented for Coriolis forces acting on groundwater. 
 
The first paper considers thermal convection in southern Sweden and the second paper 
considers thermal convection in northern Sweden. The third paper deals with the action of 
Coriolis forces on groundwater. The fourth and last paper investigates how two different bottom 
designs affect Coriolis induced secondary currents. Two conference papers from the 
International Workshop on Natural Energies, IWONE 2007 at Höör Sweden, are also included. 
 
 
Included peer-review articles and conference papers  
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1 Part 1. Thermally Driven Convection in Groundwater

1.1 Introduction
Fertilizers are traditionally used at different seasons in northern and southern Sweden. It is 
considered more efficient to apply fertilizers in autumn in the north while it is done in the spring 
to the south. It is also known that 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 the ground 
surface to groundwater (Kyllmar 2004). Ground heat exchangers, used for extraction of thermal 
energy for space heating/cooling, are also affected by such groundwater convection (Hellström 
et.al 1988).
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. Present 
hypothesis is that the seasonal temperature variation initiates and drives thermal groundwater 
convection, se Figure 1. The development is different in northern and southern Sweden, due to 
their different mean groundwater temperatures. 

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 (4oC).

North Sweden, Spring    South Sweden, Autumn
  Groundwater temp. ~3oC Groundwater temp. ~ 10oC
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In the spring and early summer in the north of Sweden, heat is conducted from the ground 
surface into the ground. Therefore, the uppermost groundwater layer is warmed up to 4oC. 
The heat flow melts the frost still existing further down into the ground at a constant water 
temperature of 0oC. 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. This dense water begins to sink while the warmer
less dense water below starts to rise, and a convection cell 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). Thermal convection in aquifers has also been studied at much higher 
temperatures in geological formations (Pestov 2000) and in thermal energy storage in aquifers 
(Claesson et al. 1985b).
The maximum density temperature of water is close to 4oC. In southern Sweden with a mean 
groundwater temperature of 10oC the uppermost layer of the groundwater is cooled to 4oC in 
the autumn. In northern Sweden with a mean groundwater temperature below 4oC the density 
increase takes place in the spring when the uppermost groundwater layer is heated to 4oC. A
“heated from above” convective layer is formed. The thawing frost front is at a temperature 
close to 0°C while the surface groundwater will warm up until it reaches 4°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 conductive heat 
transport from the groundwater to the ground surface which lowers the temperature of the 
uppermost groundwater. 
The heat flow melts the frost, further down into the ground. Thus, the ground surface and the 
uppermost groundwater are “warm” while the groundwater at the frost front is at 0°C. This 
temperature difference, along with a suitable permeability in the ground and a beneficial soil 
layer thickness, induces a convective transport of groundwater. 
The denser warmer water begins to sink while the colder less dense water below starts to rise,
and a convection cell is formed. With increasing air temperature, the uppermost groundwater 
temperature will not remain at 4°C. While the temperature at the groundwater surface is 
increasing, a density boundary of 4°C water is formed as an upper boundary of the convective 
layer. Density driven convection takes place between the 4°C density boundary and the thawing 
frost boundary described in Figure 2.
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 cells up to a few meters.
Seasonal turnover in lakes is well understood (Kirilin 2010). A stable thermal stratification of 
lake water occurs during summer and winter as the density of the water increases with depth. 
This stratification is disturbed during spring and autumn by the density changes resulting from 
a temperature change i.e. heating or cooling of the uppermost layer of water. The temperature 
of the whole lake is temporarily uniform 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.
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Lapwood (1948) started the analysis of groundwater convection by describing several cases for 
the onset of convection in porous media. Straus and Schubert (1977) showed that convection 
patterns were initiated in porous media at the critical Rayleigh number. However, these studies 
were made for very large convection cells (km) and large temperature differences. Prasad and 
Kulacki (1984) made basic convection studies for a rectangular porous cavity with constant 
heat flux on one wall. Simmons et al. (2001) discusses the challenge in describing the onset of 
natural convection in strongly heterogeneous porous media. Nield and Kuznetsov (2010) 
describe how convection instabilities develop with time in porous media. The two latter studies 
are highly relevant to the work reported here.
Conductive heat transport through the soil cover depends on the depth to the water table, the 
soil thermal conductivity, and the temperature difference between the groundwater and the soil 
at ground surface (Claesson et. al. 1985-I). Natural convection in fluid-saturated porous media 
is well covered in heat transfer literature because of its many engineering applications (Nield 
and Bejan 1999).
Most studies in saturated porous media with nonlinear density distribution usually consider 
convection in thin layers, for small scale industrial filter applications (Vadaz & Olek 1999). 
Thermal convection in aquifers has been studied at much higher temperatures in large 
geological formations (Pestov 2000, Krol 2014) and in thermal energy storage in aquifers 
(Claesson et. al. 1985-II). The problem reported here involves temperatures up to 10°C and 
convection cells up to a few meters.
Only a few field measurements on thermally driven convection have been found, none in a 
subarctic climate. Bense and Kooi (2004) showed that, in their study, groundwater temperature 
was fluctuating 2°C at the depth of 0.5 m below the ground surface; they observed 3.5 
oscillations over 100 m. The possibility that such patterns represent groundwater convection 
was however not discussed in the paper. Krol et al. (2014) investigated heat generated onset of 
convection cells by injecting heat at high temperature (70°C) into an aquifer.
There are some previous studies of convection in heterogeneous media but not with 
impermeable parts embedded into the porous media. Prasad and Simmons (2003) did a 
numerical study on the onset of convection in heterogeneous porous media. The heterogeneity 
consisted of Monte Carlo simulated varying permeability in a (20 x 150 m) control volume.

1.2 Objectives and Scope

The objective of the study was to investigate thermally driven groundwater convection. There 
are two sets of thermal distributions. One with a frost based bottom line and a heated from 
above approach. In this case the convection starts by heating of the uppermost groundwater. 
The thermal range is from 0-4oC. In the other case a heated from below approach was used 
where the uppermost groundwater was cooled from 10oC to 0oC. The transient development of 
the convection cells was modelled in both cases.
Some assumptions are made about the natural conditions and also prerequisites for the 
simulation model. A constant water table close to the ground surface was assumed. The 
permeability and the thermal conductivity are assumed to be constant in the vertical and 
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horizontal direction. It was also assumed that the driving energy of the convection is the heat 
transport from the warmer ground surface into the groundwater. 
At the upper and lower boundaries, the temperatures are constant. An initial disturbance is 
necessary to start the convection and an initial horizontal groundwater velocity was therefore 
introduced. Other natural disturbances such as inclined groundwater surface, air pressure 
variations, groundwater flow, heterogeneous permeability, and varying thermal conductivity of 
the soil, are not considered. 

1.3 Theory of Thermal Convection
By changing a fluid’s temperature, the resulting density and viscosity change will stimulate 
motion of the fluid (Rehbinder et.al. 1995). This also happens when a permeable material is 
being saturated with water, e.g. groundwater in soil, even though the porous material slows 
down the flow 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). The mathematical formulation of thermal convection in porous media, near 4°C, was 
provided by Blake et.al. (1984). Mass, momentum, and energy for the homogeneous porous 
medium model are conserved, as described by the following equations:

0
y
v

x
u (1)

x
PKu (2)

g
y
PKv (3)

2

2

2

2

y
T

x
T

y
Tv

x
Tu

t
T (4)

time, and T is temperature. The constant K is the (intrinsic) permeability of the porous matrix, 
gravitational acceleration. The heat 

fp

spfp

c
cc

)(
))(1()(

(5)

p)f and p)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. Therefore, a better, nonlinear approximation is that of Goren (1966) and 
Moore and Weiss (1973),
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))(1( 2
00 TT (6)

0 is the maximum density of the water at T0=3.9 8o -6 (oC-2). This 
approximation is valid in the temperature range of 0oC to 10oC. Air pressure fluctuations are 
not considered to affect the density of water in this study, Franks (1972). Eliminating pressure 
from Eqs. (3) and (4) and incorporating Eq. (6) leads to the single momentum conservation 
statement 

x
TTTgK

x
v

y
u

o )(2 (7)

0. The dynamic viscosity of a fluid, , is a second 
order function of temperature between 0oC and 10oC. The viscosity function used 
was derived from tabled values.
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)(
(8)

where H is the depth of the control volume. The general critical Rayleigh number, Rac 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 (Engström and Nordell 2006). Ra 
was analysed for different boundary conditions and it was shown that it was possible to get 
lower Rac than the general Rac=40 at undisturbed groundwater conditions (Nield and Bejan 
1999). 
The Nusselt (Nu) number is defined as the ratio between actual heat transfer and conductive 
heat transfer. With a given geometry we get

HTTkL
QNu

CH /)(
(9)

where k is the thermal conductivity of a water-saturated porous matrix while TH and TC refer to 
hot and cold temperature, respectively. H and L are depth and length of the control volume, 
respectively. Thus, convective heat transfer entails Nu>1, (Nield and Bejan 1999). In performed 
calculations the converging Nu was used as a criterion for the stability of the numerical 
simulations. 
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TH x=L

y=H TC

Vi

y=x=0

1.4 Method of Solution
The simulation software program FLUENT is specialized on computational fluid dynamics 
(CFD) and it uses a control volume technique to solve the equations of the conceptual model 
numerically. The governing equations of momentum, energy and pressure are integrated and 
then discretized by second order upwind method. The solver is segregated, and the interpolation 
scheme is implicit, the gradient is cell based and absolute velocity is used. When the residuals 
of energy, continuity and velocity are low enough (10-6) the solution is considered converged.

1.4.1 Conceptual model
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 Figure. 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. For the 
“heated from above” settings the constant boundary temperatures are TH =4oC and TC=0oC at 
the top and bottom of the control volume, respectively. For the “heated from below” settings 
the constant boundary temperatures from Figure 2 are inverted TC =4oC and TH=10oC at the top 
and bottom of the control volume, respectively. 

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 cells represent the expected pattern. 

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.
In the North impermeable rectangular obstacles were added in the control volume to make the 
simulations like natural conditions. Two different scenarios were studied. In some simulations 
the obstacles had a constant wall temperature, TW=0°C such as a frost lens. In other cases, the 
impermeable obstacle had the same temperature and thermal transfer abilities as the 
surrounding porous media (stones).

1.4.2 Simulations
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 cells. 
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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.

3D modelling
Two different three-dimensional setups were modelled. One 25x5x200 m control volume with 
a 0°C to 10°C heated from below. The other control volume was designed 50x7x50 m. The 
bottom of the latter model was designed as a ridge, see Figure 10 for section outline. Small 
groundwater velocities of 1 -7 m/s was applied from inlet to outlet. The permeability 
distribution was uniform of 3.7 -8 m/s. The ridge bottom can be described by xy- coordinates 
tabled in Table 1.

1.4.3 Other assumptions
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 Bear (1972) is:

2

32

)1(180
pD

K (10)

where Dp

The dynamic viscosity of the groundwater has been varied with 
temperature according to Franks (1972), from 0.001792 kg m-1

s-1 (0°C) to 0.001308 kg m-1 s-1 (10°C).

Size of control volume and mesh
The numerical modelling requires that the length (L) and depth 
(H) of the analysed groundwater volume is big enough 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 (LxH) was systematically 
reduced in small steps from 0.15 m to 0.020 m, see Table 2 (Part 1). All mesh cells in this 
simulation are quadratic. The meshing is uniform all over the area. It is seen in Table 2 (Part 1) 
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 obtain 
converged solutions in the different control volumes. So, for a control volume of 0.5 m x 5.0 
m, 4000 mesh cells are used.

Critical permeability and penetration depth
The second part of the analysis was to determine a critical permeability. Four grain sizes were 
analysed to find the lowest possible permeability for convection to occur. The size of the control 
volume was kept constant as well as the mesh size (see Table 2, part 2).

Table 1 Coordinates of half the 
bottom ridge design

X y
0,00 1,09
0,94 1,00
2,11 0,82
3,60 0,57
5,13 0,32
6,60 0,22
8,10 0,11
9,70 0,00

11,36 0,04
12,84 0,17
14,35 0,32
15,89 0,68
17,44 1,06
18,83 1,56
20,58 2,34
21,64 2,96
22,50 3,40
24,00 3,93
25,00 4,00
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The third part considered the penetration depth of the vertical water movement. The control 
volume contained at least 20 mesh cells in the vertical direction. The vertical depth was varied 
from 0.1 m to 1.0 m. The permeability was kept constant. (see Table 2, part 3).
Transient solutions were used to evaluate the time to establish stable convection patterns. The 
development of the convection was examined at 1 day, 13 days and 22 days.
Furthermore, the obvious influence of obstacles (frost lenses or stones) in the soil, on the 
groundwater convection, was simulated. The geometry of the impermeable obstacles were 
given an easy to apply rectangular shape. These obstacles were assumed to prevent or hinder 
the convection to occur. Finally, the question arose as to whether the temperature of the obstacle 
had any influence on the convection. Two scenarios were investigated: obstacles acting like 
stones that adapt to the ambient temperature, or frost lenses having a constant surface 
temperature of 0°C.

1.5 Results 

1.5.1 Heated from above 
In Table 2 the results for heated from above settings are summarized. The permeability was 
varied to investigate the limits for stable convection in a 5x0.5 m control volume. 
Permeability values equalling a grain size of 1.5 to 3 mm, were investigated. Stable convection 

-9, corresponding to a soil with1.75 
mm grain size, see Table 1(Part 2).

-9 m2 (grain size 2 mm). 
Stable convection exists for depths down to 1.0 m, with a decreasing number of cells. For a 1.1 
m deep control volume the Nusselt number was smaller than 1, indicating that the temperature 
gradient was too small to drive the convection.
Reduction of viscosity values by 10% have a minor effect on the depth the convection cell 
reaches at a certain permeability, it causes only a small raise in Nu number. Reduce of viscosity 
values have a greater effect in penetrating less permeable soil, Table 1 (Part 4). From earlier 
1.75 mm grain size Table 2 (Part 2), there is now 1.25 mm grain size- an improvement of 
approximately 28%. 
Table 2 (Part 5) shows the penetration depth of different permeabilities. For a 3mm grain size 
the penetration depth reached 3m, both 2mm and 1.75 mm reached at most 1m while 1.5mm 
there were still stable convection at1.5m depth.
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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 -9)

Grain 
size Ra Nu

No. 
cells

(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 3 6,09 38 1,36 18
5 0,5 0,025 2,5 4,23 27 1,06 14
5 0,5 0,025 2 2,71 17 0,7 12
5 0,5 0,025 1,75 2,07 13 0,53 10
5 0,5 0,025 1,5 1,52 10 0,53

Part 3
5 0,5 0,025 2 2,71 17 1,12 12
5 0,6 0,025 2 2,71 20 1,15 10
5 0,7 0,025 2 2,71 24 0,89 12
5 0,8 0,025 2 2,71 27 1,08 8
5 0,9 0,025 2 2,71 31 1,03 8
5 1 0,025 2 2,71 34 0,97 8
5 1,1 0,025 2 2,71 37 0,57 -

Part 4
5 0,5 0,025 3 6,09 38 2,23 16
5 0,5 0,025 2,5 4,23 27 1.87 14
5 0,5 0,025 2 2,71 17 1.34 12
5 0,5 0,025 1,75 2,07 13 0,85 10
5 0,5 0,025 1,5 1,52 10 0,52 8
5 0,5 0,025 1,25 1,06 7 0,53 12

Part 5
5 3 0,0025 3 6,09 230 0,99 6
5 1 0,0025 2 2,71 34 0,97 8
5 1 0,0025 1,75 2,07 26 0,84 10
5 1,5 0,0025 1,5 1,52 29 0,59 4

-9 m2,
TH=4oC, and TC=0oC, Vi=10-9 m/s, see Figure 3.
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Figure 3. Numerical steady-state solution for a 5x0.7 m control volume, Vi= 10-9m/s, Ra=61,
-9 m2, TC=0oC, TH=4oC. Upper graph: Streamlines of control volume including three

obstacles with temperature TO=0oC, 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 large obstacles forced the convection cells to change size and shape. Obstacles with their 
own wall temperature, TW=0oC like a frost lens, generated a different convection pattern from 
that of an obstacle with the same temperature as the porous media (stones). Two small obstacles 
were placed in the same control volume and with the same data, affecting the convection cells 
only slightly. 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 Figure 4.

Figure 4. Numerical transient solution for a 5x0.5 m control volume, Vi= 10-9 -9 m2, 
TC=0oC, TH=4oC, 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.

The large obstacles forced the convection cells to change size and shape. Obstacles with their 
own wall temperature, TW=0oC like a frost lens, generated a different convection pattern from 
that of an obstacle with the same temperature as the porous media (stones). Two small obstacles 
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were placed in the same control volume and with the same data, affecting the convection cells 
only slightly.
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 Figure 5.

1.5.2 Heated from below
The results for the heated from below settings are summarized in 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, 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 

-9 m2, corresponding to grain sizes from 0.5 mm 
to 2 mm, in a fixed control volume. Table 3 (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 3 Numerical results of how convection is influenced ‘by mesh size, permeability 
(grain size), and depth in the South 

L H Mesh size -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 - -

-10 m2 (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. Figure 6 shows 
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the result of a simulation of a 10 x 5 m control volume. Four convection rolls appear in 
symmetrical pattern acting in pairs (left). Figure 6 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). 

Figure 5. Numerical steady-state solution for part of a 10x1 m control volume shows four pairs of symmetrical 
convection rolls. Vi= 10-9 -10 m2, TH=10 oC, TC=4oC, Nu= 2.14. Upper graph: Streamlines; 
Middle graph: Isotherms. Lower graph: Nusselt number.

Figure 6. Numerical steady-state solution for a 10x5 m control volume show four symmetrical convection rolls 
acting in pairs. Vi= 10-9 -10 m2, TH=10 oC, TC=4oC, Nu=1.17. Left graph: Streamlines; Right 
graph: Isotherms.

The corresponding ground water temperature is also seen (right). 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 
Figure 7. 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 (Figure 6).
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Figure 7. Numerical steady-state solution when horizontal groundwater flow (10-3 kg/s) is added from left to right 
-10 m2, TH=10oC, TC=4oC, Nu= 2.27. Upper graph: Streamlines; 

Lower graph: Isotherms. This pattern should be compared with Fig 3 where no groundwater flow is assumed.

3D Thermal convection
For the 3D 50x5x200 m control volume, the heated from below thermal distribution in section 
z= 80 m is shown in Figure 8. The section is represented by a black line.

Figure 8. Heated from below thermal distribution of a 50x5x200 m control volume; a xy plane at z=80 m, shown 
in b with a vertical black line; b xz plane at y=2.5 m (seen from above).

When velocity in the order of 10-5m/s is added to the control volume the convection cells in 
Figure 8a, the pattern is smeared out, see Figure 9.

Figure 9. Thermal distribution of a 50x5x200 m control volume with a velocity of 1·10-5 m/s in the xz plane at 
y=2.5 m (seen from above).

(a)

5 m

(b)

h l di
50 m

50 m
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Bottom design influence
Applying the heated from below thermal settings on the bottom ridge design gives the result of 
Figure 10. The distance from the top of the ridge to the surface is 4 m. The permeability of the 
homogeneous porous media is 3.7·10-8 m/s and the main flow velocity is in the order of 7·10-7

m/s. 

Figure 10. Heated from below thermal distribution of a 50x8x50 m control volume with a main velocity of 10-7

m/s in the xy plane at z=45 m.

1.6 Discussion 
It has been shown that thermally driven groundwater convection occurs as a result of both 
heating and cooling of groundwater. It occurs as a result of natural cooling of “warm” 
groundwater from 10°C to 4°C, which was shown by numerical simulations in Engström and 
Nordell (2006). Such convection also occurs because of natural warming of “cold” groundwater 
from 0°C to 4°C, in medium grained sands. This explains why the convection takes place during 
early summer in the north and during the fall in the south of Sweden. The convection does not 
reach as deep in the north because the mean temperature of groundwater is close to the 
temperature of maximum density of water. 
An initial horizontal water velocity triggers the start of convection without influencing the 
temperature-driven groundwater circulation. There are several natural events that initiate 
similar disturbances e.g. a fluctuating water table because of rain infiltration, air pressure 
variation and soil heterogeneities. In the current study, all vertical groundwater movement is 
density driven and this convection affects all water between the upper and lower limit of the 
convection cell. This observation indicates how nutrients could infiltrate into groundwater and 
how important the groundwater temperature is for the infiltration depth. Figure 6 shows a cross 
section of the convective layer with streamlines and isotherms. 
It was shown that obstacles such as frost lenses or stones in the ground change but do not hinder 
the convection pattern. In the case where obstacles are added, they are purposely shaped in a 
“difficult” form. There exist very few natural obstacles shaped in this way. A circular or 
hexagonal shape would be more forgiving in the simulations. The rectangular shape was 
supposed to vanquish the convection patterns, but the convection shape was not overpowered 
by the difficult obstacle shape. Their size was adjusted to be not too small, and not too big. Too 
small obstacles would not have any significant effect on the convection patterns and too-large 
obstacles would not allow any convection cells. 
The time required to establish stable convection patterns was about 22 days. So, a more 
forgiving shape should decrease the stabilization time. 

8 m
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The Meteonorm model (Meteonorm 2014), an established model to determine climate data 
anywhere in the world, was used to determine temperature data at selected locations. Monthly 
mean air temperature records for the north of Sweden (Luleå) show that the ambient air 
temperature is warmer than the groundwater temperature for 6 months (April-October) of the 
year. This means that groundwater at shallow depths will be warmed during half of the year. 
During the spring a thin convective layer of groundwater, at a temperature from 4°C to 0°C,
moves downwards as the frost thaws. Daily air temperature variation at the surface penetrates 
approximately 0.2 m into the ground. This temperature is damped with increasing depth and 
does not greatly affect the convection (Nordell and Söderlund 1998).
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 2014). The mean air temperature is colder than 4oC during approximately 150 days 
of that time. This means that groundwater at shallow depths will be cooled off during most of 
the year. 
The daily air temperature variations will reach approximately one decimetre into the ground. 
This temperature variation is damped with increasing depth and does not greatly affect the 
convection (Nordell and Söderlund, 1998). 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 temperature driven vertical velocity of the water is in the order of 10-6 ms-1, when a stable 
convection pattern is obtained. This means that the water penetrates to a depth of 1 m within 12 
days. Concurrently the water at 1 m depth flows upwards to close the convection cell.
The smallest required permeability is K -9 m2 and corresponds to a coarse sandy soil 
(grain size of 1.75 mm) while agricultural soil normally consists of finer grains. However, since 
the permeability of a soil is a mean value, 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. In more permeable parts, the groundwater flow rate will 
increase and enhance the development of vertical groundwater flow and of course also the 
convection cells.
In natural systems, thermally driven convection is initiated by different kinds of disturbances 
e.g. varying groundwater flow, infiltration of rain and melt water, changing air pressure and 
permeability variations. These disturbances were not considered in the performed simulations,
but an initial small horizontal groundwater velocity was introduced to start the convection.
For horizontal groundwater flow to occur the water table has to be inclined, which is not the 
case in the present study. Such a gradient enhances vertical water movement, especially in 
inhomogeneous materials, and it starts secondary currents in the groundwater flow. In that 
scenario, the groundwater temperature is of little or no importance since the temperature 
distribution is the same as that outside the calculated section. Infiltration of rain and meltwater, 
on the other hand, always means vertical groundwater movement that influences the 
temperature driven convection. 
Bense and Kooi (2004) showed in their study that subtle variations in groundwater flow 
velocities close to the surface groundwater result in significant temperature anomalies because 
of the interaction of seasonal surface temperature variation and groundwater flow. Therefore, 
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determining horizontal profiles of shallow groundwater temperature could be a tool to assess 
the small-scale heterogeneity of ground-surface/groundwater interaction.
In a study performed by Bloomfield et al. (2013) seasonal changes in mean annual air 
temperature at sea level in the UK varies from 8°C in the north to 12°C in the south. In northern 
temperate-climate regions, diurnal variations are not generally seen below 1.5 m depth whereas 
seasonal temperature cycles penetrate the ground to depths of the order of 10 to 15 m at a rate 
dependent on the thermal diffusivity of the ground.
Though the diffusion term was less than the convection term, performed calculations 
(eventually) converged. This idealised solution may not be generally applied in picturing the 
water flow but indicates that vertical groundwater movements occur. Validation of obtained 
results should preferably be carried out in a laboratory test since the natural environment 
includes too many uncontrolled parameters.
The results shown can be helpful in determining when, in the year, to apply fertilizers to the 
ground in subarctic areas, and to estimate a potential depth to which the nutrients are expected 
to reach. The convective heat transport in the groundwater in the cold climate areas contributes 
to the thawing process.
In traditional studies of convection in groundwater, larger temperature gradients are used over 
bigger areas.
The expanded 3D simulations of thermal convection show a pattern of positive and negative 
vertical velocity zones, seen in Figure 8. When a small main velocity is applied to the control 
volume the zones are formed into tubes, see Figure 9. 
In Figure 10 the depth of the control volume is approximately 7-8 m. The ridge develops the 
convection pattern in the whole volume. In part 3 of table 2 the maximum depth of convection 
is 6 m for a plain 2 D control volume. 
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2 Part 2. Coriolis Induced Secondary Currents

2.1 Background 
Anything that moves on the surface of the Earth is affected by the Coriolis force though this 
influence is pronounced on slow large-scale flows. Its influence on groundwater flows is 
generally considered to be insignificant but such flows are very slow and large-scale. The 
starting point of current study is that the Coriolis force affects groundwater flows in similar way 
as it curves the paths of winds and currents. 
William Ferrel is the first scientist having applied the Coriolis effect to atmospheric flow in 
1858 (Abbe 1895). There is extensive research on how Earth’s rotation affects ocean currents 
(Pedlosky 1979) and weather systems (Persson 1998) including geostrophic adjustments, jet 
stream dynamics, atmospheric energy balance and Hadley cells. Coriolis induced secondary 
currents in porous media have previously been described, for industrial applications (Vadasz 
2000). Loáiciga (2007) made a general mathematical study on how the Coriolis force effect 
ground water motion. He showed that the ratio of gravitational force was at least 300 times 
greater than the Coriolis force (34 N/m3) and he concluded that “only a small error is incurred by not introducing the rotation-induced force in Darcy’s law”. Larsson (1986) showed that 
the Coriolis force generates significant secondary currents in open channel flow. He concluded 
that the maximum influence occurred for certain conditions, for wide flows of low flow 
velocity, which is a typical situation in groundwater flows. 

2.2 Objectives and Scope
The hypothesis of current paper is that the Coriolis force influences groundwater flow in a 
similar way as it influences large-scale movements in the atmosphere and the ocean. Since this 
idea is not scientifically established, no field studies exist to verify the phenomenon. Here, the 
idea was to develop a numerical flow model and validate it against published laboratory 
experiments, simulations and analyses. The validation starts with an experimental study by 
Wagner and Velkoff (1972), which includes measurement of secondary currents in a rotating 
air channel. Howard et al. (1980) modelled secondary currents in a water filled rotating channel. 
Larsson (1986) studied how Earth´s rotation influences open channel flow. Simulated results 
obtained by Vadasz (1993) in his analysis of secondary currents in rotating heterogeneous 
porous media are also shown. After this validation the model was applied on groundwater flow. 
The Coriolis force was expected to influence the groundwater flow by inducing secondary 
currents, and forming areas of high and low pressures in the groundwater, similar to those 
occurring in the atmosphere and the oceans.
Performed calculations include the following assumptions and limitations: The air pressure, 
temperature and viscosity of groundwater are assumed constant. Only steady state solutions are 
considered for a fixed control volume. Three permeability distributions were chosen for open 
and confined aquifers. No field investigations have been conducted. 
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2.3 Equations of motion in rotating coordinates
Pedlosky (1979) gives a clear description of the governing equations of motion for fluid flow 
in a rotating coordinate system. Initially porous media is not included. Since Earth is rotating 
about the polar axis, the coordinate system fixed on Earth is rotating, see Figure 11. We need 
to know how to express the time rate of change of 
dynamical quantities in the rotating coordinates. A 
vector fixed in the rotating coordinate system is 
rotating in the fixed (inertial) coordinate system. 
Consider a vector rotating in the inertial frame of 
reference. Let iieAA be any non-constant vector 
in the rotating frame and let the rotating frame then

i
i

R

e
dt

dA
dt
Ad

(11)

denote the rate of change in
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In particular; if A=r is the position vector of a fluid particle 

r
dt
rd

dt
rd

RI

(13)

Note that r is the same in any coordinate system. Now (dr/dt)I is the velocity seen in the inertial 
frame of reference and (dr/dt)R is the velocity seen in the rotating frame of reference i.e. 

rvv RI (14)

Now we let vR be the velocity vector of fluid in the rotating frame of reference; its rate of change 
in the two frames of reference are related by 

v
dt
vd

dt
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RI

(15)

taking the time derivative of Eq. (5), and assuming the angular acceleration of Earth to be zero, 
d /dt=0 we get

III dt
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vd (16)

dA

A(t)

A(t+dt)

Figure 11. Equation of motion in a 
rotating coordinate system.
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see Figure 12. The last term, the centripetal acceleration, can be described in terms of r .

rr (19)
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2
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With aid of the formula of the triple product, it follows that the centripetal acceleration can be 
written in terms of a potential function C

Cr )( (21)

22

222
rr

C (22)

Now we can write the momentum equation in the coordinate system at the constant angular 
velocity

vpv
dt
vd 22 (23)

Here, Cg is the total potential including both gravity and the centripetal force.

×( ×r)

×rr

r

×r
Into paper

Figure 12. Directions of Coriolis and centripetal 
acceleration.
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2.4 Equations of motion for rotating porous media 
Vadasz (1994) states the general continuity equation:

0V (24)

Darcy´s law extended to include the Coriolis term
VeV wrp Ekpk ˆ1 (25)

where V is the dimensionless flow velocity; pr the dimensionless reduced pressure generalized 
to include the centrifugal and gravity terms; kp the dimensionless permeability function; wê is 
the unity vector, and Ek is the porous media Ekman number defined by 

0

0

2 k
Ek (26)

where denotes porosity, angular velocity of rotation, k0 a reference value of permeability, 
0 the kinematic viscosity. Vadasz (1997) claims that for isothermal conditions the media 

must be heterogenous (variable in vertical direction) for the Coriolis force to be significant. 

2.4.1 The Coriolis Force
The Coriolis force Fcor (N) in Eq. (27) is an additional force to the general centrifugal force Fcen

(N) in Eq. (18) (Persson 2005). It is not a “real” force like gravitational force, more a cause of 
inertia to an object (Persson 2004). It is perpendicular to both the axis of rotation and the 
velocity of the moving object.

rcor m VF 2 (27)

)( REF mcen (28)

Here, m is the mass of a moving object, is the angular velocity, Vr is the velocity of the 
moving object and ER is the radius of Earth. The Coriolis force on Earth varies with sin of the 
latitude according to Eq. (28). And is thus more significant closer to poles of our planet.

rVF sin2mcor (29)

Figure 13. The combination of the gravitational and centrifugal forces contribute to the force of gravity, directed 
perpendicular to the Earth’s surface.

Gravitational 
force 

Gravitation

Centrifugal force
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In Figure 13 the relation between centrifugal force Fcen and gravity is shown. Due to rotation of 
Earth and the non-spherical shape of our planet, the sum of gravitational force g* and the 
centrifugal force C will do the weight of an object, pointing “straight downwards” 
(perpendicular to a water surface at rest). Every movement of the object affects the equilibrium
of these forces, acceleration in both horizontal and vertical directions are occurring (Persson 
2004).
The nature of the Coriolis force is resisting displacement, on fluids in motion trying to restore 
every unit to its starting point, Figure 13. One example is drifting buoys or ice bergs set in 
motion by winds tend, when the wind has decreased, to move under inertia and follow 
approximately inertia circles, forming a continuous cycloid pattern (Persson, 2004). 

Figure 14. The movement of Baltic Sea water mass during a few summer days 1969 outside Södertörn according 
to the measurements recorded by Barry Broman on oceanographic department, SMHI. A short period of rather 
strong winds put the surface water into movement. After the wind have ceased July 25 the shallow masses of 
water continued to move into inertia circles that slowly drifted along the ocean current. 

The inertia circle has a radius R(m) and

2
R rV

(30), (31)
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Applied on groundwater flow this means, for Earth’s angular velocity of 7,292·10-5 rad/s and a 
ground water (pore) velocity of 0.001 m/s, an inertia radius of 6.8 m with a period of almost 12 
h. To quantify the relative importance of the rotation on a problem the non-dimensional Rossby 
number is often used (Larsson 1986).

L
VRo r

sin2
(32)

numbers, (R0<1) imply that the effect of rotation is important, Larsson (1986). Applying Eq.
(32) on an aquifer; assuming a pore velocity of 0.001m/s and the length 250 m, at a northern 
latitude of 65o, the Ro number is 0.03. This value is very small and therefore Earth’s rotation 
influences groundwater flows in any given aquifer. What kind of motion is affected by the 
Coriolis force? The cross-product formulation of Eq. (27) gives the answer. A motion parallel 
to a latitude is always perpendicular to the rotational axis and is totally deflected. A motion 
parallel to a longitude is not deflected, see 
Figure 16.

2.4.2 Secondary Currents in Open 
Channel Flow

von Bear (1860) was the first to describe 
peculiar meandering on some north to south 
flowing Siberian rivers and their beds. The 
right-side bank of the river was more eroded 
than that on the left side. However, von Bear 
did at that time not reach the right conclusion 
that the observed irregular erosion was a result 
of the Coriolis force.
Larsson (1986) showed the importance of secondary currents in river flows even if they only 
amount about 1 % of the downstream velocity. These currents influence the main velocity 

Figure 15. Left Inertia circles of variable size due to latitude. Right An Inertia 
Circle is not fully closed. Source: Persson (2005).

Full deflectionNo deflection

Figure 16. All motion that is perpendicular to 
Earth`s rotation axis is deflected, those parallel to 
it is not.
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distribution and the cross-plane distribution of scalars like heat and concentration of 
contaminants.
A typical cross-plane flow pattern in a rotating channel is shown in Figure 17. The secondary 
currents arise because the Coriolis effect accelerates the downstream moving water towards the 

side wall. Therefore, a lateral pressure gradient is 
built up. This pressure gradient is uniform in the 
vertical since it is proportional to the downstream
velocity. The result is that the two forces are 
locally out of balance and resulting cross-stream 
velocities must be generated. 

2.4.3 Validation of Model
Wagner and Velkoff (1972) performed 
experiments and described occurring secondary 
currents in an airflow through a rotating 
rectangular channel. They measured the 
magnitude and direction of such flows in a 
rotating channel. Their study was thoroughly 
conducted, and the experimental setup is 

presented in Figure 17. Six different rotational velocities were analysed in the range 0-300 rpm. 
The conclusion was that the magnitudes of the cross-flow velocities and longitudinal vortices 
were linearly proportional to the rotational speed. Continuity in the cross-flow direction appears 
to be satisfied at every station. The mass flow moving from the suction side to the pressure side 
of the rotating channel is equal to the returning flow. Note that Wagner and Velkoff (1972) used 
English units in their published work and that the replication of the experiment is made in the 
same set of units.
Validation of present study is done by numerically replicating Wagner and Velkoff (1972) for 
a rotational speed of 100 rpm. The cross section used for measurements was 30 inches from the 
inlet of the tube. The size of the section is 4.75x1.75 inches.
In Figure 19 Wagner and Velkoff (1972) horizontal cross-flow velocities are presented in the 

cross section 30 at the stations 34, 35, 36, 37 and 38, shown in Figure 18. 

Figure 18. Cross section for the experimental setup for Wagner and Velkoff (1972) reproduced after Figure 4 in 
their paper.

32
31.5
31
30.5

35 34

32.5

363738

Figure 17. A cross plane flow pattern in a 
rotating channel with a mainstream.
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Figure 19. a Reinterpreted measurements of horizontal cross flow velocities by Wagner and Velkoff (1972) at 
station 34 to 38; b Present simulation for the same stations. Angular speed for both graphs is 100 rpm.

Since the original graphs in Wagner and Velkoff (1972, Figure 16) were blurry they were 
recreated here and shown in Figure 18a. The present simulation and the experimental 
measurements are not identical but similar, which demonstrates good accuracy in the 
measurements. Comparison of vertical cross flow velocities were also in good agreement 
though not presented in this paper. 
Larsson (1986) performed numerical modelling on open channel flow. This study was unique 
since no other numerical study had included Earths’ rotation. Larsson showed that it matters if 
the channel is open or closed. Open channel flow gives more pronounced secondary currents. 
Larsson’s setup was a 5x25x200 m open channel with water. He used a simple turbulent model 
for the fluid flow, and simulated the rotation in the channel by a momentum source term.
Larsson also studied the effect of the latitude, i.e. the proportion between the Fx/Fy, and showed 
that it was important for the resulting secondary currents. The greatest effect of the Coriolis 
force was for the situation Fx/Fy =2, which corresponds to a latitude of 60° N. In Figure 19
simulations are shown for u/w made by Larsson (1986) for an open rectangular channel of 
B/H=5, at different Coriolis force components. Where B is the width (m) and H is the height 
(m) of a cross section in the channel.
Larsson’s numerical model contains 10 grid points in the horizontal direction. Current Fluent 
study contains 100 similar grid points. Larsson´s model does not include near wall velocities. 
When comparing Larsson with present study one can notice that Larsson have a coarse grid. 
The capacity of available computers in the eighties was modest. So numerical modelling was 
time consuming and not easy to perform. Figure 20 shows a comparison of present study and 

(b)

(a)
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Larsson (1986) on secondary velocities for aspect ratio of B/H=5 and Fx=2Fy. The present 
simulation is not stable as the solution is moving across the section with the flow. This means 
that a transient solution would show an oscillatory behaviour

Figure 20. Recapitulation of Figure 5.16 a where simulations for u/w made by Larsson (1986) for an open 
rectangular channel of B/H=5, at different Coriolis force components.

Figure 21. Simulated secondary velocities for aspect ratio of B/H=5 and Fx=2Fy; a Larsson (1986); b Present 
study.

Vadasz (1993, 1997, 2000) have made analytical research on secondary currents in rotating 
porous media. His studies showed that the porous medium had to be heterogeneous for the 
secondary currents to develop and that the permeability function was very important for the 
development of secondary currents. A permeability function k=ez gives a flow profile shown 
in Figure 21.

-0,03

-0,02

-0,01

0

0,01

0,02

0,03

0,04

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

u/
w

x/B

Fx=0

Fx=Fy

Fx=2 Fy

(a)

(b)



Equations of motion for rotating porous media

26

Figure 22. a Velocity profile; b streamline by Vadasz (1993).

Note that Vadasz (1993) uses a different orientation of x, y and z coordinates. Present study was 
not able to validate this numerical model due to unclear information on how variables in the 
dimensionless numbers were distributed. 

2.4.4 Taylor-Proudman columns

Other vertical water movements that should be mentioned in this context are the Taylor-
Proudman columns. In pure fluids this phenomenon is described by Persson (2001) in order to 
illustrate inertia circles and the importance of Coriolis forces. Vadasz (1994) have established 
the governing equations of Taylor-Proudman columns in rotating porous media.
A drop of ink inserted in a rotating tank will remain in a vertical column, moving around the 
tank as a rigid body, see Figure 22. When the ink started to spread out horizontally, every ink 
particle was immediately affected by the Coriolis force acting at right angles to the motion. It 
forced the particles into curved motion, circles with surprisingly small radii. A body moving 
in a rotating system under no other force than the Coriolis force will follow a so-called inertia 
circle, with a radius of Vr/2 , Persson (2001).

Figure 23. Left: Ink dropped into a water filled cylinder forming a cloud. Right: ink dropped into a water filled 
rotating cylinder, forming a Taylor column. 

(b)(a)
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A similar example in a rotating porous media creates a fluid column above an object laying on 
the bottom of the tank. The fluid around the obstacle is forced to go around it, while forming a 
column that rotates like a rigid body, Vadasz (1994).

2.4.5 Experimental design
The simple experimental setup includes a sand and water filled channel 0.25x0.1x0.25m 
attached to two vertical volumes filled with water. The constant different water levels, and the 
corresponding hydrostatic pressure, are set to obtain a suitable water velocity through the 
porous medium. The water levels are kept constant by vertical sewers and a pump that return 
the water flow. This Darcy flow test setup is placed on a rotating disc, able to rotate maximal 
6.28 rad/s.
On top of the channel there are 81 drilled holes at equal distance plugged with a small 
transparent Plexiglas pipes, see Figure 24, through which the static water pressure is observed. 
The hydraulic conductivity of the sand is by Darcy´s law calculated to be 0.007 m/s and the 
permeability 6.3·10-10 m2.
Before starting up the rotation, a fully developed water velocity must be achieved through the 
porous media in experimental setup, see Figure 23. The rotation must go on for a while until a 
steady state flow is achieved, and measurements were done. To visualize the standing water 
columns (the static water pressure) the water was dyed with potassium permanganate 

Figure 24. Experimental design of detecting the Coriolis force in groundwater. Left: conceptual design. Right: 
Physical model.

The operation of this equipment experimental failed for several reasons. It was impossible to 
distinguish the centripetal force from Coriolis. Leakage occurred where the drilled pipes were 
attached. The water levels in the inlet and outlet were affected by the rotation. The failure made 
us to rethink about the problem and modify the setup. Today we would probably make a much 
smaller test device, more like the experiments made by Vadasz.
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2.4.6 Method of solution
The simulation software program FLUENT is specialized on computational fluid dynamics 
(CFD) and it uses a control volume technique to solve the equations of the conceptual model 
numerically. The governing equations of momentum, energy and pressure are integrated and 
then discretized by second order upwind method. The solver is segregated, and the interpolation 
scheme is implicit. The gradient is cell based and absolute velocity is used. When the residuals 
of energy, continuity and velocity are low enough (10-6) the solution is considered converged.
According to Vadasz (2000) it is very hard for Coriolis forces to create secondary currents in 
flow through homogenous media. In natural geological formations, however, the groundwater 
flow meets natural flow disturbances and then the Coriolis force causes secondary currents. 

2.4.7 Conceptual model
Boiling down all the earlier mentioned research and stretching a little bit further, the conceptual 
steady-state model was chosen. The work of Larsson is extended to include the Coriolis force 
on a flow through a porous media. A control volume of 25x5x200 m is used during the 
simulations and a mesh cell size of 0.5 m renders 200 000 mesh cells. Only the inlet and outlet 
face interact with the surroundings. Inlet velocity Vi is set to be 0.001 m/s in all simulations and 

-5 rad/s. That angular 
velocity is applied as a source term in both x and y direction, at a given latitude of 65º N (Luleå).
In Engström and Nordell 2016 and in Vadasz (2000) it was stated that secondary currents would 
not form unless the vertical permeability distribution was nonlinear. Including a triangular ridge 
along the main velocity direction might trigger formation of secondary currents in linear and
constant vertical permeability distribution. One bottom design had a upside down V-shape 
along the z direction, see Figure 24. The peak of the tip is 3 m above the bottom and the slope 
is set to 2:1. Three types of vertical permeability distributions was modelled along with the 
Coriolis force. 
To investigate whether Taylor-Proudman columns can be formed in an aquifer a few obstacles 
like bigger stones or rocks are placed on the bottom of the aquifer and typical permeability 
distributions are applied. 
The other bottom design had three obstacles placed at xz coordinates (30, 10), (50, 15) and (80,
20) m, see Figure 24. The obstacles were shaped as 1x1x1 m cubes. Three types of vertical 
permeability distributions were modelled along with the Coriolis force. 
Water flow in a confined control volume was simulated. Then the porous media was added and 
lastly the Coriolis force was included. The inlet velocity of the control volume is 0.001 m/s.

Figure 25. Outline of bottom shape studies. Left V-shaped ridge in xy section. Right: xz bottom plane.

In FLUENT, the permeability is described as a viscous resistance (VR). The permeability was 
varied in three ways, linear, nonlinear and constant. In the linear and nonlinear case only the 
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permeability was altered in the vertical direction and constant in the two others. The linear 
vertical variation was described schematically by the VR function f(y)= 100y+1000. The 
nonlinear permeability distribution in vertical direction has a VR function of f(y)= ey. In the 
constant permeability case, the permeability is kept constant at the same rate in all directions. 
Larsson (1986) suggested that secondary currents more easily occur in an open channel flow 
than in a confined flow. So, those two states were also evaluated. Bear (1972) and Vadasz 
(1993) stated that Coriolis induced secondary flow is not possible in homogeneous permeability 
distribution. 
The chosen flow velocity of 0.001 m/s is large for laminar Darcy groundwater conditions. A 
Reynolds number (Re) in the order of 10 or less, indicates Darcy flow. Eq. (33) gives Re in a 
porous media (Nield and Bejan 1999):

(33)

Here, d30 is the representative grain diameter. By calculating Re for a horizontal groundwater 
velocity u of 0.001 m/s, a d30 value of 2 mm and a dynamic viscosity value of 0.001308 at 10ºC, 
the result Re=1.53 indicates that the assumed laminar flow model is valid.

2.5 Results
To start with, water flow in a confined control volume was simulated. Then the porous media 
was added and lastly the Coriolis force was included. The inlet velocity of the control volume 

-3 m/s. 
For the case of nonlinear permeability distribution in a confined aquifer, the main velocity in 
the xy plane at z=180 m is shown in Figure 26a. Adding the Coriolis force to the simulation a 
different vertical and horizontal velocity distribution appears, see Figure 26b and Figure 27a.

Figure 26. Simulation of flow in a confined aquifer of dimensions 25x5x200 m with nonlinear vertical permeability 
distribution at section z=180 m, Vi=0.001 m/s; a main velocity distribution without the Coriolis force; b main 
velocity distribution including the Coriolis force. 

The vertical velocity distribution is showing a clear appearance of secondary currents, Figure 
27a. In Figure 27b a xz plane of vertical velocity is shown at y=2.5 m. One can see that 
secondary currents are formed due to the Coriolis force. The secondary currents are forming 
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convection cells in the xy cross section and tubes along the xz direction. The black line in the 
xz plane marks where the xy cross section is located.

Figure 27. Vertical velocity distribution for a confined aquifer of dimensions 25x5x200 m with nonlinear vertical 
permeability distribution with the Coriolis force, Vi=0.001 m/s; a xy plane at z=180 m, shown in b with a vertical 
black line ; b xz plane at y=2.5 m ( seen from above).

For the case of nonlinear permeability distribution in an open aquifer. Figure 28 shows a 
comparison of main velocity distribution for a; without the Coriolis force and b with the 
Coriolis force.
In Figure 29 the open aquifer with nonlinear vertical permeability distribution including the 
Coriolis force is shown in the xz plane at y=2.5 m and in the xy plane at section z=180 m. The 
pattern of the flow tubes in Figure 29 b is somewhat less distinct than in Figure 28b. The tubes 
are oriented more across the plane, than along it.

Figure 28. Main velocity distribution for an open aquifer of dimensions 25x5x200 m with nonlinear vertical 
permeability distribution at section z=180 m, Vi=0.001 m/s; a without the Coriolis force; b with the Coriolis force.
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Figure 29. Vertical velocity distribution for an open aquifer of dimensions 25x5x200 m with nonlinear vertical 
permeability distribution including the Coriolis force, Vi=0.001 m/s; a xy plane at section z=180 m, marked by a 
vertical line in b; b xz plane at y=2.5 m (seen from above).

Looking at total pressure distribution of the open and confined aquifer, see Figure 30, one can 
notice that areas of varying pressure occur. The pressure pattern follows the pattern for vertical 
velocity distribution. The range of pressure variation is in the order of - -2 to -3 Pa.

Figure 30. Static pressure distribution for a open and b confined aquifer. The legend refers to the static pressure 
graph of the open aquifer.

In the case of linear permeability distribution, the main velocity at z=180 m is shown in Figure 
31. Here the result differs between the confined and open aquifer flows. There are no visible 
Coriolis effects on the confined flow. There is no explanation to the alternative behaviour 
according to the nonlinear permeability case.

25 m

5 m

(b)

(a)

25 m

(b)

(a)



Results

32

Figure 31. a Main velocity distribution for an open aquifer of dimensions 25x5x200 m at section z=180 m; b main 
velocity distribution with the Coriolis force at section z=180m; c vertical velocity distribution with the Coriolis 
force at section z=180 m, marked by a vertical line in c.; d vertical velocity distribution at y=2.5 m in horizontal 
xz plane.

According to Bear (1972) and Vadasz (1993) studies, no vertical flow velocities occurred in the 
homogeneous permeability distribution.

2.5.1 Influence of Bottom Structure
Figure 31 shows the result for linear permeability distribution in a confined aquifer with a v-
shaped ridge bottom design. The main velocity in the xy plane at z=80 m is shown in Figure 
31a. Adding the Coriolis force to the simulation a different vertical velocity distribution appears 
in see Figure 31b. The section at z=80 m, is indicated by a black line in Figure 31c.  In Figure 
31c vertical velocity distribution is shown in the xz plane at y=2.5 m. 
Both the linear permeability change and homogenous permeability give identical results, see 
Figure 31b and Figure 31c.
One can see that secondary currents are formed due to the Coriolis force. The secondary 
currents are forming convection cells in the xy cross section and tubes along the xz direction. 
The black line in the xz plane marks where the xy cross section is located.
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Figure 32. Simulation of flow in a V-ridge bottom confined aquifer of dimensions 30x5x100 m with linear vertical 
permeability distribution at section z=80 m, Vi=0.001 m/s; a main velocity distribution without the Coriolis force; 
b vertical velocity distribution including the Coriolis force, marked by a vertical line in c; c vertical velocity 
distribution at y=2 m in horizontal xz plane (seen from above)

Figure 33 shows the result nonlinear permeability distribution in a confined aquifer with a v-
shaped ridge bottom design. The main velocity in the xy plane at z=80 m is shown in Figure 33 
a. Adding the Coriolis force to the simulation a different vertical velocity distribution appears 
in see Figure 33 b. The section is taken at z=80 m, indicated by a black line in Figure 33 c.  In 
Figure 33 c vertical velocity distribution is shown in the xz plane at y=2.5 m. 

Figure 33. A V-ridge bottom confined aquifer of dimensions 30x5x100 m with nonlinear vertical permeability 
distribution, Vi=0.001 m/s; a main velocity distribution without the Coriolis force; b vertical velocity distribution 
including the Coriolis force, marked by a vertical line in c; c vertical velocity distribution at y=2 m in horizontal 
xz plane (seen from above).
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Further on the results for the bottom design with three single box shaped obstacles in a confined 
aquifer are shown. Firstly, results of the linear permeability distribution is presented. The main 
velocity in the xy plane at z=80 m is shown in Figure 34 a. By adding the Coriolis force to the 
simulation a different vertical velocity distribution appears, see Figure 34 b. The section is taken 
at z=80 m, indicated by a black line in Figure 34 c.  In Figure 34 c vertical velocity distribution 
is shown in the xz plane at y=2.5 m. Both the linear permeability change and homogenous 
permeability give identical results; see Figure 34 b and Figure 34 c.

Figure 34. Confined aquifer of dimensions 30x5x100 m with three box shaped obstacles. Linear vertical 
permeability distribution at section z=50 m, Vi=0.001 m/s; a main velocity distribution without the Coriolis force; 
b vertical velocity distribution including the Coriolis force, marked by a vertical line in c; c vertical velocity 
distribution at y=2 m in horizontal xz plane (seen from above).

The case with nonlinear permeability distribution is shown in Figure 35. The main velocity in 
the xy plane at z=50 m is shown in Figure 35a. Adding the Coriolis force to the simulation a 
different vertical velocity distribution appears in see Figure 35b. The section is taken at z=50 
m, indicated by a black line in Figure 35c. In Figure 35c the vertical velocity distribution is 
shown in the xz plane at y=2.5 m. 
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Figure 35. Confined aquifer of dimensions 30x5x100 m with three box shaped obstacles. Nonlinear vertical 
permeability distribution at section z=50 m, Vi=0.001 m/s; a main velocity distribution without the Coriolis force; 
b vertical velocity distribution including the Coriolis force, marked by a vertical line in c; c vertical velocity 
distribution at y=2 m in horizontal xz plane (seen from above).

2.6 Discussion
Only a limited number of parameters were investigated i.e. the open and the confined aquifer 
were studied for three different permeability distributions in one size (30x5x100 m) of control 
volume. The groundwater flow with linear and homogeneous permeability distribution was not 
affected by the Coriolis force. In the nonlinear case combined with the closed aquifer settings 
there was formations of convection cells and convection tubes according to Figure 27. With the 
open aquifer settings, the effect of the Coriolis force on the groundwater flow was still visible, 
but much more diffuse.
The secondary currents induced by the Coriolis force also creates zones of varying pressure 
though the pressure gradients are small. On a free water surface there are formations of small 
“hills and valleys”, like the topology in a landscape. A pressure difference of 100 Pa means a
difference of 1 cm of the free surface water level.
Other important factors that affects groundwater flows e.g. varying temperature and associated 
viscosity variations, ambient pressure variation, and irregularities in permeability have been 
neglected in current study. Such fluctuations would have created additional flow disturbances 
that increase the possibility for the formation of secondary currents. The study is limited to a 
one size aquifer (5x25x200 m) i.e. a permeable volume with walls defined by boundary 
conditions. The size and properties of the control volume affect the flow. Numerically the size 
of the control volume and the mesh cell size are chosen to be balanced so that the calculation 
time would be reasonable and with acceptable convergence. The boundary conditions of the 
control volume are considered to affect the flow in the model in a limited way. 
The V-ridge bottom design with linear permeability was studied, see Figure 32. Here the 
Coriolis force induces some vertical water movement close to the ridge, but the pattern is vague 
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and does not spread beyond the ridge. Without any ridge no vertical water movements occurred, 
Engström and Nordell (2017).
In Figure 33 the V-ridge bottom design is combined with nonlinear permeability. Tilted 
secondary currents form in each section. In the Engström and Nordell (2017) study of the
Coriolis force effecting plain bottom structures in aquifers the cells are upright and weaker.  
The cells in present study are stronger and fills up the whole volume.
In Figure 34 three box shaped obstacles are combined with linear permeability. This setting
along with the Coriolis force gives small vertical movements close to the obstacle. The 
hypothesis that the obstacles would create Taylor-Proudman columns was not supported. 
In Figure 35 three box shaped obstacles are combined with nonlinear permeability. This setting 
along with the Coriolis force creates apparent vertical water movements. The pattern is comb 
like, so the secondary currents are spreading out from the obstacles. The obstacles are in a way 
reinforcing the formed secondary currents.
Other important factors that affects groundwater flows e.g. varying temperature and associated 
viscosity variations, ambient pressure variation, and irregularities in permeability have been 
neglected in current study. Such fluctuations would have created additional flow disturbances 
that increase the possibility for the formation of secondary currents. The study is limited to a 
one size aquifer (5x30x100 m) i.e. a permeable volume with walls defined by boundary 
conditions. The size and properties of the control volume affect the flow. Numerically the size 
of the control volume and the mesh cell size are chosen to be balanced so that the calculation 
time would be reasonable and with acceptable convergence. 
The existence of Coriolis induced groundwater flow in nature is very difficult to measure, or 
rather to distinguish from other disturbances in groundwater flows. In future theoretical studies, 
much more can be learned by combining omitted factors in present study.
The study was conducted on a flow regime that can be described both by the Darcian and the 
non-Darcian flow model. The laminar flow model was chosen since laminar flow is most 
common in groundwater.
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3 Conclusions 
The hypothesis, that seasonal temperature variations initiate and drive thermal groundwater
convection, was supported by numerical simulations, though there are no field measurements 
to confirm calculated results.
The number of convection cells increases with permeability and decreases with the thickness 
of the control volume in a homogeneous porous medium. Impermeable disturbances in the 
homogeneous porous media, like stones, also affect the number of convection cells. Convection 
cells form at Ra > 15, provided that an initial disturbance, a horizontal small groundwater 
velocity, is used. 
In some cases, no stable solution was found even with Nu>1, i.e. part of the heat transport must 
be a result of convective heat transfer. One explanation could be oscillating or propagating 
convection cells, which would not be seen in steady-state solutions. 
Since it takes 22 days to establish steady-state groundwater convection, for assumed standard 
conditions, convection is likely to occur in the north of Sweden. Vertical groundwater 
movements will exist and will transport nutrients, regardless of whether there are obstacles such 
as frost lenses or stones in the ground. The obstacles change, but do not hinder the occurring 
convection pattern in the ground. If there is no stable convection pattern provided, there is still 
vertical transport of the groundwater, due to seasonal temperature changes in cold climate areas. 
Bottom structures (ridges, blocks etc.) enhance the onset of thermal convection.
Groundwater convection occurs in different seasons of the year depending on whether the 
groundwater temperature is higher or lower than 4°C. The size of the convection cells increases 
with increasing temperature deviation from the maximum density of the groundwater (4°C). 
Consequently, the vertical transport of soluble nutrients and fertilizer, and hence loss from 
surface soils, can be estimated based on simulation of thermally driven convection.
Current study indicates that Earth´s rotation affects groundwater flows. Performed simulations 
show that secondary groundwater motions are created, including vertical convection cells and 
areas of low and high static pressure. In the numerical model, the homogeneous permeability is 
perfectly homogeneous. No variation appear in the porous medium at all. However, small 
imperfections result in flow velocity changes in groundwater, which are necessary for the 
Coriolis induced secondary currents to occur. Therefore, in natural groundwater it is more than 
likely that secondary currents occur. 
In addition, the bottom structure creates disturbances in the groundwater velocity. It was shown 
that the bottom structure is vital for the formation of Coriolis induced secondary groundwater 
movement in all permeability distributions. The most pronounced effect was seen for non-linear 
permeability distributions. A ridge along the main flow direction promotes the formation of 
flow tubes. Singular objects placed along the flow direction creates comb like patterns.

Though further studies are needed it is concluded that it might be useful to consider the Coriolis 
effect in future simulations, to include occurring vertical groundwater movements.
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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 108C

groundwater is cooled to 48C, 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; seasonal turnover; simulation; temperature variation; thermal convection

Nomenclature

cp heat capacity J kg21K21

Dp grain size mm

g gravitational acceleration m s22

H depth of control volume m

k thermal conductivity W m21 K21

K permeability m2

L length of control volume m

P pressure Pa

Q heat transfer rate W m22

Ra Rayleigh number

Rac critical Rayleigh number

T time s

T temperature 8C

T0 temperature of max. density 8C

TH bottom (hot) temperature 8C

TC top (cold) temperature 8C

u horizontal Darcy velocity m s21

v vertical Darcy velocity m s21

Vi initial velocity m s21

x Cartesian coordinate

y Cartesian coordinate

Greek symbols

a thermal diffusivity m2 s21

g coefficient 8C22
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m dynamic viscosity kg m21 s21

r density kg m23

p constant pi

r0 density maximum kg m23

s heat capacity ratio

y kinematic viscosity m2 s21

f porosity %

Other symbols

( )f fluid related

( )s solid related

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).

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 (Figure 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 48C. In southern Sweden with a

mean groundwater temperature of 108C the uppermost layer of the groundwater is cooled to

48C 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 48C the density increase takes place in the spring when the

uppermost groundwater layer is heated to 48C. If there is a melting frost layer the mean

groundwater temperature is constantly 08C.

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 conductive heat

North Sweden, Spring
Groundwater temp. ~3˚C

South Sweden, Autumn
Groundwater temp. ~ 10˚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

greater depths in the south of Sweden since the groundwater mean temperature deviates more from the

maximum density water temperature (48C)
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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 the 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 metres. 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 leakage from agricultural land as a result of

thermally driven groundwater convection is suggested. This approach is numerically studied

here 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 the ground surface and no horizontal groundwater

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

and horizontal directions. 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.

Theory of thermal convection

By changing a fluid’s temperature, a density and viscosity change occurs that stimulates 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 and Polisevski 1987).

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

porous media near 48C. The conservation of mass, momentum and energy for the

homogenous porous medium model are

›u

›x
þ ›v

›y
¼ 0 ð1Þ

u ¼ 2
K

m

›P

›x
ð2Þ

v ¼ 2
K

m

›P

›y
þ rg

� �
ð3Þ

s
›T

›t
þ u

›T

›x
þ v

›T

›y
¼ a

›2T

›x2
þ ›2T

›y2

� �
ð4Þ

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

time, and T is temperature. The constant K is the (intrinsic) permeability of the porous
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matrix, m is the viscosity, a is the thermal diffusivity, and g is the gravitational acceleration.

The heat capacity ratio s is defined as

s ¼ wðrcpÞf þ ð12 wÞðrcpÞs
ðrcpÞf ð5Þ

where w is the porosity of the medium and (rcp)f and (rcp)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 ¼ 3.988C. Therefore, a better, nonlinear

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

r ¼ r0ð12 gðT 2 T0Þ2Þ ð6Þ
where r0 is the maximum density of the water at T0 and r ¼ 8 £ 1026 (8C22). Equation (6)

is valid in the temperature range of 0–108C. Eliminating pressure from Equations (3) and (4)

and incorporating Equation (6) leads to the single momentum conservation statement

›u

›y
2

›v

›x
¼ 22

Kgg

y
ðT 2 T0Þ ›T

›x
ð7Þ

Here the kinematic viscosity y is taken as m/r0. The dynamic viscosity of a fluid, m, is a

second-order function of temperature between 0–108C. The viscosity function used is

derived from tabled values (Fysikalia 1991):

m ¼ 0:11 £ 1023 2 0:74 £ 1026T þ 0:12 £ 1028T 2 ð8Þ
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 Equations (1)–(7), when Equation (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

Ra ¼ gKgðT 2 T0Þ2H
ay

ð9Þ

whereH is the depth of the control volume. The general critical Rayleigh number, Rac ¼ 4p2

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 ¼ 4p2 by introducing an initial horizontal groundwater 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

Nu ¼ Q

kLðTH 2 TCÞ=H ð10Þ

where k is the thermal conductivity of the 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.
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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 2D 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 Figure 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 ¼ 48C and TH ¼ 108C 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.

Typical porosity values in sand are 35–50% for grain sizes of the order of 0.5–2.0mm.

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 (m2), as given by Nield

and Bejan (1999), is

K ¼ D2
pw

3

180ð12 wÞ2 ð11Þ

where Dp is the grain size and f 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. Formed rolls indicate stable convection 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

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

M
.E

ng
strö
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analyse the groundwater movement. The mesh size of a fixed control volume (10 £ 1m)

was therefore systematically reduced from 0.15m to 0.025m, 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 0.05m. Subsequently at least 20 mesh cells in the vertical direction were used to achieve

converged solutions in the different control volumes. Figure 3 pictures the stream function,

temperature distribution and Nu for part of the 10 £ 1m control volume under assumed

standard conditions.

The permeability was varied from 0.17 to 2.71 £ 1029m2, corresponding to grain sizes

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

Ra . 19 which equals a grain size of 1mm, 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 ¼ 6.7 £ 10210m2 (grain

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

Stable convection exists for depths down to 6m with a decreasing number of rolls. In the 4m

case no convection exists because the expected 6 rolls do not fit within the chosen control

volume. Figure 4 shows the result of a simulation of a 10 £ 5m control volume. Four

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

groundwater temperature is also seen (right).

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

importance of horizontal groundwater flow on thermal convection, flow velocities of

3 £ 1029m/s, 3 £ 1027m/s and 3 £ 1025m/s were evaluated in the 10 £ 1m control

volume. The two lowest flow velocities show the same convection pattern as no groundwater

flow (Figure 3). For the reference case and a flow velocity of 3 £ 1025m/s the convection

pattern changed to become wavy. Here it was also shown that it would take 110 d to establish

the steady-state convection pattern (Figure 5).

Table 1 Numerical results of how convection is influenced by mesh size, permeability (grain size) and depth

L

(m)

H

(m)

Mesh size

(m)

K ( 3 1029)

(m2)

Grain size

(mm)

Ra

(2)

Nu

(2)

Roll size

(m)

No. rolls

(2)

Part 1

10 1 0.150 0.67 1 19 1.97 0.83 12

10 1 0.100 0.67 1 19 2.05 0.83 12

10 1 0.050 0.67 1 19 2.14 0.83 12

10 1 0.025 0.67 1 19 2.14 0.83 12

Part 2

10 1 0.05 2.71 2.00 76 5.2 0.38 26

10 1 0.05 2.07 1.75 59 4.42 0.45 22

10 1 0.05 1.52 1.50 43 3.61 0.56 18

10 1 0.05 1.06 1.25 30 2.92 0.63 16

10 1 0.05 0.67 1.00 19 2.14 0.83 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 0.83 12

10 2 0.10 0.67 1 38 1.66 1.25 8

10 3 0.10 0.67 1 57 1.42 1.25 8

10 4 0.10 0.67 1 76 – – –

10 5 0.10 0.67 1 95 1.17 2.5 4

10 6 0.10 0.67 1 114 1.11 2.5 4

10 7 0.10 0.67 1 134 – – –

10 8 0.10 0.67 1 153 – – –
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m
and

B
.
N
o
rd
ell

36



Discussion

An initial horizontal water velocity Vi ¼ 3 £ 1028m/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 groundwater table because of rain infiltration, air pressure variation and soil

heterogeneities.

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 2000). The mean air temperature is colder than 48C during

Figure 5 Numerical steady-state solution when horizontal groundwater flow (1026m/s) is added from left to

right in the 10 £ 1m control volume. Ra ¼ 19, K ¼ 6.7 £ 10210 m2, TH ¼ 108C, TC ¼ 48C, Nu ¼ 2.27. Upper

graph: streamlines; lower graph: isotherms. This pattern should be compared with Figure 3 where no

groundwater flow is assumed

3.5
3

2.5
2N

u

1.5
1

0.5
0 1 2 3

m
4 5

Figure 3 Numerical steady-state solution for part of a 10 £ 1m control volume shows four pairs of symmetrical

convection rolls. Vi ¼ 3 £ 1028m/s, Ra ¼ 19, K ¼ 6.7 £ 10210m2, TH ¼ 108C, TC ¼ 48C, Nu ¼ 2.14. Upper

graph: streamlines; middle graph: isotherms; lower graph: Nusselt number

Figure 4 Numerical steady-state solution for a 10 £ 5m control volume show four symmetrical convection rolls

acting in pairs. Vi ¼ 3 £ 1028m/s, Ra ¼ 95, K ¼ 6.7 £ 10210m2, TH ¼ 108C, TC ¼ 48C, Nu ¼ 1.17. Left

graph: streamlines; right graph: isotherms
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approximately 150 d 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 of the order of 3 £ 1025m/s, when a

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

1mwithin 12 d.Concurrently thewater at 1mdepthflowsupwards to close the convection roll.

Based on made assumptions the smallest possible permeability for convection to occur is

K ¼ 6.7 £ 10210m2, 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.

Conclusions

Our hypothesis, that seasonal temperature variation initiates and drives thermal convection,

was partly supported by performed simulations for 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 groundwater 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 velocities (,3 £ 1027m/s) through the control volume do

not influence the convection though larger flows change the shape of the convection rolls, to

become wavy.

Since it takes 110 d 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 occur.

The critical soil permeability of 6.7 £ 1029m2 for the 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 and thermal conductivity.

Though transport of nutrients was not included in this model the thermally driven

groundwater pattern indicates that it is likely to occur for dissolved nutrients.
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http://sll.bibul.slu.se/html/sll/slu/ekohydrologi/EHY44/EHY44.HTM.

Moore, D.R. and Weiss, N.O. (1973). Nonlinear penetrative convection. J. Fluid Mech., 61(3), 553–581.

METEONORM (2000).MeteonormVersion 4.00. Meteotest, Bern, Switzerland. See also: http://www.meteotest.ch.

Nield, D.A. and Bejan, A. (1999). Convection in Porous Media, Springer-Verlag, New York.

Pestov, I. (2000). Numerical techniques for simulating groundwater flow in the presence of temperature gradients.

J. Aust. Math. Soc. Ser. B, Special issue 42(E), 1114–1136.

Rehbinder, G., Gustafsson, G. and Thunvik, R. (1995). Grundvattenströmningens teori, KTH, Stockholm,

pp. 89–93 (in Swedish).
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Abstract The aim was to study density-driven groundwater
flow and analyse groundwater mixing because of seasonal
changes in groundwater temperature. Here, density-driven
convection in groundwater was studied by numerical simula-
tions in a subarctic climate, i.e. where the water temperature
was <4 °C. The effects of soil permeability and groundwater
temperature (i.e. viscosity and density) were determined. The
influence of impermeable obstacles in otherwise homoge-
neous ground was also studied. An initial disturbance in the
form of a horizontal groundwater flow was necessary to start
the convection. Transient solutions describe the development
of convective cells in the groundwater and it took 22 days
before fully developed convection patterns were formed.
The thermal convection reached a maximum depth of 1.0 m
in soil of low permeability (2.71 · 10−9 m2). At groundwater
temperature close to its density maximum (4 °C), the physical
size (in m) of the convection cells was reduced. Small stones
or frost lenses in the ground slightly affect the convective
flow, while larger obstacles change the size and shape of the
convection cells. Performed simulations show that Bseasonal
groundwater turnover^ occurs. This knowledge may be useful
in the prevention of nutrient leakage to underlying groundwa-
ter from soils, especially in agricultural areas where no natural
vertical groundwater flow is evident. An application in north-
ern Sweden is discussed.

Keywords Groundwater flow . Thermal convection .

Numerical modelling . Groundwater density/viscosity .

Sweden

Introduction

Traditionally, fertilizer is applied to fields at different time of
the year in the north and in the south of Sweden. It is consid-
ered more efficient to apply fertilizer in the autumn in the
north, while it is done in the spring in the south. Nutrient loss
to groundwater leads to overfeeding of lakes and water-
courses, negatively impacting flora and fauna. By understand-
ing the mechanisms behind the leakage, fertilizing could be
done more effectively. Such knowledge would also be helpful
in preventing and counteracting other types of contamination
by leakage from the ground surface to groundwater (Kyllmar
2004). Ground heat exchangers, used for extraction of thermal
energy for space heating/cooling, are also affected by such
groundwater convection (Hellström et al. 1988).

An approach to understanding the mechanism of nutrient
leakage from agricultural land as a result of thermally driven
groundwater convection, similar to seasonal mixing of lakes,
was suggested by Engström and Nordell (2006). In that study,
the groundwater convection was modelled for a groundwater
temperature of 10 °C (southern Sweden), whereby the ground-
water convection was initiated by cooling of the uppermost
groundwater. This Bheated from below^ study showed that
groundwater convection reaches down to a depth of at least
5 m when the uppermost groundwater is cooled from 10 to
4 °C. It was found that the penetration depth depends on water
temperature, thermal gradient and permeability of the soil.

In the current study, in the north of Sweden, the undis-
turbed groundwater temperature is below 4 °C. After a long
period of ground frost, heating occurs from the ground surface
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during the spring and early summer. The thawing frost front is
at a temperature close to 0 °C, while the surface groundwater
will warm up until it reaches 4 °C—a Bheated from above^
convective layer is formed. The hypothesis in this is that the
seasonal temperature variation initiates and drives thermal
groundwater convection, as shown in Fig. 1.

During spring and early summer, heat is transported from
the ground surface into the ground. In the north of Sweden,
this means that the uppermost groundwater layer is heated
from 3 to 4 °C. The heat flow melts the frost further down
into the ground; thus, the ground surface and the uppermost
groundwater are Bwarm^, while the groundwater at the frost
front is at 0 °C. This temperature difference, along with a
suitable permeability in the ground and a beneficial soil layer
thickness, induces a convective transport of groundwater.

The denser warmer water begins to sink while the colder
less dense water below starts to rise and a convection cell is
formed. With increasing air temperature, the uppermost
groundwater temperature will not remain at 4 °C. While the
temperature at the groundwater surface is increasing, a density
boundary of 4 °C water is formed as an upper boundary of the
convective layer. Density-driven convection takes place be-
tween the 4 °C density boundary and the thawing frost bound-
ary described in Fig. 2.

Seasonal turnover in lakes is well understood (Kirilin
2010). A stable thermal stratification of lake water occurs
during summer and winter as the density of the water increases
with depth. This stratification is disturbed during spring and
autumn by the density changes resulting from a temperature
change, i.e. heating or cooling of the uppermost layer of water.
The temperature of the whole lake is temporarily uniform
before the temperature distribution is Bturned upside down^.
The driving force of thermal convection is the seasonal tem-
perature variation of the surface water and its temperature
dependent density and viscosity.

Lapwood (1948) started the analysis of groundwater con-
vection by describing a number of cases for the onset of
convection in porous media. Straus and Schubert (2012)
showed that convection patterns were initiated in porous
media at the critical Rayleigh number; however, these

studies were made for very large convection cells (km) and
large temperature differences. Prasad and Kulacki (1984)
made basic convection studies for a rectangular porous cav-
ity with constant heat flux on one wall. Simmons et al.
(2001) discusses the challenge in describing the onset of
natural convection in strongly heterogeneous porous media.
Nield and Kuznetsov (2010) describe how convection insta-
bilities develop with time in porous media. The two latter
studies are highly relevant to the work reported here.

Conductive heat transport through the soil cover depends
on the depth to the water table, the soil thermal conductivity,
and the temperature difference between the groundwater and
the soil at 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 ap-
plications (Nield and Bejan 1999).

Most studies in saturated porous media with nonlinear den-
sity distribution usually consider convection in thin layers, for
small-scale industrial filter applications (Vadaz and Olek
1999). Thermal convection in aquifers has been studied at
much higher temperatures in large geological formations
(Pestov 2000; Cardenas et al. 2012; Krol et al. 2014) and in
thermal energy storage in aquifers (Claesson et al. 1985b).
The problem reported here involves temperatures up to
10 °C and convection cells up to a few meters.

Only a few field measurements on thermally driven con-
vection have been found, none in a subarctic climate. Bense
and Kooi (2004) showed that, in their study, groundwater
temperature was fluctuating 2 °C at the depth of 0.5 m below
the ground surface; they observed 3.5 oscillations over 100 m.
The possibility that such patterns represent groundwater con-
vection was however not discussed in the paper. Krol et al.
(2014) investigated heat generated onset of convection cells
by injecting heat at high temperature (70 °C) into an aquifer.

There are some previous studies of convection in heteroge-
neous media but not with impermeable parts embedded into
the porous media. Prasad and Simmons (2003) did a numeri-
cal study on the onset of convection in heterogeneous porous
media. The heterogeneity consisted of Monte Carlo simulated
varying permeability in a (20×150 m) control volume.

North Sweden, Spring     South Sweden, Autumn 

Groundwater temp. ~3oC         Groundwater temp. ~ 10oC 

Q 

Q 

Groundwater 

surface 

Ground surface

Q

Q

Q 

Q Fig. 1 Diagram illustrating how
heating or cooling drives
groundwater convection.
Groundwater mixing reaches
greater depths in the south of
Sweden since the groundwater
mean temperature deviates more
from the maximum density water
temperature (4 °C). Q is heat flux
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Theory of thermal convection

By changing a fluid’s temperature, the resulting density and
viscosity change will stimulate motion of the fluid (Rehbinder
et al. 1995). This also happens when a permeable material is
being saturatedwithwater, e.g. groundwater in soil, even though
the porous material slows down the flow velocity of the water.

The fluid’s temperature is assumed equal to the matrix’s
temperature. Heat is transported by convection and conduc-
tion in the fluid and by conduction only in the matrix (Ene and
Polisevski 1987). The mathematical formulation of thermal
convection in porous media, near 4 °C, was provided by
Blake et al. (1984). Mass, momentum, and energy for the
homogeneous porous medium model are conserved, as de-
scribed by the following equations (note: terms used in this
paper are also presented in the Appendix):

∂u
∂x

þ ∂v
∂y

¼ 0 ð1Þ

u ¼ −
K

μ
∂P
∂x

ð2Þ

v ¼ −
K

μ
∂P
∂y

þ ρg

� �
ð3Þ

σ
∂T
∂t

þ u
∂T
∂x

þ v
∂T
∂y

¼ α
∂2T
∂x2

þ ∂2T
∂y2

� �
ð4Þ

where the variables u and v are the fluid velocity components,
P is pressure, ρ is fluid density, t is time, and T is temperature.
The constant K is the (intrinsic) permeability of the porous
matrix, μ is the viscosity, α is the thermal diffusivity, and g
is the gravitational acceleration. The heat capacity ratio σ is
defined as

σ ¼ ϕ ρcp
� �

f
þ 1−ϕð Þ ρcp

� �
s

ρcp
� �

f

ð5Þ

whereφ is the porosity of the medium, cp is the specific heat at
constant pressure, (ρcp)f and (ρcp)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; therefore, a better,
nonlinear approximation is that of Goren (1966) and Moore
and Weiss (1973).

ρ ¼ ρ0 1−γ T−T0ð Þ2
� �

ð6Þ

where ρ0 is the maximum density of the water at T0=3.98 °C
and γ=8 · 10−6 (°C−2). This approximation is valid in the
temperature range of 0 to 10 °C; air pressure fluctuations are
not considered to affect the density of water in this study
(Franks 1972). Eliminating pressure from Eq. (3), Eq. (4),
and incorporating Eq. (6) leads to the single momentum con-
servation statement.

∂u
∂y

−
∂v
∂x

¼ −2
Kγg
υ

T−T0ð Þ ∂T
∂x

ð7Þ

Here the kinematic viscosity υ is taken as μ/ρ0. The dynamic
viscosity of a fluid μ is a second order function of temperature
between 0 and 10 °C. The viscosity function used was derived
from tabled values.

The Rayleigh Number (Ra) is the balance between buoy-
ancy 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 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:

Ra ¼ gKγ T−T0ð Þ2H
αυ

ð8Þ

where H is the depth of the control volume. The general crit-
ical Rayleigh number, Rac = 4π

2, indicates that convection
occurs when Ra>Rac.

Thermally driven convection could be triggered and partly
driven by horizontal groundwater flow, when convection be-
gins at a lower Ra number. This phenomenon has been the
subject of detailed studies in the field of aquifer thermal ener-
gy storage (Engström and Nordell 2006). Ra was analysed for
different boundary conditions and it was shown that it was
possible to get lower Rac than the general Rac=40 at undis-
turbed groundwater conditions (Nield and Bejan 1999).

The Nusselt (Nu) number is defined as the ratio between
actual heat transfer and conductive heat transfer. For a given
geometry one then gets

Nu ¼ Qactual

Qconductive

¼ Qactual

kL TH−TCð Þ
H

ð9Þ

where k is the thermal conductivity of a water-saturated po-
rous matrix while TH and TC refer to hot and cold temperature,

Fig. 2 A boundary is formed between the upper heated surface
groundwater and the lower convective layer
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respectively. H and L are depth and length of the control vol-
ume, respectively; thus, convective heat transfer entails Nu>1
(Nield and Bejan 1999). In the performed calculations, the
converging Nu was used as a criterion for the stability of the
numerical simulations.

Methods

Objective and scope

The objective of the current study was to investigate thermally
driven groundwater convection with a groundwater mean
temperature lower than 4 °C; in this case, the convection starts
via heating of the uppermost groundwater. The transient de-
velopment of the convection cells was modelled.

Some assumptions are made about the natural conditions
and also prerequisites for the simulation model. A constant
water table close to the ground surface was assumed. The
permeability and the thermal conductivity are assumed to be
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 surface into the
groundwater.

At the upper and lower boundaries, the temperatures are
constant. An initial disturbance is necessary to start the con-
vection and an initial horizontal groundwater velocity was
therefore introduced. Other natural disturbances such as in-
clined groundwater surface, air pressure variations, ground-
water flow, heterogeneous permeability, and varying thermal
conductivity of the soil, are not considered. Melt water or rain
infiltration, which would influence the temperature gradient,
are not considered in this study.

Simulations

The software ANSYS Fluent (ANSYS Inc 2014) is spe-
cialized to preform computational fluid dynamics (CFD)
simulation and uses a control volume technique to solve
the equations of the conceptual model. The governing
equations of momentum, energy and pressure are integrat-
ed and then discretized by a second-order upwind method.
The solver is segregated and the interpolation scheme is
implicit. The gradient is cell based and absolute velocity
is used. When the residuals of energy, continuity and ve-
locity are low enough (10−6) the solution is considered
converged.

A suitable mesh size for the simulations was first de-
termined. Steady-state calculations were then performed
to analyse how permeability and leakage depth influenced
the formation of convection cells. Transient solutions
were used to evaluate the time needed to establish stable
convection patterns; additionally, the influence of

obstacles (frost lenses or stones) in the soil, on the
groundwater convection, was simulated.

Conceptual model

A two-dimensional (2-D) control volume is filled by a porous
material and water. Here, H (m) is the depth of the control
volume and L (m) is the length of the same (see Fig. 3).Heat
is transported across the upper and lower boundaries. In order
to idealise the problem, the permeability is assumed equal in
both vertical and horizontal directions and the local tempera-
ture T is equal in both the porous material and water. The
constant boundary temperatures are TH = 4 °C and TC=0 °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−1) is needed to start
the convection, which 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.

Impermeable rectangular obstacles were added in the con-
trol volume to make the simulations similar to natural condi-
tions. Two different scenarios were studied. In some simula-
tions such as that of a frost lens, the obstacles had a constant
wall temperature (TW=0 °C), while in other cases, the imper-
meable obstacle had the same temperature and thermal trans-
fer abilities as the surrounding porous media (stones).

Other assumptions

Typical porosity values in sand, with grain sizes of 1–5 mm,
are 35–50 %. 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 Bear (1972) is:

K ¼ Dp
2ϕ3

180 1−ϕð Þ2 ð10Þ

where Dp is the grain size and φ is the porosity. The
dynamic viscosity of the groundwater has been varied

TH x=L

y=H TC

Vi

y=x=0 

Fig. 3 Vertical section of a control volume with 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 cells represent the expected pattern
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with temperature according to Franks (1972), from
0.001792 to 0.001308 kg m−1 s−1 (10 °C).

Size of control volume and mesh

The numerical modelling requires that the length (L) and
depth (H) of the analysed groundwater volume is big
enough 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 5 ·
0.5 m (L × H) was systematically reduced in small steps
from 0.15 to 0.020 m (see Table 1, part 1). All mesh cells
in this simulation are quadratic and the meshing is uni-
form all over the area. As seen in Table 1 (part 1), Nu
converges (at 1.36) with decreasing mesh size, which thus
gives the maximum mesh size as 0.025 m. Subsequently,
at least 20 mesh cells in the vertical direction were used to
obtain converged solutions in the different control vol-
umes. So, for a control volume of 0.5 · 5.0 m, 4,000 mesh
cells are used.

Critical permeability and penetration depth

The second part of the analysis was to determine a critical
permeability. Four grain sizes were analysed to find the lowest
possible permeability for convection to occur. The size of the
control volume was kept constant as well as the mesh size (see
Table 1, part 2).

The third part considered the penetration depth of the ver-
tical water movement. The control volume contained at least
20 mesh cells in the vertical direction. The vertical depth was
varied from 0.1 to 1.0 m, whereas the permeability was kept
constant (see Table 1, part 3).

Transient solutions were used to evaluate the time to estab-
lish stable convection patterns. The development of the con-
vection was examined at 1 day, 13 days and 22 days; further-
more, the obvious influence of obstacles (frost lenses or
stones) in the soil, on the groundwater convection, was simu-
lated. The geometry of the impermeable obstacles was given
as an easy-to-apply rectangular shape, whereby these obsta-
cles were assumed to prevent or hinder the convection from
occurring. Finally, the question arose as to whether the tem-
perature of the obstacle had any influence on the convection.
Two scenarios were investigated: obstacles acting like stones
that adapt to the ambient temperature, or frost lenses having a
constant surface temperature of 0 °C.

Results

Stable thermal convection occurs when Nu >1 and Ra>Rac.
This means that thermal convection is influenced by soil per-
meability, horizontal groundwater flow, thermal properties of
the soil, temperature difference, and the distance between the
uppermost and undisturbed groundwater. The results are sum-
marized in Table 1, where the permeability is a function of
grain size and BNo. of cells^ indicates the number of stable
convection cells within the control volume. In some cases,
stable solutions were not found though Nu>1, which means
that part of the heat transport must be a result of convective
heat transfer. There were also a number of stable convection
patterns for Nu <1.

The current study features:

– The required conditions for thermal groundwater convec-
tion to occur

– The required time for fully developed convection patterns
to occur

– The influence of obstacles (e.g. frost lenses or stones) on
thermal groundwater convection

The permeability was varied to investigate the limits for
stable convection in a 5 · 0.5 m control volume, and perme-
ability values equal to a grain size of 1.5–3 mm were

Table 1 Summary of numerical results of convection concerning
permeability, mesh size and depth of the control volume in the north of
Sweden

L H Mesh size K (10−9) Grain size Ra Nu No. of cells
(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 3 6.09 38 1.36 18

5 0.5 0.025 2.5 4.23 27 1.06 14

5 0.5 0.025 2 2.71 17 0.7 12

5 0.5 0.025 1.75 2.07 13 0.53 10

5 0.5 0.025 1.5 1.52 10 0.53

Part 3

5 0.5 0.025 2 2.71 17 1.12 12

5 0.6 0.025 2 2.71 20 1.15 10

5 0.7 0.025 2 2.71 24 0.89 12

5 0.8 0.025 2 2.71 27 1.08 8

5 0.9 0.025 2 2.71 31 1.03 8

5 1 0.025 2 2.71 34 0.97 8

5 1.1 0.025 2 2.71 37 0.57 -

Part 4

5 3 0.0025 3 6.09 230 0.99 6

5 1 0.0025 2 2.71 34 0.97 8

5 1 0.0025 1.75 2.07 26 0.84 10

5 1.5 0.0025 1.5 1.52 29 0.59 4
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investigated. Stable convection was obtained for permeability
values greater than 2.07 · 10−9 m2, corresponding to a sand
with 1.75-mm grain size (see Table 1, part 2).

Table 1 (part 3) shows the influence of varying depth (H)
for K=2.71 · 10−9 m2 (grain size 2 mm). Stable convection
exists for depths down to 1.0 m, with a decreasing number of
cells. For a 1.1-m deep control volume, the Nu was smaller
than 1, indicating that the temperature gradient was too small
to drive the convection. Table 1 (part 4) shows the penetration
depth for different permeabilities. For a 3-mm grain size the
penetration depth reached 3 m; both 2 and 1.75-mm grain size
reached at most 1-m penetration depth, while for 1.5-mm
grain size, there was still stable convection at 1.5-m depth.

In a 5 · 0.7-m control volume the effect of three large
obstacles was studied for K=6.0 · 10−9 m2, TH=4 °C, and
TC=0 °C, Vi=10

−9 m s−1 (see Fig. 4).
The large obstacles forced the convection cells to change

size and shape. Obstacles with their own constant wall tem-
perature, TW=0 °C, such as a frost lens, generated a different
convection pattern than that of an obstacle with the same tem-
perature as the porous media (stones). The transient solution
was studied on control volumes 5 · 0.7 m with and without
obstacles. The time required to fully develop a steady convec-
tion pattern was about 22 days for each case. This develop-
ment is shown in Fig. 4 (with obstacles) and Fig. 5 (without
obstacles).

Discussion

The hypothesis that thermally driven groundwater convection
could occur as a result of natural cooling of groundwater from
10 to 4 °C has previously been shown by numerical simula-
tions (Engström and Nordell 2006). The current study shows
that such convection also occurs as a result of natural warming
of (surface) groundwater from 3 to 4 °C in medium-grained
sands, which could potentially explain why the convection

takes place during early summer in the north and during the
fall in the south of Sweden. The convection does not reach as
deep in the north because the mean temperature of groundwa-
ter is close to the temperature of maximum density of water.

An initial horizontal water velocity triggers the start of
convection without influencing the temperature-driven
groundwater circulation. There are several natural events that
initiate similar disturbances, e.g. a fluctuating water table be-
cause of rain infiltration, air pressure variation and soil hetero-
geneities. In the current study, all vertical groundwater move-
ment is density driven and this convection affects all water
between the upper and lower limit of the convection cell.
This observation indicates how nutrients could infiltrate into
groundwater and how important the groundwater temperature
is for the infiltration depth. Figure 6 shows a cross section of
the convective layer with streamlines and isotherms.

It was shown that obstacles such as frost lenses or stones in
the ground change but do not hinder the convection pattern. In
the case where obstacles are added, they are purposely shaped
in a Bdifficult^ form, in which very few natural obstacles exist.
A circular or hexagonal shape would be more forgiving in the
simulations. The rectangular shape was supposed to vanquish
the convection patterns, but the convection shape was not
overpowered by the difficult obstacle shape. Their size was
adjusted to be not too small, and not too big. Too small obsta-
cles would not have any significant effect on the convection
patterns and too large obstacles would not allow any convec-
tion cells. The time required to establish stable convection
patterns was about 22 days; thus, a more forgiving shape
should decrease the stabilization time.

The Meteonorm model (Meteonorm 2014), an established
model to determine climate data anywhere in the world, was
used to determine temperature data at selected locations.
Monthly mean air temperature records for the north of
Sweden (Luleå) show that the ambient air temperature is
warmer than the groundwater temperature for 6 months
(April–October) of the year. This means that groundwater at

Fig. 4 Numerical steady-state
solution for a 5 · 0.7 m control
volume: Vi = 10

−9 m s–1, Ra = 61,
K= 6.09 · 10−9 m2, TC = 0 °C,
TH= 4 °C. a Streamlines of
control volume including three
obstacles with temperature
T0 = 0 °C, Nu= 0.49. b
Streamlines of control volume
including three obstacles with the
same temperature as the
surroundings (Nu = 1.0). c
Streamlines of undisturbed
control volume (Nu= 1.13)
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shallow depths will be warmed during half of the year. During
the spring, a thin convective layer of groundwater, at a tem-
perature from 4 to 0 °C, moves downwards as the frost thaws.
Daily air temperature variation at the surface penetrates ap-
proximately 0.2 m into the ground. This temperature is
damped with increasing depth and does not greatly affect the
convection (Nordell and Söderlund 1998).

The temperature-driven vertical velocity of the water is in
the order of 10−6 m s−1, when a stable convection pattern is
obtained, which means that the water penetrates to a depth of
1 m within 12 days. Concurrently, the water at 1-m depth
flows upwards to close the convection cell.

The smallest required permeability is K=2.07 · 10−9 m2

and corresponds to a coarse sandy soil (grain size of
1.75 mm), while agricultural soil normally consists of finer
grains; however, since the permeability of a soil is a mean
value, 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, where the groundwater flow rate will increase
and enhance the development of vertical groundwater flow
and of course also the convection cells.

In natural systems, thermally driven convection is initiated
by different kinds of disturbances—e.g. varying groundwater
flow, infiltration of rain and melt water, changing air pressure

and permeability variations. These disturbances were not con-
sidered in the performed simulations but an initial small hor-
izontal groundwater velocity was introduced to start the
convection.

For horizontal groundwater flow to occur, the water table
has to be inclined, which is not the case in the present study.
Such a gradient enhances vertical water movement, especially
in inhomogeneous materials, and it starts secondary currents
in the groundwater flow. In that scenario, the groundwater
temperature is of little or no importance since the temperature
distribution is the same as that outside the calculated section.
Infiltration of rain and meltwater, on the other hand, always
means vertical groundwater movement that influences the
temperature-driven convection.

Bense and Kooi (2004) showed in their study that subtle
variations in groundwater flow velocities close to the surface
groundwater result in significant temperature anomalies as a
result of the interaction of seasonal surface temperature vari-
ation and groundwater flow. Therefore, determining horizon-
tal profiles of shallow groundwater temperature could be a
tool to assess the small-scale heterogeneity of ground-sur-
face/groundwater interaction.

In a study performed by Bloomfield et al. (2013), seasonal
changes in mean annual air temperature at sea level in the UK
varies from 8 °C in the north to 12 °C in the south. In northern

Fig. 5 Numerical transient
solution for a 5 · 0.5 m control
volume: Vi = 10

−9 m s−1, Ra = 38,
K= 6.09 · 10−9 m2, TC = 0 °C,
TH= 4 °C. a Convection pattern
after 1 day, Nu = 1.89; b
Convection pattern after 13 days,
Nu= 0.55; c Fully developed
convection pattern after 22 days,
Nu= 1.36

Fig. 6 Numerical steady-state
conceptual solution showing the
relation between streamlines and
isotherms. a Streamlines; b
Isotherms

Hydrogeol J



temperate-climate regions, diurnal variations are not generally
seen below 1.5 m depth, whereas seasonal temperature cycles
penetrate the ground to depths on the order of 10–15 m at a
rate dependent on the thermal diffusivity of the ground.

Though the diffusion term was less than the convection
term, performed calculations (eventually) converged. This
idealised solution may not be generally applied in picturing
the water flow but indicates that vertical groundwater move-
ments occur. Validation of obtained results should preferably
be carried out in a laboratory test since the natural environ-
ment includes too many uncontrolled parameters.

The results shown can be helpful in determining when, in
the year, to apply fertilizers to the ground in subarctic areas,
and to estimate a potential depth to which the nutrients are
expected to reach. In traditional studies of convection in
groundwater, larger temperature gradients are used over big-
ger areas.

Conclusions

The hypothesis, that seasonal temperature variations could
initiate and drive thermal groundwater convection in cold
climates was supported by numerical simulations, though
it was not possible to verify the calculations. The number
of convection cells increases with permeability and de-
creases with the thickness of the control volume in a ho-
mogeneous porous medium. Impermeable disturbances in
the homogeneous porous media, like stones, also affect
the number of convection cells. Convection cells form at
Ra > 15, provided that an initial disturbance, a horizontal
small groundwater velocity, is used.

In some cases, no stable solution was found even with
Nu> 1, i.e. part of the heat transport must be a result of
convective heat transfer. One explanation could be oscil-
lating or propagating convection cells, which would not
be seen in steady-state solutions. Since it takes 22 days to
establish steady-state groundwater convection, for as-
sumed standard conditions, convection is likely to occur
in the north of Sweden. Vertical groundwater movements
will exist and will transport nutrients, regardless of wheth-
er there are obstacles such as frost lenses or stones in the
ground. The obstacles change, but do not hinder the oc-
curring convection pattern in the ground. If there is no
stable convection pattern provided, there is still vertical
transport of the groundwater, due to seasonal temperature
changes in cold climate areas.

Groundwater convection occurs in different seasons of the
year depending on whether the groundwater temperature is
higher or lower than 4 °C. The size of the convection cells
increases with increasing temperature deviation from the max-
imum density of the groundwater (4 °C). Consequently, the
vertical transport of soluble nutrients and fertilizer and, hence,

loss from surface soils can be estimated based on simulation of
thermally driven convection.

Future work

The performed simulations show that stable convection was
obtained for permeability values greater than 2.07 · 10−9 m2,
corresponding to sand with a 1.75-mm grain size, which is
however considerably greater than that of typical agricultural
soils. Although seasonal temperature differences would assist
the groundwater convection in such soils, there must also be
other explanations to vertical groundwater movements in fine-
grained soils—other reasons would be unstable groundwater
convection or oscillating convection cells, infiltration of rain
and melt water, heterogeneous permeability, and 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.

The Coriolis force, caused by the Earth’s rotation, induces
secondary currents and is also being studied by the authors
and the results are soon to be published. The simulations per-
formed could be verified by monitoring the groundwater tem-
perature in a field test using a three-dimensional grid during a
period of time when seasonal groundwater turnover is
occurring.
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Appendix

Nomenclature

cp Specific heat at constant pressure (J kg−1K−1)
Dp Grain size (m)
g Acceleration of gravity (m s−2)
H Depth of control volume (m)
k Thermal conductivity (W m−1 K−1)
K Permeability (m2)
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 (°C)
T0 Maximum density temperature (°C)
TH Hot temperature (°C)
TC Cold temperature (°C)

Hydrogeol J



TW Frost lens wall temperature (°C)
u Horizontal velocity (m s−1)
v Vertical velocity (m s−1)
Vi Initial velocity (m s−1)
x, y Cartesian coordinates in two dimensions

Greek letters

α Thermal diffusivity (m2 s−1)
γ Coefficient (°C−2)
μ Dynamic viscosity (kg m−1s−1)
ρ Density (kg m−3)
ρ0 Density maximum (kg m−3)
σ Heat capacity ratio (-)
υ Kinematic viscosity (m2 s−1)
φ Porosity (%)

Other symbols

f Fluid related

s Solid related
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Abstract 
General studies on the Coriolis force show that the effect is most pronounced on slow flowing and of large-
scale flows, e.g. in weather systems and ocean currents. Here it was shown that Earth´s rotation also 
influences groundwater flow. In performed initial CFD calculations, the Coriolis force was applied in the 
Fluent groundwater model. The studied aquifer was simplified by an orderly permeability change. Only a 
limited number of parameters were investigated. Vertical groundwater movements occurred though the 
studied cases included unfavourable conditions for such convection. Irregularities in permeability, which 
were not studied, would have created flow disturbances that enhance the possibility of secondary currents 
to occur. The conclusion is that Earth´s rotation causes secondary groundwater movements including 
vertical convection cells, and areas of lower and higher static pressure.  
 
Keywords: Groundwater flow, Numerical modeling, Secondary currents, Coriolis force, Convection cells 
 
1. Background  
Anything that moves on the surface of the Earth is affected by the Coriolis force though this influence is 
pronounced on slow large-scale flows. Its influence on groundwater flows is generally considered to be 
insignificant but such flows are very slow and large-scale. The starting point of current study is that the 
Coriolis force affects groundwater flows in similar way as it curves the paths of winds and currents.  
William Ferrel is the first scientist having applied the Coriolis effect to atmospheric flow in 1858 ( Abbe 
1895). There is extensive research on how Earth’s rotation affects ocean currents (Pedlosky 1979) and 
weather systems (Persson 1998) including geostrophic adjustments, jet stream dynamics, atmospheric 
energy balance and Hadley cells. Coriolis induced secondary currents in porous media have previously 
been described, for industrial applications (Vadasz 2000). Loáiciga (2007) made a general mathematical 
study on how the Coriolis force effect ground water motion. He showed that the ratio of gravitational force 
was at least 300 times greater than the Coriolis force (34 N/m3) and he concluded that “only a small error is incurred by not introducing the rotation-induced force in Darcy’s law”. Larsson (1986) showed that 
the Coriolis force generates significant secondary currents in open channel flow. He concluded that the 
maximum influence occurred for certain conditions, for wide flows of low flow velocity, which is a typical 
situation in groundwater flows.  
 

 
1.1. Objectives and Scope  

The hypothesis of current paper is that the Coriolis force influences groundwater flow in a similar way as it 
influences large-scale movements in the atmosphere and the ocean. 
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Since this idea is not scientifically established, no field studies exist to verify the phenomenon. Here, the 
idea was to develop a numerical flow model and validate it against published experiments, simulations and 
analyses. The validation starts with an experimental study by Wagner and Velkoff (1972), which includes 
measurement of secondary currents in a rotating air channel. Howard et al. (1980) modelled secondary 
currents in a water filled rotating channel. Larsson (1986) studied how Earth´s rotation influences open 
channel flow. Simulated results obtained by Vadasz (1993) in his analysis of secondary currents in rotating 
heterogeneous porous media are also shown. After this validation, the model was used on groundwater 
flow.  
The Coriolis force was expected to influence the groundwater flow so that secondary current occurs and 
that areas of high pressures and low pressures are formed in the groundwater, similar to those occurring in 
the atmosphere and the ocean. 
Performed calculations include the following assumptions and limitations: Constant temperature, air 
pressure and viscosity are assumed. Only steady state solutions are considered for a constant control 
volume. Three permeability distributions were chosen for open and confined aquifers. No field 
investigations have been conducted.  
 

1.2. Theory of the Coriolis force 
The Coriolis force Fcor (N) in Eqn (1) is an additional force to the general centrifugal force Fcen (N) in Eqn 
(2) (Persson 2005). It is not a “real” force like gravitational force, more a cause of inertia to an object 
(Persson 2004). It is perpendicular to both the axis of rotation and velocity of the moving object. 

rcor m VΩF 2      (1) 

)( REΩΩF mcen      (2) 

Here, m is the mass of a moving object (kg),  Ω is angular velocity (rad/s), Vr is velocity of the moving 
object (m/s) and ER is the radius of Earth (m). The Coriolis force on Earth varies with the latitude φ (º) 
according to Eqn (3) and is thus greater close to the poles of the planet. 

rVΩF sin2mcor      (3) 

Fig. 1 shows the relation between centrifugal force Fcen and gravitation on a given latitude. Due to Earth’s 
rotation and the sum of gravitational force g* and Fcen will do the weight of an object g, pointing “straight 
downwards” (perpendicular to a water surface at rest). Any movement of the object affects the equibilirium 
of these forces, and acceleration in both horizontal and vertical directions occurs (Persson 2004). 

 
Fig. 1 The combination of the gravitational and centrifugal forces contribute the force of gravity, directed 
perpendicular to the Earth’s surface 
 
An object moving under inertia over the surface of a rotating planet will have a curved trajectory both in 
relative and absolute frame references. In the latter case the speed or kinetic energy of the object will vary  
(Persson 2014).  

Gravitational 
force  

Gravitation 

Centrifugal force 

Ω 
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2
rVR   (4) 

 The nature of the Coriolis force is to resist displacement of fluids in motion trying to restore every unit to 
its starting point, see Fig. 2. Drifting buoys or icebergs set in motion by winds tend to move under inertia 
forming a continuous cycloid pattern (Persson, 2004). The inertia circle has a radius R (m) and a period of 
time τ (s). Vr  is the main velocity (m/s).  

       (5)  

   
Fig. 2. Schematic presentation of properties for inertia circles; a variable size due to latitude; b an inertia 
circle is not fully closed. Source: Persson (2005) 
 
Applied on groundwater flow this means, for Earth’s angular velocity of 7.292∙10-5 rad/s and a ground 
water (pore) velocity of 0.001 m/s, an inertia radius of 6.8 m with a period of almost 12 h.. In order to 
quantify the relative importance of the rotation on a particular problem the non-dimensional Rossby 
number Ro is often used (Larsson 1986).  

LΩ
VRo

)sin(2 x

     (6)                      

where V is the main velocity, L is the length. Small Rossby numbers, (Ro<1) imply that the effect of 
rotation is important, Larsson (1986). Applying Eqn (6) on an aquifer; assuming a pore velocity of 0.001 
m/s and the length 250 m, at a northern latitude of 65o, the Ro number is 0.03. This value is <<1 and 
therefore Earth’s rotation influences groundwater flows in any given aquifer.  
 

1.3. Secondary currents in open channel flow 
von Bear (1860) was the first to describe peculiar meandering on some north to south flowing Siberian 
rivers and their beds. The right side bank of the river was more eroded than that on the left side. However, 
von Bear did at that time not reach the right conclusion that the observed irregular erosion was a result of 
the Coriolis force. 
 Larsson (1986) showed the importance of secondary currents in river flows even if they only amount about 
1 % of the downstream velocity. These currents influence the main velocity distribution and the cross-plane 
distribution of scalars like heat and concentration of contaminants. 

(b) (a) 
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Fig. 3 A cross plane flow pattern in a rotating channel with a mainstream 
 
A typical cross-plane flow pattern in a rotating channel is shown in Fig.3. The secondary currents arise 
because the Coriolis force accelerates the downstream moving water towards the side wall. As a 
consequence, a lateral pressure gradient is built up. This pressure gradient is fairly uniform in the vertical 
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.  
 

1.4. Validation of model 
Wagner and Velkoff (1972) performed experiments and described occurring secondary currents in an 
airflow through a rotating rectangular channel. They measured the magnitude and direction of such flows in 
a rotating channel. Their study was thoroughly conducted and the experimental setup is presented in Fig 4. 
Six different rotational velocities were analysed in the range 0-300 rpm. The conclusion was that the 
magnitudes of the cross-flow velocities and longitudinal vortices were linearly proportional to the rotational 
speed. Continuity in the cross-flow direction appears to be satisfied at every station. The mass flow moving 
from the suction side to the pressure side of the rotating channel is equal to the returning flow. Note that 
Wagner and Velkoff (1972) used English units in their published work and that the replication of the 
experiment is made in the same set of units. 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Cross section for the experimental setup for Wagner and Velkoff ( 1972) reproduced after Fig. 4 in 
the paper 
 
Validation of present study is done by numerically replicating Wagner and Velkoff (1972) for a rotational 
speed of 100 rpm. The cross section used for measurements was 30 inches from the inlet of the tube. The 
size of the section is 4.75x1.75 inches. 

32 
31.5 
31 
30.5 

35 34 

32.5 

36 37 38 
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In Fig. 5 Wagner and Velkoff (1972) horizontal cross-flow velocities are presented in the cross section 30 
at the stations 34, 35, 36, 37 and 38, shown in Fig. 4. Since the original diagrams were blurry, the 
reinterpreted graphs of Fig. 16 from Wagner and Velkoff (1972) are shown in Fig. 5 a. The present 
simulation and the experimental measurements are not identical, but similar which demonstrates good 
accuracy in the measurements. Comparison of vertical cross flow velocities were also in good agreement 
though not presented in this paper.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Fig. 5 a Reinterpreted measurements of horizontal cross flow velocities by Wagner and Velkoff (1972) at 
station 34 to 38; b Present simulation for the same stations. Angular speed for both graphs is 100 rpm 

Larsson (1986) performed numerical modelling on open channel flow. This study was unique since no 
other numerical study had included Earths’ rotation. Larsson showed that it matters if the channel is open 
or closed. Open channel flow gives more pronounced secondary currents. Larsson’s setup was a 5x25x200 
m open channel with water. He used a simple turbulent model for the fluid flow, and simulated the rotation 
in the channel by a momentum source term. 
Larsson also studied the effect of the latitude, i.e. the proportion between the Fx/Fy, and showed that it was 
important for the resulting secondary currents. The greatest effect of the Coriolis force was for the situation 
Fx/Fy =2, which corresponds to a latitude of 60° N. In Fig.6 simulations are shown for u/w made by 
Larsson (1986) for an open rectangular channel of B/H=5, at different Coriolis force components. Where B 
is the width (m) and H is the height (m) of a cross section in the channel. 

(b) 

(a) 
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Fig. 6 Recapitulation of Fig. 5.16 a) where simulations for u/w made by Larsson (1986) for an open 
rectangular channel of B/H=5, at different Coriolis force components 

Larsson’s numerical model contains 10 grid points in the horizontal direction. Current Fluent study 
contains 100 similar grid points. Larsson´s model does not include near wall velocities. When comparing 
Larsson with present study one can notice that Larsson have a coarse grid. The capacity of available 
computers in the eighties was modest. So numerical modelling was time consuming and not easy to 
perform. Fig.7 shows a comparison of present study and Larsson (1986) on secondary velocities for aspect 
ratio of B/H=5 and Fx=2Fy. 
The present simulation is not stable as the solution is moving across the section with the flow. This means 
that a transient solution would show an oscillatory behaviour. 

 
 
 
 
 
 
 
 

 
 
 
 
 
 

Fig 7 Simulated secondary velocities for aspect ratio of B/H=5 and Fx=2Fy; a Larsson (1986); b Present 
study 

Vadasz (1993, 1997, 2000) have made analytical research on secondary currents in rotating porous media. 
His studies showed that the porous medium had to be heterogeneous for the secondary currents to develop 
and that the permeability function was very important for the development of secondary currents. A 
permeability function k=ez gives a flow profile shown in Fig. 8. 

(a) 

(b) 
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Fig. 8 a Velocity profile; b streamline by Vadasz (1993) 
 
Note that Vadasz (1993) uses a different orientation of x, y and z coordinates. Present study was not able to 
validate this numerical model due to unclear information on how variables in the dimensionless numbers 
were distributed.  
 
2. Calculation Method 
The simulation software program FLUENT (2017) is a computational fluid dynamics (CFD) model. It uses 
a control volume technique to solve the equations of the conceptual model numerically. The governing 
equations of momentum, energy and pressure are integrated and then discretized by second order upwind 
method. The solver is segregated and the interpolation scheme is implicit. The gradient is cell based and 
absolute velocity is used. When the residuals of energy, continuity and velocity are low enough (in the 
order of 1∙10-6) the solution have converged. 
The Coriolis force was applied in each cell as a momentum source term (N/m3), dependent of flow velocity 
in both directions in the horizontal plane. 
 

2.1. Conceptual model 
Boiling down all the earlier mentioned research and stretching a little bit further, the conceptual steady-
state model was chosen. The work of Larsson is extended to include the Coriolis force on a flow through a 
porous media. A control volume of 25x5x200 m is used during the simulations and a mesh cell size of 0.5 
m renders 200 000 mesh cells. Only the inlet and outlet faces interact with the surroundings. Inlet velocity 
Vi is set to be 0.001 m/s in all simulations and the flow is laminar. The angular velocity of Earth´s rotation 
is 7.292∙10-5 rad/s. That angular velocity is applied as a source term in both x and y direction, at a given 
latitude of 65º N (Luleå). 
In FLUENT, the permeability is described as a viscous resistance (VR). The permeability was varied in 
three ways, linear, nonlinear and constant. In the linear and nonlinear case only the permeability was 
altered in the vertical direction and constant in the two others. The linear vertical variation was described 
by the VR function f(y)= 100y+1000. The nonlinear permeability distribution in vertical direction has a VR 
function of f(y)= ey.  In the constant permeability case, the permeability is kept constant at the same rate in 
all directions.  
The chosen flow velocity of 0.001 m/s is large for laminar Darcy groundwater conditions. A Reynolds 
number (Re) in the order of 10 or less, indicates Darcy flow. Eq. (7) gives Re in a porous media (Nield and 
Bejan 1999): 

 (b) (a) 
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30Re ud
                                                                                           (7) 

Here, d30 is the representative grain diameter. By calculating Re for a horizontal groundwater velocity u of 
0.001 m/s, a d30 value of 2 mm and a dynamic viscosity value of 0.001308 at 10ºC, the result Re=1,53 
indicates that the assumed laminar flow is valid.  
Larsson (1986) suggested that secondary currents more easily occur in an open channel flow than in a 
confined flow. So, those two states were also evaluated. Bear (1972) and Vadasz (1993) stated that 
secondary flow is not possible to occur in homogeneous permeability distribution.  
 
3. Results 
To start with, water flow in a confined control volume was simulated. Then the porous media was added 
and lastly the Coriolis force was included. The inlet velocity of the control volume is 1∙10-3 m/s.  
For the case of nonlinear permeability distribution in a confined aquifer, the main velocity in the xy plane at 
z=180 m is shown in Fig. 9 a. Adding the Coriolis force to the simulation a different vertical and horizontal 
velocity distribution appears, see Fig. 9 b.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 Simulation of flow in a confined aquifer of dimensions 25x5x200 m with nonlinear vertical 
permeability distribution at section z=180 m, Vi=0.001 m/s; a main velocity distribution without the 
Coriolis force; b main velocity distribution including the Coriolis force.  
 
 
 
 
 
 
 
 
                       
 
 
 
 
Fig. 10 Vertical velocity distribution for a confined aquifer of dimensions 25x5x200 m with nonlinear 
vertical permeability distribution with the Coriolis force, Vi=0.001 m/s; a xy plane at z=180 m, shown in b 
with a vertical black line ; b xz plane at y=2.5 m ( seen from above) 
 
 

5 m 

(a) 

(b) 

25 

5 

(a) 

(b) 
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The vertical velocity distribution is showing a clear appearance of secondary currents, Fig. 10 a. In Fig. 10b 
a xz plane of vertical velocity is shown at y=2.5 m. One can see that secondary currents are formed due to 
the Coriolis force. The secondary currents are forming convection cells in the xy cross section and tubes 
along the xz direction. The black line in the xz plane marks where the xy cross section is located. 
For the case of nonlinear permeability distribution in an open aquifer. Fig. 11 shows a comparison of main 
velocity distribution for a; without the Coriolis force and b with the Coriolis force. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11 Main velocity distribution for an open aquifer of dimensions 25x5x200 m with nonlinear vertical 
permeability distribution at section z=180 m, Vi=0.001 m/s; a without the Coriolis force; b with the 
Coriolis force  
 
In Fig. 12 the open aquifer with nonlinear vertical permeability distribution including the Coriolis force is 
shown  in the xz plane at y=2.5 m and in the xy plane at section z=180 m, marked by a vertical line in Fig. 
12b. The pattern of the flow tubes in Fig 12.b is somewhat less distinct than in Fig. 10 b. The tubes are 
oriented more across the plane, than along it. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12 Vertical velocity distribution for an open aquifer of dimensions 25x5x200 m with nonlinear vertical 
permeability distribution including the Coriolis force, Vi=0.001 m/s; a xy plane at section z=180 m, marked 
by a vertical line in b; b xz plane at y=2.5 m (seen from above) 
 
Looking at total pressure distribution of the open and confined aquifer, see Fig.13, one can notice that areas 
of varying pressure occur. The pressure pattern follows the pattern for vertical velocity distribution. The 
range of pressure variation is in the order of -1.2 ∙10-2 -7∙10-3 Pa. 
 
 
 

5 m 

(a) 

(b) 

25 m 

5 m 

(b) 

(a) 
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Fig. 13 Static pressure distribution for a open and b confined aquifer. The legend refers to the static 
pressure graph of the open aquifer 
 
In the case of linear permeability distribution, the main velocity at z=180 m is shown in Fig. 14. Here the 
result differs between the confined and open aquifer flows. There are no visible Coriolis effects on the 
confined flow. There is no explanation to the alternative behaviour according to the nonlinear permeability 
case. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14 a Main velocity distribution for an open aquifer of dimensions 25x5x200 m at section z=180 m;  b 
main velocity distribution with the Coriolis force at section z=180m; c vertical velocity distribution with the 
Coriolis force at section z=180 m.; d vertical velocity distribution at y=2.5 m in horizontal xz plane 
  
According to Bear (1972) and Vadasz (1993) studies, no vertical flow velocities occurred in the 
homogeneous permeability distribution. 
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4. Discussion 
Only a limited number of parameters were investigated i.e. the open and the confined aquifer were studied 
for three different permeability distributions in one type of control volume. The groundwater flow with 
linear and homogeneous permeability distribution was not affected by the Coriolis force. In the nonlinear 
case combined with the closed aquifer settings there was formations of convection cells and convection 
tubes according to Fig.10 b. With the open aquifer settings, the effect of the Coriolis force on the 
groundwater flow was still visible, but much more diffuse. 
The secondary currents induced by the Coriolis force also creates zones of varying pressure though the 
pressure gradients are small. On a free water surface, there are formations of small “hills and valleys”, like 
the topology in a landscape. A pressure difference of 100 Pa causes a difference of 1 cm in the free surface 
water level. 
Other important factors that affects groundwater flows e.g. varying temperature and associated viscosity 
variations, ambient pressure variation, and irregularities in permeability have been neglected in current 
study. Such fluctuations would have created additional flow disturbances that increase the possibility for 
the formation of secondary currents. The study is limited to a one size aquifer (5x25x200 m) i.e. a 
permeable volume with walls defined by boundary conditions. The size and properties of the control 
volume affect the flow. Numerically the size of the control volume and the mesh cell size are chosen to be 
balanced so that the calculation time would be reasonable and with acceptable convergence. The boundary 
conditions of the control volume are considered to affect the flow in the model in a limited way.  
The aim of this first study was not to get a detailed description of occurring flow patterns but to provide 
evidence that the Coriolis force influences the groundwater flow. 
Larsson’s hypothesis that secondary currents are more likely formed in open channel flow than in confined 
flow was not supported by present groundwater study.  
The existence of Coriolis induced groundwater flow in nature is very difficult to measure, or rather to 
distinguish from other disturbances in groundwater flows. In future theoretical studies, much more can be 
learned by combining omitted factors in present study. 
The study was conducted on a flow regime that can be described both by the Darcian and the non-Darcian 
flow model. The laminar flow model was chosen since laminar flow is most common in groundwater.  
 
 
5. Conclusions  
To our knowledge this is the first study that shows that Earth´s rotation affects groundwater flows.  It was 
shown that secondary groundwater movements are created, including vertical convection cells and areas of 
low and high static pressure. Though further studies are needed it is concluded that it might be useful to 
consider the Coriolis effect in future simulations, to include occurring vertical groundwater movements, in 
order to advance groundwater science. 
 
 
 
Nomenclature  
   B  width    m 
   d30  representative grain diameter   m 
 

Er  Earth`s radius     m 
g  acceleration of gravity   m/s2 

g*  gravitational force   N 
Fcor  the Coriolis force   N 
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Fcen  Centripetal force   N 
Fx  the Coriolis force, x-component   N 
Fy   the Coriolis force, y-component   N 
H  height    m 
k  permeability    m2 
L  length    m 

  m  mass of a moving object   kg 
R  radius of inertia    m 

  Re  Reynolds number 
Ro  Rossby number 
t  time    s 

  u  horizontal water velocity   m s-1 
 
V  main velocity    m/s 
Vi  inlet velocity    m/s 
Vr  velocity of the moving object   m/s 
 
Greek letters 
Ω  angular velocity    rad/s 
Ωx  angular velocity, x-component rad/s 
φ  latitude    °  

  porosity 
μ  dynamic viscosity   kg m-1s-1 
ρ  density    kg m-3 
π  constant   
τ  period of time    s 
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Abstract
Present study considers the influence of aquifer bottom surface on Coriolis induced 
secondary currents. The used CFD model was validated by replicating earlier studies of 
Coriolis induced secondary currents in fluid flows. The Coriolis effect on groundwater was 
analyzed for two sets of vertical permeability distributions for two different bottom 
structures. The reason for this approach is that the numerical model requires a disturbance 
in the groundwater flow to pick up the effect of the Coriolis force. Without any disturbance, 
which could exist in a model but hardly in the real world, there are no force variations that 
could induce secondary currents. 

Keywords: Groundwater flow, Numerical modeling, Secondary currents, Coriolis force

1 Background 

Anything that moves on the surface of the Earth is affected by the Coriolis force though 
this influence is pronounced on slow large-scale flows. William Ferrel is the first scientist 
having applied the Coriolis effect to atmospheric flow in 1858 (Abbe 1895). There is 
extensive research on how Earth’s rotation affects ocean currents (Pedlosky 1979) and 
weather systems (Persson 1998) including geostrophic adjustments, jet stream dynamics, 
atmospheric energy balance and Hadley cells. 
Coriolis induced secondary currents in porous media have been described, for industrial 
applications (Vadasz 2000). Loáiciga (2007) made a general mathematical study on how 
the Coriolis force effect ground water motion. Larsson (1986) showed that the Coriolis 
force generates significant secondary currents in open channel flow. He concluded that the 
maximum influence occurred for certain conditions, for wide flows of low flow velocity, 
which is a typical situation in groundwater flows. He showed that the ratio of gravitational 
force was at least 300 times greater than the Coriolis force (34 N/m3) and he concluded that 
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“only a small error is incurred by not introducing the rotation-induced force in Darcy’s 
law”. 
Engström and Nordell (2017) showed that the Coriolis force induce secondary currents in 
groundwater. It was demonstrated that secondary currents in groundwater form in a similar 
way as they are formed in river flows. 

1.1 Objectives and Scope
In current study the effect of the Coriolis force on groundwater flow was simulated in a 3D 
numerical simulation model. Validation of the numerical model was done in Engström and 
Nordell (2017). Comparison is made with some of the cases in earlier studies to see what 
happens with the development of the secondary currents when the bottom design is 
changed. Earlier studies (Vadasz 1993) suggested that the Coriolis force only could 
develop in a heterogeneous permeability distribution.
The objective of this study was to show that the numerical model requires a disturbance to 
pick up the effect of the Coriolis force, e.g. varying permeability or cross-flow area. Two 
different bottom structures were applied: 1/ A triangular ridge 2/ Three cube shaped 
obstacles. It was assumed that the density and viscosity of the groundwater, and that the 
air pressure were constant. Only steady state solutions are considered. Two permeability 
distributions were chosen for confined aquifer conditions. No field investigations have 
been conducted. 

1.2 Theory of the Coriolis force
The Coriolis force Fcor (N) in Eq. (1) is an additional force to the general centrifugal force 
Fcen (N) in Eq. (2) (Persson 2005). It is not a “real” force like gravitational force, more a 
cause of inertia to an object (Persson 2004). It is perpendicular to both the axis of rotation 
and velocity of the moving object.

rcor m VF 2 (1)

)( REF mcen (2)
Here, m is the mass of a moving object (kg), is angular velocity (rad/s), Vr is velocity of 
the moving object (m/s) and ER is the radius of Earth (m). The Coriolis force on Earth 
varies with the latitude (º) according to Eq. (3) and is thus greater close to the poles of 
the planet.

rVF sin2mcor (3)
Fig. 1 shows the relation between centrifugal force Fcen and gravitation on a given latitude. 
Due to Earth’s rotation and the sum of gravitational force g* and Fcen will do the weight of 
an object g, pointing “straight downwards” (perpendicular to a water surface at rest). Any 
movement of the object affects the equilibrium of these forces, and acceleration in both 
horizontal and vertical directions occurs (Persson 2004).
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Fig. 1 The combination of the gravitational and centrifugal forces contribute the force of gravity, directed 
perpendicular to the Earth’s surface

An object moving under inertia over the surface of a rotating planet will have a curved 
trajectory both in relative and absolute frame references. In the latter case the speed or 
kinetic energy of the object will vary (Persson 2014). 

2
rVR (4)

The nature of the Coriolis force is to resist displacement of fluids in motion trying to 
restore every unit to its starting point, see Fig. 2. Drifting buoys or icebergs set in motion 
by winds tend to move under inertia forming a continuous cycloid pattern (Persson, 2004). 
The inertia circle has a radius R (m) and a period (s). Vr is the main velocity (m/s). 

(5)  

Fig. 2. Schematic presentation of properties for inertia circles; a variable size due to latitude; b an inertia 
circle is not fully closed. Source: Persson (2005)

-5 rad/s 
and a ground water (pore) velocity of 0.001 m/s, an inertia radius of 6.8 m with a period of 
almost 12 h. To quantify the relative importance of the rotation on a particular problem the 
non-dimensional Rossby number Ro is often used (Larsson 1986).

L
VRo

)sin(2 x

(6)                     

Gravitational 
force 

Gravitation

Centrifugal force

(b)(a)
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where V is the main velocity, L is the length. Small Rossby numbers, (Ro<1) imply that the 
effect of rotation is important, Larsson (1986). Applying Eq. (6) on an aquifer; assuming a 
pore velocity of 0.001 m/s and the length 250 m, at a northern latitude of 65o, the Ro number 
is 0.03. This value is <<1 and therefore Earth’s rotation influences groundwater flows in 
any given aquifer. 

1.3 Taylor-Proudman columns
Other vertical water movements are the Taylor-Proudman columns. In pure fluids this 
phenomenon is described by Persson (2001) to illustrate inertia circles and the importance 
of the Coriolis force. Vadasz (1994) established the governing equations of Taylor-
Proudman columns in rotating porous media.
A drop of ink inserted in a rotating tank will remain in a vertical column, moving around 

the tank as a rigid body, see Fig. When the ink started to spread out horizontally, every ink 
particle was immediately affected by the Coriolis force acting at right angles to the motion. 
It forced the particles into curved motion, circles with surprisingly small radii. A body 
moving in a rotating system under no other force than the Coriolis force will follow a so-
called inertia circle, with a radius of Vr/2 , Persson (2001).

Fig. 3.  Left: Ink dropped into a water filled cylinder forming a cloud. Right: ink dropped into a water filled 
rotating cylinder, forming a Taylor column

A similar example in a rotating porous media creates a fluid column above an object 
laying on the bottom of the tank. The fluid is forced to go around it and forms a column 
that rotates like a rigid body, Vadasz (1994).

2 Calculation Method

The simulation software program FLUENT (2017) is a computational fluid dynamics 
(CFD) model. It uses a control volume technique to solve the equations of the conceptual 



5

model numerically. The governing equations of momentum, energy and pressure are 
integrated and then discretized by second order upwind method. The solver is segregated,
and the interpolation scheme is implicit. The gradient is cell based and absolute velocity is 
used. When the residuals of energy, continuity and velocity are low enough (in the order 

10-6) the solution have converged.
The Coriolis force was applied in each cell as a momentum source term (N/m3), dependent 
of flow velocity in both directions in the horizontal plane. In Engström and Nordell (2017) 
the numerical model used in present study was validated by numerical recapitulation of 
some former studies on the Coriolis force and fluid flow.

2.1 Conceptual model
A control volume of 30x5x100 m is used during the simulations and a mesh cell size of 0.3
m renders 500,000 mesh cells. Only the inlet and outlet face interact with the surroundings. 
Inlet velocity Vi is set to be 0.001 m/s in all simulations and the flow is laminar. The angular 
velocity of Earth´s -5 rad/s. That angular velocity is applied as a source 
term in both x and y direction, at a given latitude of 65º N (Luleå).
In FLUENT, the permeability is described as a viscous resistance (VR). The permeability 
was varied three ways, linear, nonlinear and homogeneous. In the linear and nonlinear case,
the permeability was only altered in the vertical direction and kept constant in the two 
others. The linear vertical variation was described by the VR function f(y)=100y+1000. 
The nonlinear permeability distribution in vertical direction has a VR function of f(y)= ey.
In the homogeneous permeability distribution, the value of VR was set to 1000 in each 
spatial direction.
The chosen flow velocity of 0.001 m/s is large for laminar Darcy groundwater conditions. 
A Reynolds number (Re) in the order of 10 or less, indicates Darcy flow. Eq. (33) gives Re 
in a porous media (Nield and Bejan 1999):

(7)

Here, d30 is the representative grain diameter. By calculating Re for a horizontal 
groundwater velocity u of 0.001 m/s, a d30 value of 2 mm and a dynamic viscosity value of 
0.001308 at 10ºC, the result Re=1.53 indicates that the assumed laminar flow is valid.

2.2 Outline of the study
Vadasz (2000) it was stated that secondary currents would not form unless the vertical 
permeability distribution was nonlinear. Including a triangular ridge along the main 
velocity direction might trigger formation of secondary currents in linear och constant 
vertical permeability distribution. One bottom design V-shape ridge along the z direction, 
see Fig. 4. The peak of the tip is 3 m above the bottom and the slope is set to 2:1. Three 
types of vertical permeability distributions were modelled along with the Coriolis force. 

30Re ud
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Fig. 4 Cross-section of the porous flow area with the two bottom structures. Left: A triangular ridge in xy-
section. Right: Three cube shaped obstacles in xz-plane (seen from above)

To investigate whether Taylor-Proudman columns can be formed in an aquifer a few 
obstacles like bigger stones or rocks are placed on the bottom of the aquifer and typical 
permeability distributions are applied. 
The other bottom design had three obstacles placed at xz coordinates (30, 10), (50, 15) and 
(80, 20) m, see Fig. . The obstacles were shaped as 1x1x1 m cubes. Three types of vertical 
permeability distributions were modelled along with the Coriolis force. Water flow in a 
confined control volume was simulated. Then the porous media was added and lastly the 
Coriolis force was included. The inlet water flow velocity of the control volume is 0.001
m/s.

3 Results

Figure 5 shows the result for linear permeability distribution in a confined aquifer with a 
v-shaped ridge bottom design. The main velocity in the xy plane at z=80 m is shown in Fig.
5 a. Adding the Coriolis force to the simulation a different vertical velocity distribution 
appears in see Fig. 5 b.

Fig. 5 Simulation of flow along a V-shaped ridge bottom design in an aquifer of dimensions 30x5x100 m 
with linear vertical permeability distribution, Vi=0.001 m/s; a main velocity distribution without the Coriolis 
force; b vertical velocity distribution including the Coriolis force at z=80 m; c vertical velocity in the xz 
plane at y=2.5 m.

(c)

30 m

(a)

5 m

(b)
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The section at z=80 m, is indicated by a black line in Fig. 5 c.  In Fig 5 c vertical velocity 
distribution is shown in the xz plane at y=2.5 m. 
Both the linear permeability change and homogenous permeability give identical results, 
see Fig. 5 b and Fig. 5 c.

Figure 6 shows the result nonlinear permeability distribution in a confined aquifer with a 
v-shaped ridge bottom design. The main velocity in the xy plane at z=80 m is shown in Fig. 
6 a. Adding the Coriolis force to the simulation a different vertical velocity distribution 
appears in see Fig. 6 b. The section is taken at z=80 m, indicated by a black line in Fig. 6 
c.  In Fig 6 c vertical velocity distribution is shown in the xz plane at y=2.5 m. 

Fig. 6 Simulation of flow along a V-shaped ridge bottom design in an aquifer of dimensions 30x5x100 m 
with nonlinear vertical permeability distribution, Vi=0.001 m/s; a main velocity distribution without the 
Coriolis force; b vertical velocity distribution including the Coriolis force at z=80 m; c vertical velocity in 
the xz plane at y=2.5 m

Further on the results for the bottom design with three single box shaped obstacles in a 
confined aquifer are shown. Firstly, results of the linear permeability distribution is
presented. The main velocity in the xy plane at z=80 m is shown in Fig. 7 a. By adding the 
Coriolis force to the simulation a different vertical velocity distribution appears, see Fig. 7
b. The section is taken at z=80 m, indicated by a black line in Fig. 7 c.  In Fig 7 c vertical 
velocity distribution is shown in the xz plane at y=2.5 m. Both the linear permeability 
change and homogenous permeability give identical results; see Fig. 7 b and Fig. 7 c.

(c)

30 m

(a)

5 m

(b)
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Fig. 7 Numerical simulations of an aquifer with dimensions 30x5x100 m including three box shaped 
obstacles. Linear vertical permeability distribution at section z=50 m, Vi=0.001 m/s; a main velocity 
distribution without the Coriolis force; b vertical velocity distribution including the Coriolis force at z=50 m; 
c vertical velocity in the xz plane at y=2.5 m

The case with nonlinear permeability distribution is shown in Fig. 8. The main velocity in 
the xy plane at z=50 m is shown in Fig. 8 a. Adding the Coriolis force to the simulation a 
different vertical velocity distribution appears in see Fig. 8 b. The section is taken at z=50
m, indicated by a black line in Fig. 8 c.  In Fig. 8 c the vertical velocity distribution is 
shown in the xz plane at y=2.5 m. 

Fig. 8 Numerical simulations of an aquifer with dimensions 30x5x100 m including three box shaped 
obstacles. Nonlinear vertical permeability distribution at section z=50 m, Vi=0.001 m/s; a main velocity 
distribution without the Coriolis force; b vertical velocity distribution including the Coriolis force at z=50 m; 
c vertical velocity in the xz plane at y=2.5 m

30 m

5 m

(a)

(b)

(c)

(c)

30

(a)

5
m

(b)
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4 Discussion

The V-ridge bottom design with linear permeability was studied, Fig. 5. Here the Coriolis 
force induces some vertical water movement close to the ridge, but the pattern is vague and 
does not spread beyond the ridge. Without any ridge no vertical water movements occurred, 
Engström and Nordell (2017).
In Fig. 6 the V-ridge bottom design is combined with nonlinear permeability. Tilted 
secondary currents form in each section. In the Engström and Nordell (2017) study of the 
Coriolis force effecting plain bottom structures in aquifers the cells are upright and weaker. 
The cells in present study are stronger and fills up the whole volume.
In Fig. 7 three box shaped obstacles are combined with linear permeability. This setting 
along with the Coriolis force gives small vertical movements close to the obstacle. The 
hypothesis that the obstacles would create Taylor-Proudman columns was not supported. 
In Fig. 8, three box shaped obstacles are combined with nonlinear permeability. This 
setting along with the Coriolis force creates apparent vertical water movements. The 
pattern is comb like, so the secondary currents are spreading out from the obstacles. The 
obstacles are in a way reinforcing the formed secondary currents.
Other important factors that affects groundwater flows e.g. varying temperature and 
associated viscosity variations, ambient pressure variation, and irregularities in 
permeability have been neglected in current study. Such fluctuations would have created 
additional flow disturbances that increase the possibility for the formation of secondary 
currents. The study is limited to a one size aquifer (5x30x100 m) i.e. a permeable volume
with walls defined by boundary conditions. The size and properties of the control volume
affect the flow. Numerically the size of the control volume and the mesh cell size are 
chosen to be balanced so that the calculation time would be reasonable and with acceptable 
convergence. 
The existence of Coriolis induced groundwater flow in nature is very difficult to measure, 
or rather to distinguish from other disturbances in groundwater flows. In future theoretical 
studies, much more can be learned by combining omitted factors in present study.
The study was conducted on a flow regime that can be described both by the Darcian and 
the non-Darcian flow model. The laminar flow model was chosen since laminar flow is 
most common in groundwater. 

5 Conclusions 

In the numerical model, the homogeneous permeability is perfectly homogeneous. No 
variation appear in the porous medium at all. However, small imperfections result in flow 
velocity changes in groundwater, which are necessary for the Coriolis induced secondary 
currents to occur. Therefore, in natural groundwater it is more than likely that secondary 
currents occur. 
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In addition, the bottom structure creates disturbances in the groundwater velocity. It was 
shown that the bottom structure is vital for the formation of Coriolis induced secondary 
groundwater movement in all permeability distributions. The most pronounced effect was 
seen for non-linear permeability distributions. A ridge along the main flow direction 
promotes the formation of flow tubes. Singular objects placed along the flow direction 
creates comb like patterns.

Nomenclature 
B width m
d30 representative grain diameter m
Er Earth`s radius m
g acceleration of gravity m/s2

g* gravitational force N
Fcor the Coriolis force N
Fcen Centripetal force N
Fx the Coriolis force, x-component N
Fy the Coriolis force, y-component N
H height m
k permeability m2

L length m
m mass of moving object kg
R radius of inertia m
Re Reynolds number
Ro Rossby number
t time s
u horizontal water velocity m s-1

V main velocity m/s
Vi inlet velocity m/s
Vr velocity of the moving object m/s

Greek letters
angular velocity rad/s

x angular velocity, x-component rad/s
latitude °

porosity
dynamic viscosity kgm-1s-1

density kg m-3

constant
period of time s
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Abstract

It is well established that the Coriolis force deflects wind and water currents. However, 

its influence on groundwater flow is neglected. Earth’s rotation causes inertia circles in 

groundwater that create vortices ending up in different local pressure zones, similar to the 

high and low pressures in air. High pressure zones in groundwater induce, under certain

conditions, a vertical flow to ground surface. This could be the missing link where 

hydrostatic pressure cannot explain springs in deserts, mountains and on islands in the 

sea. Here, simulations on the Coriolis force acting on groundwater flow are presented.

Background

Groundwater flows are influenced by the Coriolis force though this effect is generally 

considered to be small. However, the Coriolis force affects groundwater in the same way 

as it deflects winds and currents. This means that areas of high pressure and low pressure 

occur, which induce vertical groundwater flows and may contribute to spring flows.

There are extensive research on how the Coriolis force influence ocean currents and 

weather systems (Persson 2005, Pedlosky 1979). Larsson (1986) showed that the Coriolis 

force generates significant secondary currents in open channel flow, which under certain 

conditions could be applied on groundwater flow. Coriolis induced rotational convection 

in porous media has been analysed for industrial applications (Vadazs 2000) but not for 

groundwater flow.

Earth’s rotation should amplify existing natural convection and cause secondary 

currents in groundwater flow. The Coriolis force creates local pressure zones, positive 

and negative, in aquifers and bedrock fractures. In such positive pressure zones water can 

be transported up to the ground surface if favourable geological conditions exist. Taylor–
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Figure 1. A cross plane flow pattern in a 
rotating channel

Proudman columns conducting a vertical flow could also occur and deflected 

groundwater flow would create standing inertia circles or vortices.

In current study the theory and initial numerical simulations are presented. A recently 

constructed test equipment to verify the Coriolis’ effect on groundwater flow is briefly 

described. The theory includes several research areas that are not usually connected;

metrology, rotational convection in porous media, secondary currents, and geostrophic 

flows and vortices.

Theory

Larsson (1986) showed the importance of secondary currents in river flows even if they 

only amount about 1 % of the downstream velocity. These currents influence the main 

velocity distribution and the cross-plane distribution of scalars like heat and

concentration of contaminants.

A typical cross-plane flow pattern in a 

rotating channel is shown in Figure 1. The 

secondary currents arise because of the 

Coriolis effect, which accelerates the 

downstream moving water towards the side 

wall. As a consequence a lateral pressure

gradient is built up. This pressure gradient is 

fairly uniform in the vertical since it is 

proportional to the down stream velocity. 

The result is that the two forces are locally

out of balance and a resulting cross-stream 

flow is induced.

The Coriolis force (Fcor) in Eq. (1) is a small component of the general Centrifugal 

force (Fcen) in Eq. (2) (Persson 2005). It is perpendicular to both axis of rotation and the 

velocity of the moving object.

rcor m VF 2 (1)

)( REFcen (2)
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Here, m is the ma Vr is the velocity of the moving object 

and ER is the radius of Earth. The Coriolis force on Earth varies with the latitude ( )

according to Eq. (3).

rVF sinm2cor (3)

Fcor does not do any work on a rigid body but it deflects motion. One example of the 

Coriolis Effect on Earth is the inertia oscillations in the oceans. Drifting buoys set in 

motion by winds tend, when the wind has decreased, to move under inertia and follow 

approximately inertia circles (Persson, 2005). The inertia circle has a radius (R) and a 

period of

2
R rV (4) (5)

Applied on groundwater flow this means, for Earth’s angular velocity of 7,292·10-5

rad/s and a ground water (pore) velocity of 0.001 m/s, an inertia radius of 6.8 m with a

period of almost 12 h. In order to quantify the relative importance of the rotation on a 

particular problem the non-dimensional Rossby number is often used (Persson 2005).

L)sin(2
URo (6)

where U is the downstream velocity, and L is the length of the 

transport of an object or fluid where Coriolis force is acting . Small Rossby numbers (<1)

imply that the effect of rotation is important, Larsson (1986). Applying Eq.(4) on an 

aquifer; assuming a pore velocity of 0.001m/s and the length 250m, at a northern latitude 

of 65o, the Ro Number gives Ro = 0.03. This value is small and therefore Earth’s rotation 

influences groundwater flows in any given aquifer.   

Experimental design

The simple experimental setup includes a sand and water filled channel 0.25x0.1x0.25m 

attached to two vertical volumes filled with water. The constant different water levels,

and the corresponding hydrostatic pressure, are set to obtain a suitable and constant water 

velocity through the porous medium. The water levels on each side of the sand filled 

channel are kept constant by vertical sewers and a pump to return the water flow. This 

Darcy flow test setup is placed on a rotating table, with a maximum speed of 6.28 rad/s.
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On top of the channel there are 81 drilled holes at equal spaced and plugged with small 

diameter transparent pipes, through which the static water pressure is observed.

The hydraulic conductivity of the sand was determined by a Darcy test i.e. without 

rotating the setup. A flow rate of 2.1·10-5 m3 s-1 was obtained for a water pressure 

difference =0.04 m. The actual water velocity through the area of 0.25 m2 is 5.25·10-7

m s-1. The hydraulic conductivity of the sand was determined to 0.007 m s-1 and the 

permeability 6.3·10-10 m2.

The Rossby number for this problem assuming a rotation velocity of 0.88 rad/s was

calculated to 2.75·10-7 by Eq.(4). This is indeed much smaller than necessary to indicate

that rotational effects are important in this situation.

In order to detect any effects of the Coriolis Force in this small experimental setup the 

angular velocity has to be increased so that that the centripetal force in a large aquifer 

equals that in the experiment. In the assumed aquifer of 250x250x100m (LxWxH) the 

rotation of Earth creates a pressure of 100 N/m2 on the walls of the control volume. By

using the equation of centripetal force in circular motion it was found that an angular 

velocity of 0.88 rad s-1 gives the same pressure in the laboratory test scale.

Before starting up the rotation, a fully developed water velocity must be achieved 

through the porous media. After that the rotation must go on for a while until a steady 

state flow is achieved, and measurements were done. To visualize the standing water 

columns (the static water pressure) the water was dyed with potassium permanganate. 

Numerical simulations

The numerical simulations were preformed with the FLUENT model and lab experiments

were carried out to validate the model. Thereafter the simulation model was used to 

investigate the Coriolis effects on groundwater flow in aquifers.
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Figure 2. Steady-state pressure distribution 
in a porous rotating aquifer 

Laboratory experiment to verify the simulations

Pressure zones in an aquifer

A control volume in a porous aquifer was 

rotated 1·10-5 rad /s with the rotation axis 

in its centre. The porous media has a 

uniform inertial resistance of 5.3·104 m-1

and a viscous resistance of 1.5·109 m-2, the 

porosity is 0.35 and the temperature is 

held at 4 . Performed calculations show 

that pressure zones, from -4.8 to +3.5 bar,

occurred in the aquifer, see Fig. 2.

Pressure distribution in a rotating fracture

The influence of the Coriolis force on groundwater flow in horizontal rock fractures were 

also studied. The fracture flow in a 1 mm fracture was analyzed for varying widths and 

lengths. The groundwater temperature was assumed 5 and the fracture flow rate 1 kg s-1

i.e. a steady-state water velocity of 1 m s-1. An initial water pressure of approximately 1 

bar was assumed.

The axis of rotation is set in the direction  (0,1,0) an then varied so that origin starts at 

(0,0, Er), (0,0,- Er) and (Er, 0,0), where Er is the radius of Earth. The results were slightly 

different depending on the direction of the water velocity (0,0,1).

The first fracture had the dimensions 0.1x0.001x1m. The rotation of Earth causes 

positive and negative pressure zones with a maximum pressure Pmax=26 bars in the 

corners and a minimum pressure Pmin =-48 bars in the centre. 

For larger fracture dimensions (1x0.001x20 m) the axis of rotation in (0,0,Er) gives a 

pressure range P[-4.3; 7.6] bars. If the axis of rotation is changed to (±Er,0,0) the pressure 

range  is more modest P[0.4; 1.6] bars.

Since 1 bar corresponds to 10 m of water the pressure peaks indicate that vertical 

flow must occur if there is a channel (fracture) to conduct this flow.
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Discussion and Conclusions 

Considering the 20x20 m aquifer with the rotational axis in the centre, the area is very 

small compared to the surface of the Earth, However, by extending the area wide enough 

positive and negative pressure zones will form in the aquifer.

In smaller fractures great pressures are obtained while larger fractures result in a more 

modest pressure. The fractures have to be oriented in a favourable direction to the 

groundwater flow and axis of rotation for maximum pressure. This occurs when the 

fracture direction lies along the axis of rotation.

Performed simulations show that Earth’s rotation causes positive and negative 

pressure zones in groundwater in both rock fractures and aquifers. During favourable 

conditions, providing the right channel at the positive pressure zone, enough pressure is 

built up to result in a vertical water flow upwards to the ground surface.
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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. An occurring “seasonal groundwater turnover” 

similar to that in lakes is the suggested mechanism. This thermal convection results 

from changing temperatures (densities). The 10oC groundwater in southern Sweden 

becomes denser as it is cooled from the surface in the autumn, while the 

corresponding convection in the north occurs during the spring. Performed 

simulations show how seasonal temperature variations, under certain conditions, 

initiate and drive thermal convection.

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 groundwater contamination.

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

groundwater convection (Fig.1). 

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

density increase of the groundwater occurs by heating from about 3oC in the north of 

Sweden (springtime) and by cooling from about 10oC 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.

Thermal convection in lakes, the seasonal turnover, is well understood. The 

driving force of this phenomenon is thermal convection and the temperature 
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dependent density and viscosity of water. 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. 

Thermal Convection

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

porous media near 4oC. The Boussinesq approximation of temperature dependent 

density cannot be used in this case since the density function of the groundwater is not 

linear close to the density maximum of 3.98oC. Therefore, a better, nonlinear 

approximation is that of Goren (1966) and Moore and Weiss (1973), see Eq.(1).

))(1( 2
00 TT (1)

0 is the maximum density of the water at T0=3.98o -6 (oC-2). 

This approximation is valid in the temperature range of 0oC and 10oC. The 

momentum conservation is given by;

x
TTgK

x
v

y
u )98.3(2 (2)

0. The dynamic viscosity of a fluid, , is a 

second order function of temperature between 0oC and 10oC. The viscosity function is 

derived from tabled values.

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

force, (Kundu, 1990). According to Nield and Bejan (1999) Ra for porous media can 

be written as: 

HTTgK
Ra o

2)(
(3)

North Sweden, Spring    South Sweden, Autumn
  Groundwater temp. ~3oC Groundwater temp. ~ 10oC

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 (4oC).
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The general critical Rayleigh number, Rac 2, indicates that convection occurs 

for Ra>Rac, i.e. when the solution of the boundary problem is unstable. The instability 

is the driving force of the convection. 

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., 1985). 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; 

HTTkL
QNu

CH /)(
(4)

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 performed 

calculations Nu was used to verify the stability of the numerical simulations. 

Simulations

The FLUENT model (Versteeg et al., 1995) was used to simulate groundwater 

convection. Initially steady state solutions were used to confine the problem for 

climatic data of southern and northern Sweden. Transient solutions were used to 

evaluate the time needed to establish stable convection patterns. The influence of 

obstacles (frost lenses) in the soil was also simulated.

Results

An initial horizontal velocity Vi =10-9 m/s was used as a standard disturbance in all the 

performed simulations. The size of the simulated control volume (10x5 m) was held 

fixed while the mesh size was varied from 0.15 m to 0.025 m. The expected result was 

that the numerical solution would converge like the solution in Blake (1984), but 

some of the solutions were unstable, see Table 1. This matter was also observed by 

Elder (1966), for mesh size 0.05m and Ra=90. 

The permeability, and thus Ra, was varied to investigate the limits for stable 

convection in a 10x1 m control volume. Table 1 shows that Ra>19, i.e. well below 

Rac, results in stable convection, which was also observed by Nield and Bejan (1999).
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Several different control volumes with different depths were simulated for the 

Vi=10-9 10 m2, TH=10oC, TC=4oC. Fig. 2 shows the result of the 

numerical simulation under assumed standard conditions. The simulations showed 

stable convection for depths down to 6 m, except for the 4 m deep control volume, see 

Table 1. For depths>7 m the temperature gradient is too small to drive the convection. 

Transient solutions for climatic conditions in southern Sweden show that 250 days

was required to obtain fully developed convection i.e. 10 times more than in the north.

For the north of Sweden, a control volume size of 5x 0.5 m was used and a mesh 

size of 0.025 m was sufficient to achieve converged solutions. The permeability was 

varied to investigate the limits for stable convection in a 5x0.5 m control volume. 

Stable convection was obtained for permeability values greater than 2.41 10-9 m2

which corresponds to a soil with 2 mm grain size, see Table 1.

Convection depths between 0.1 m and 1 m were simulated for Vi=10-9 m/s, 

K=6.1 -9 m2 (3 mm grain size), TH=4oC, and TC=0oC. The simulations showed 

stable convection for depths between 0.2 m and 0.9 m. For a 1.0 m deep control 

volume 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 occur at this 

permeability. 

Figure 2 Numerical steady-state solution for half a 10x1 m control volume shows 8

symmetrical convection rolls acting in pairs. Vi= 10-9 -10 m2, TH=10
oC, TC=4oC, Nu= 2.14. Upper left graph: Streamlines; Upper right graph: isotherms.

Lower graph Nusselt number.
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Table 1.  Summary of numerical results of convection in the south.

L H
Mesh 
size -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 - -

North
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

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

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 some cases, see Table 1, stable convection occurred though the Nu<1, which 

indicates that the convective transport reduces the heat transfer. In a 5x0.8 m control 

volume the effect of three large obstacles was studied, -9 m2, TH=4oC,

and TC=0oC, Vi=10-9 m/s. The large obstacles forced the convection rolls to change 

size and shape. Obstacles with a constant wall temperature, Tw=0oC for a frost lens, 

generated a different convection pattern from that of an obstacle without own 
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temperature. The time required to obtain fully develop a steady convection pattern 

was about 22 days. 

Discussion and Conclusions

The hypothesis was that thermally driven groundwater convection would explain the 

differences in nutrient leakage. This hypothesis was verified for the south of Sweden.

The number of convection cells increased with permeability and decreased with 

the depth of the control volume. Convection cells occur at Ra>19 providing an initial 

small horizontal ground water velocity, which does not distort the convection cells.

The required horizontal water velocity (disturbance) is so small that convection is 

likely to occur in nature, due to seasonal temperature changes, provided that the 

groundwater temperature is 10oC and Ra >19, and a soil permeability greater than 
-10 m2.

Obtained results show that thermally driven convection also occurs in the north.

This is however not sufficient to explain the infiltration in fine grained material. It 

was shown that obstacles like frost lenses in the ground change but not hinder the 

occurring convection pattern. The time required to establish stable convection patterns 

is about 22 days.  

Performed simulations show that the required grain size for convection to occur is 

considerably greater than that in typical agricultural soils. 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:

1. Unstable groundwater convection or oscillating convection cells. 

2. Infiltration of rain and melt water.

3. Pressure induced convection because of partly 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).
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