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Abstract Particle image velocity measurements were
applied on thermally driven convection at low Rayleigh
numbers. In a model experiment using a water column
heated from bottom and cooled from above, the velocity
field was studied at different vertical temperature gradients.
In the testing facility with high aspect ratio (about 19)
representing a 1-m-long column with 5 cm diameter,
occurrence of free convection was verified for destabilizing
temperature gradients of 0.1-2 K/m. The PIV results
revealed that significant flow exists already at low vertical
temperature gradients. The velocity of the stable large-scale
circulations increased linearly with temperature gradient
(<1 K/m) from 8 x 107> to 1 x 107> m/s. At higher
temperature gradients (1-2 K/m), a transition from quasi-
stationary into time-dependent flow was observed, where
convection cells changed position, number, and form tem-
porarily. The motivation of this research was to gain more
insight into density-driven convection in boreholes and
groundwater monitoring wells.
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Ra, Critical Rayleigh number

AT/Az Temperature gradient

p Thermal expansion coefficient

y) Ratio of the thermal conductivities of fluid and
surrounding material

0 Density

v Kinematic viscosity

g Gravity of Earth

1 Introduction

The need to understand thermal convective flow is com-
mon to a broad range of geoscience and engineering
problems. So the results from very specific applied studies
are often valuable for many research areas, like this study,
whose results should be generally applicable to thermally
driven convection in slender tall water columns.

Motivation for the experimental investigations arose
from the fields of hydrogeology and geophysics, where
boreholes and groundwater monitoring wells are used to
obtain information on rock formation and groundwater
properties. As a side effect, boreholes and groundwater
monitoring wells create a path that opens up an (additional)
possibility of heat and mass transfer between the aquifer
under investigation, its surrounding, and the atmosphere.
Relevant processes that lead to such transport are vertical
convective flows.

Pressure—gradient-induced flows (forced convection)
and their adverse impact on hydrogeological, geochemical,
and hydraulic measurements have been intensively inves-
tigated (e.g., Barczewski et al. 1993; Church and Granato
1996; Martin-Hayden and Robbins 1997; Hutchins and
Acree 2000; Elci et al. 2003). The occurrence of free
density-driven convection in the water column of
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monitoring wells, however, was regarded negligible for a
long time (Martin-Hayden 2001). One reason is that the
friction forces along the large wall area in the slender
geometry (mainly diameters from 5 to 12.5 cm) were
thought to hinder the onset of flow.

Theoretical conditions for the onset of free convection
are determined through stability analysis based on Ray-
leigh’s theory (Rayleigh 1916), who recognized that free
convection can only start if the ratio of the dissipative
forces (viscosity and heat/mass diffusion) to the impelling
forces (buoyancy) is exceeding a critical value. The
dimensionless Rayleigh number describes this ratio, and
the critical Rayleigh number describes the state, when
convection starts.

For thermally driven convection, the Rayleigh number
Ra is defined as:

o ﬁgAT/AZ r4
= 7’(7]

with thermal expansion coefficient f3, gravity of Earth g,
temperature gradient AT/Az, thermal diffusivity x, kine-
matic viscosity v, and a characteristic length 7.

Rayleigh’s theory, however, was derived for fluid layers,
where the influence of the sidewalls is neglected. For ver-
tical channels with circular cross-section, the characteristic
length is thus the radius (e.g., Azouni and Normand 1983).

Analytical approximations for the critical Rayleigh
number of thermal convection in tall water columns
(Ostroumov 1958; Gershuni and Zhukhovitskii 1976;
Batchelor and Nitsche 1993) suggest that thermally driven
convective flows develop at considerably low temperature
gradients in fluid columns.

Numerous experimental investigations of thermal
convection have been conducted. However, in former
investigations, experimental parameters (e.g., geometry,
temperature gradient, mean temperature, or boundary
conditions) differed mostly clearly from that expected in
groundwater monitoring wells and boreholes. For fluid
columns with high aspect ratios (height/diameter), experi-
mental investigations are scarce. Ostroumov (1958) con-
ducted experimental investigations in narrow burettes
(0.526-1.0 cm diameter) whose lower part was heated.
Sammel (1968) created thermal convection in a 2.75-m-
high cylinder (10.2 cm diameter), whose entire lower part
was heated and whose upper 1.5-m section was used to
measure temperature oscillations. In both studies, the top
temperature was not controlled. Azouni (1987) investigated
convection cells at temperature gradients of 2.86 K/m and
higher in an up to 14-cm-high cylinder (3.5 cm diameter).
Arakeri et al. (2000) ran free convection experiments in
twelve glass tubes with four diameters (4.85, 9.85, 19.85,
and 36.85 mm) and three lengths (150, 300, and 450 mm),
where salt water (0.05 g/cm3) versus distilled water was

Ra (1)
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used to create a density difference. Jerschow (2000) con-
ducted experiments in 3.7-cm-high water columns with a
diameter of 0.5 cm applying very high temperature gradi-
ents up to 100 K/m.

Yet, their results are not directly transferable to thermal
convection in boreholes and monitoring wells under natural
temperature and boundary conditions. Major challenges are
the associated small temperature gradients. Temperature
gradients due to the geothermal gradient are in the order of
a few hundredths Kelvin per meter (0.03 K/m on average),
and gradients in the near surface zone due to seasonal
temperature variations range up to a few Kelvin per meter.

That means, essential prerequisites for a close to reality
simulation of natural temperature and boundary conditions
are a controlled temperature gradient between top and
bottom and an effective insulation of the testing facility
against exterior heat influences and heat flux through the
walls. The testing facility constructed for the present
experiments meets these requirements. It represents a
1-m-long section of a 5-cm-diameter water column with
temperature-controlled top and bottom within a tempera-
ture-stratified medium.

Due to the small temperature gradients and small
geometry, the only reliable way to measure the convective
flow is using a non-invasive technique. Thus, for an opti-
mal quantification, particle image velocimetry (PIV) was
used. PIV is a non-invasive laser-optical measurement
technique that is widely used in flow applications (Raffel
et al. 2007). It allows measuring the velocity field with high
spatial resolution and without any interference of the flow.
Compared with common applications, it is here used to
quantify a considerable slow flow.

With the conducted experimental investigations, the
following questions are addressed: (1) What is the mag-
nitude of flow velocities induced by very low destabilizing
temperature gradients? (2) How does the magnitude change
with increasing temperature gradient? (3) What is the
characteristic flow structure?

These are important questions regarding vertical thermal
convective heat and mass transport in fluid columns as, for
example, in boreholes or groundwater monitoring wells.
Experimental investigations of thermal convection in water
columns with such a high aspect ratio (height/diameter) of
around 19 and such low temperature gradients down to
0.1 K/m were conducted for the first time.

Section 2 gives details of the experimental testing
facility and provides a description of the PIV setting.
Section 3 describes the experimental procedure. Velocity
plots have been generated showing the development and
geometry of the induced convection cells, as wells as the
characteristic flow velocities depending on the destabiliz-
ing gradient. The results of the flow measurements are
compiled and discussed in Sect. 4.
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2 Experiment
2.1 Thermal-hydraulic testing facility

To investigate convective flow in the water column of
boreholes or monitoring wells under natural conditions, a
medium-scale testing facility was constructed at the
Grundwasser-Zentrum Dresden (Berthold 2009). The test-
ing facility represents a 1-m-long section of a water column
with 5 cm diameter (approx. 2 inch) in an homogeneous
medium (Fig. 1). It allows for applying and maintaining a
vertically stratified temperature field with a very low gra-
dient (down to 0.1 K/m) and for optical and thus non-
invasive observations and flow measurements (e.g., PIV).

Maintaining a considerably low temperature gradient is
a prerequisite for simulating thermal boundary conditions
naturally occurring in boreholes and monitoring wells.

Naturally occurring thermal boundary conditions were
implemented as follows: Top and bottom of the water
column were held at constant temperatures, and along the
sidewall of the water column, a linear temperature gradient
was created, simulating the heat influx from the sur-
rounding formation.

To achieve high thermal stability, the testing facility was
constructed from two interleaved 1-m-long glass cylinders
with an inner diameter of 5 and 8 cm and a wall thickness
of 0.5 cm, respectively (Fig. 1). Both glass cylinders where
tightly sealed at top and bottom through contact pressure
each with the help of an o-ring, a PVC carrier disk (2.5 cm
high) and a stabilizing stainless-steel disk (0.4 cm high).
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Fig. 1 Sketch of the thermal-hydraulic testing facility

The inner glass cylinder contained the water column, and
its ends were formed by two copper chambers (each 2.5 cm
high) that were mounted inside the carrier disks (Fig. 2).

The desired vertical temperature gradient was applied to
water column and inner glass cylinder (i.e., the water col-
umn’s sidewall) through the two highly heat-conducting
copper chambers at the water column’s top and bottom. Heat
conductivity of the water column’s sidewall (1.13 W/Km)
was thereby almost twice the heat conductivity of water
(0.6 W/Km). Vacuum in the annulus between inner and
outer glass cylinder served as insulation.

In each copper chamber, constant temperature was
guaranteed by through flow of tempered water (Fig. 1),
provided by a precise thermostated water bath fitted with a
circulation pump (Lauda RE 104, temperature stability:
40.02 K, setting resolution: 0.1 K).

The temperatures and temperature stability inside the
water column, the wooden box, and the walk-in box were
monitored with temperature sensors. Inside the water col-
umn, four sensors were installed at angles of 90°, whose
vertical position could be changed along the water column
(Fig. 2). Small precise (DIN 1/3B) PT-100 platinum sen-
sors were used (2.2 x 2.3 mm), which could be assessed
by a precise 4-channel temperature logger PT-104 (Pico
Technology, 0.1°C accuracy, 0.01°C resolution).

In the water column, a verified temperature stability of
40.025 K was guaranteed by the following constructional
elements (Fig. 2): Tempered water was constantly circu-
lated in insulated tubes between the precise thermostated
water bathes and the heat-conducting copper chambers.
The heat-conducting copper chambers were decoupled
from other parts of the testing facility by PVC carrier disks.
Vacuum in the annulus between the two glass cylinders
insulated the water column against exterior temperature
fluctuations.

The whole testing column was housed in a wooden box
insulated with hard foam Polystorol. The inner side of the
wooden box was tempered with the same water as the
upper copper chamber through a copper heating system.
The wooden box again was placed in an accessible (walk-
in) light-proof box, which was insulated with styrodur,
while heat-producing peripheral devices were stored
outside.

Two glass windows in the wooden box allowed for
optical observation and flow measurements. They could be
sealed with Polystorol insulation outside observation peri-
ods. For seeding input and water exchange, the water
column in the testing facility could be accessed through a
small opening (around 1 mm diameter) at top and bottom,
respectively.

For flow visualization and quantification, special mea-
surement equipment was installed (Fig. 1), which is
described in the following section.
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2.2 PIV system

For quantifying thermally induced free convection in the
testing facility, PIV measurements were carried out. PIV
measurements utilize a pulsed laser sheet to illuminate
special tracer particles, whose positions are then captured
using a high-sensitive digital camera (Fig. 3). The non-
invasive laser-optical measurement technique simulta-
neously acquires velocity components in X- and y-directions.
A description of the PIV technique, in general, is given in
Raffel et al. (2007).

The PIV system used (ILA GmbH) consisted of a laser
system (MiniLite PIV) with a double cavity Nd/YAG laser
(532 nm wavelength) and a high-sensitive CCD camera
(PCO SensiCam) with a resolution of 1,280 by 1,024
pixel. Laser and camera were pulsed synchronously by a
synchronizer.

Laser and camera were set up in front of the housed
water column. The laser beam was steered to traverse the
water column from right to left by a mirror, creating a
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two-dimensional laser sheet at right angle to the camera
lens axis (Fig. 3). The beam had to pass the window in the
insulated wooden box—a plane glass plate—and the two
interleaved glass cylinders to reach the water column. This
complicated optical path resulted in scattering on the glass
walls and negligible optical distortions at the margins of
the two interleaved glass cylinders (see Sect. 2.3).

Small nylon seeding particles (5 £ 1.5 um) were used
as tracer. They float in water due to their similar density
(p = 1.02 glem?).

2.3 Validation and calibration

Distortion-free determination of the flow field in the PIV
images was ascertained using an isogonal reference mesh.
The mesh was placed inside the simplified testing facility
model and recorded with the PIV camera. The simplified
facility was constructed from glass cylinders of identical
material, diameters and thicknesses as the original testing
facility, but provided easier access. This verification pro-
cess proved isogonal mapping in nearly all image parts
with negligible optical distortions at the margins due to the
curved geometry of the two interleaved glass cylinders
(Berthold 2009).

2.4 Experimental procedure

To investigate free convection regarding the temperature
dependency of convection cell development, cell geometry,
and occurring flow velocity, different temperature gradi-
ents were realized in the water column (Table 1).

To assure the stated high temperature stability within the
water column, temperature at the top of the water column
was constantly held close to background temperature
(15°C), that is close to the naturally occurring temperature in
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Table 1 Parameters of the experiments conducted for flow quantifi-
cation at different temperature gradients

Run Bottom Top Temperature Rayleigh
temperature temperature gradient number
O O (K/m)

1 15.0 15.0 0.0 0

2 15.1 15.0 0.1 355

3 15.2 15.0 0.2 714

4 15.4 15.0 0.4 1,443

5 15.6 15.0 0.6 2,187

6 15.8 15.0 0.8 2,946

7 16.0 15.0 1.0 3,719

8 17.0 15.0 2.0 7,812

the near subsurface (around 10°C). Bottom temperature was
set up corresponding to the desired temperature gradient.

The smallest adjustable temperature difference between
upper and lower boundary and the temperature steps were
limited to 0.1 K by the setting resolution of the water
bathes (Lauda RE 104). Accordingly, the experiments were
conducted for temperature gradients of 0.1, 0.2, 0.4, 0.6,
0.8, 1, and 2 K/m with temperature increasing downwards.

The thermal Rayleigh numbers for the given experi-
mental parameters (water conductivity: 0.5 mS/cm, pres-
sure: O bar) ranged between 0 and 7,812. The explicit
values are comprised in Table 1.

After starting an experimental run, a running-in period
of at least 14 h guaranteed that temperature and flow
regime could adjust optimally to the applied boundary
conditions before measurement.

Then, either PIV measurements or long-time exposures
were conducted. Owing to the slender geometry and the
required high resolution of the PIV images, the PIV field of

Fig. 4 Field of view and PIV
processing schema using the
single frame method

laser light sheet

view was approx. 10 by 10 cm. Thus, the acquired PIV
images showed only a section of the water column corre-
sponding to the overall column width and about one-tenth
of the overall column height. To capture the complete flow
field in the water column, camera and laser sheet were
vertically and horizontally (azimuthally) repositioned sev-
eral times.

At the section of interest, a sequence of 100 PIV images
was taken with a predefined time interval (2 or 4 Hz). Repe-
ated sequences of PIV images at the same position allowed
for detecting temporal changes and instationarities in the
flow field. Sequences in different vertical positions allowed
for attaining the flow structure along the water column.

2.5 Velocity field computation and analysis

From the PIV images, the flow field was calculated using
the software of the PIV system (ILA GmbH). Owing to the
comparatively low flow velocities, the calculation was
based not as usual on the two frames of the double-frame
PIV images, but on the correlation of the first image frame
with the first image frame of the subsequent PIV image.

The process steps applied to the PIV images are sum-
marized in the processing scheme in Fig. 4.

First, the PIV images were calibrated in space and time.
For the spatial calibration, that is, to transform the pixel
units into real world units, a linear mapping of the images
was chosen. In each image, coordinates were provided for
four selected points. A ruler installed at one side of the
glass column and the glass cylinders wall, which was also
observable in the images, served as orientation. The image
area was represented by 1,280 x 1,024 pixels. Thereby
1 centimeter in reality corresponded to 120-140 pixels in
the PIV image depending on the image sequence.

uppmx1
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subdivision of the images in
a grid of interrogation areas
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velocity field in the image area,
composed of the data from
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in each interrogation area the
velocity vectors are calculated
separately using cross-correlation
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The tracer particles with a size of 50 um were slightly
smaller than a pixel (around 71-83 pm) of the PIV image.
However, as not the particles are captured, but the scattered
laser light in form of an intensity distribution, each tracer
particle in the PIV images was represented by several
pixels. According to a simple estimation, the percentage of
pixels illuminated through scattered laser light within an
image was about ten percent.

The following temporal calibration concerned the time
interval between two subsequent images. Image frequency
was generally 2 Hz. At high temperature gradients with
comparatively fast flows, the frequency was raised to 4 Hz.

After conducting spatial and temporal calibration of the
PIV images, the velocity vectors were calculated iteratively
using cross-correlation analysis. The grid on which the
cross-correlation processing was applied was successively
refined. In the first step, interrogation area dimension was
set to 64 x 64 pixels with an interrogation separation of 64
pixels; that is, there was no overlapping of the individual
interrogation areas. An interrogation area corresponded to a
quadratic section of the water column with a side length of
about 0.45-0.50 cm. For each interrogation area, a velocity
vector was calculated from two subsequent PIV images
using the cross-correlation function.

Outliers in the calculated velocity field were identified
and eliminated through global and local filtering. The
global filter detected vectors with too high or too low
velocities compared to all velocity vectors in the PIV
image. The local filter detected outliers regarding direction
and magnitude compared to the eight velocity vectors in
the immediate vicinity. The identified outliers were then
replaced by interpolated velocity vectors.

In the second and third steps, so-called adaptive cross-
correlation was conducted. Adaptive cross-correlation
means that the offset between the base and the cross-
interrogation area is adaptively chosen close to the local
tracer particle displacement (known from the previous
cross-correlation analysis). That way data yield (percentage
of valid vectors) was considerably improved, and hence,
smaller interrogation areas and smaller grid separations
could be used, resulting in higher accuracy and higher
spatial resolution.

Adaptive cross-correlation with subsequent global and
local filtering and interpolation was conducted twice on a
successively refined grid. First refinement resulted in an
interrogation area dimension of 32 x 32 pixels with an
interrogation separation of 16 pixels, and second refinement
resulted in an interrogation area dimension of 16 x 16
pixels with an interrogation separation of 8 pixels. In both
cases, the interrogation areas were half overlapping.

As final step in data processing, an average flow field was
calculated from a sequence of 100 images, corresponding to
an average over 25 or 50 s (4- or 2-Hz time interval).
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3 Results and discussion

Free convective flow at low Rayleigh numbers was quan-
tified for temperature gradients of 0.1, 0.2, 0.4, 0.6, 0.8, 1,
and 2 K/m with temperature increasing downwards (cor-
responding to Rayleigh numbers from 355 to 7,812). For
these temperature gradients, a temperature stability of
40.025 K was reached within the testing facility. This was
only possible by using a complicated insulation system
including vacuum around the glass column, interleaved
housing, and temperature control.

Secondary heating by the laser PIV technique can be
excluded as the measurements were conducted with a
30-mJ pulsed laser with a pulse length of several micro-
seconds, a time between two PIV pulses of several milli-
seconds and a repetition rate less than 1 Hz.

As expected, water column and hence tracer particles
experienced no flow, when no temperature gradient was
applied as apparent from the long-time exposure digital
photographs (Fig. 5 left). When destabilizing temperature
gradients of 0.1-2 K/m were introduced, varying flow
patterns were developing (Fig. 5 center and right). Obser-
vance and quantification were carried out non-invasively
applying PIV.

For temperature gradients of 0.1-1 K/m (Ra = 355-
3,719), a quasi-stationary large convection cell, comprising
almost all the water column, could be observed (Figs. 6, 7).
At the upper and lower ends of the large quasi-stationary
convection cell, a time-dependent flow developed near the
tempered copper chambers (Fig. 7). Its occurrence in the
water column of monitoring wells and boreholes, however,
is unlikely, as it is most likely due to the restrictive
boundary conditions in the testing facility (rigid upper and
lower boundaries held at fixed temperatures instead of free
boundaries with variable temperature).

Fig. 5 Long-time exposure of tracer particles in a 5 cm x 10 cm
section of the water column; left, without temperature gradient;
center, convection at a temperature gradient of 0.4 K/m; and right, at
a temperature gradient of 2 K/m
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Fig. 6 PIV velocity vector plots of the convective flow in the middle of the water column at temperature gradients of 0.1-2.0 K/m

Flow velocity within the large convection cell was found
to increase linearly with increasing temperature gradient
for destabilizing temperature gradients between 0.1 and
1 K/m (Table 2). The linear dependency is verified by a
high coefficient of determination R* = 0.95 for a linear
regression (Fig. 8). Flow velocities thereby ranged from
8 x 107 m/s (7 m/day) for a temperature gradient of
0.1 K/m up to 1.1 x 107> m/s (95 m/day) for a tempera-
ture gradient of 1 K/m (Table 2).

For a temperature gradient of 2 K/m (Ra = 7,812), the
quasi-stationary large convection was replaced by a time-
dependent flow with several convection cells (Figs. 6, 9).

Convection cells changed position in the water column,
number and shape with time, partly within a few minutes,
resulting in a rather vigorous flow (Fig. 9).

Flow velocity within convection cells caused by a
destabilizing temperature gradient of 2 K/m (7 x 10~* m/s)
was surprisingly smaller than at a temperature gradient of
1 K/m (10 x 10~ m/s). The reason for that decrease in
flow velocity is seen in the transition from quasi-stationary
to time-dependent flow, leading to a fragmentation into
several small convection cells with opposite sense of
rotation (Fig. 6). Adjacent convection cells mutually
impair each other, thereby.

The finding, that in tall narrow cylinders, a quasi-sta-
tionary state characterized by the formation of a single
convection cell is established after the onset of free

convection, and a transition to time-dependent flow pat-
terns occurs with increasing temperature gradient agrees
well with experimental results in short cylinders (e.g.,
Hales 1937; Azouni 1987).

The presented experimental investigations prove that
thermally driven convection occurs in tall, narrow cylin-
ders at considerable low vertical temperature gradients,
despite the stabilizing effect of friction forces along the
large wall area.

Onset of free convection could be confirmed for tem-
perature gradients down to 0.1 K/m (Ra = 355), which
was the smallest adjustable constant temperature gradient.
Results from earlier numerical modeling compare well
with these experimental results. In numerical modeling, a
mean velocity of 15 x 107> m/s was found for a temper-
ature gradient of 0.1 K/m (Berthold and Borner 2008), and
the experimental investigations yielded a mean velocity of
9 x 107> m/s.

Both studies prove the existence of thermal convection
for temperature gradients down to at least 0.07 K/m
(numerical modeling) and 0.1 K/m (experimental investi-
gations), respectively. This is in agreement with an ana-
lytical approximation based on a formula of Gershuni and
Zhukhovitskii (1976), which proposes that thermal con-
vection should start for a destabilizing vertical temperature
gradient of 0.068 K/m in a 5-cm-diameter water column
(Berthold and Borner 2008).
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Measurement Schematic diagram Table 2 Flow velocities in the water column of the testing facility
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Fig. 7 Flow pattern in the water column reconstructed from PIV
measurements at a temperature gradient of 1 K/m and their schematic
interpretation

Temperature gradients in that order exist under natural
conditions in many monitoring wells and boreholes (Bert-
hold and Boérner 2008; Berthold 2010).

For the first critical mode of thermal convection (dia-
metrically antisymmetric mode) in infinite cylinders
(length/radius >5) of circular cross-section, Gershuni and
Zhukhovitskii (1976) give the following approximation:
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with 2 being the ratio between the thermal conductivities of
fluid and the surrounding material. The equation was
derived for an infinite vertical cylindrical channel sur-
rounded by homogeneous conducting walls under the
assumption that the wall temperature is a linear function of
the vertical coordinate and that equilibrium temperature
gradients in wall and fluid coincide (Gershuni and
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Fig. 9 PIV velocity vector plots of the time-dependent flow at a
temperature gradient of 2 K/m—time difference of about 5 min

Zhukhovitskii 1976). They state that the discrepancy
between the solution of this approximation and the exact
Rayleigh number amounts to a fraction of one percent.

When using a value of 0.6 W/(Km) for water and a
thermal conductivity of 2.1 W/(Km) for a surrounding rock
formation, a thermal critical Rayleigh number of 147.5
results from their equation. Comparing this critical Ray-
leigh number with Rayleigh numbers calculated for dif-
ferent water column diameters reveals that in water
columns of larger diameters, thermally driven convection
sets in at even lower temperature gradients, since friction
forces along the wall area are reduced (Fig. 10). For
monitoring wells or boreholes with diameters of 7.5 cm (3
inch) and higher that means, they can already experience
thermal convection at temperature gradients smaller than
the geothermal gradient (Fig. 10).

It is assumed that using the Rayleigh number as a
scaling variable, results obtained in this study (e.g., for
flow velocities) can be transferred to convective flows in
water columns of other diameters. For the experimental
parameters in this study, corresponding thermal Rayleigh
numbers are given in Table 1.

Column diameter
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Fig. 10 Rayleigh number as a function of thermal gradient and
diameter (temperature: 10°C, water conductivity: 0.3 mS/cm) com-
pared to a critical Rayleigh number for an average rock thermal
conductivity of 2.1 W/(Km) and a thermal conductivity of 0.6 W/Km
for water

4 Conclusions

Using PIV, thermally driven free convection at low Ray-
leigh numbers was investigated in a water column subject
to small vertical temperature gradients. Depending on the
destabilizing gradient, development and geometry of the
induced convection cells, as wells as the occurring flow
velocities, were determined.

Motivation for the research was to gain more insight into
density-driven convection in boreholes and groundwater
monitoring wells and study the conditions for their occur-
rence. The results, however, are not limited to this topic,
but apply to a wide range of free convective flow problems.

Temperature gradients in boreholes and groundwater
monitoring wells range up to a few Kelvin per meter in the
near surface zone, but may also be as small as a few
hundredths Kelvin per meter (0.03 K/m on average) due to
the geothermal gradient.

Only by using a complicated active and passive insu-
lation system for the testing facility, it was possible to
precisely control and maintain the small temperature gra-
dients occurring in boreholes and monitoring wells under
natural conditions. An outstanding temperature stability of
40.025 K was achieved in the 1-m-long water column.
Simulations of free convection in a water column with such
a high aspect ratio (height/radius around 19) subject to such
precisely controlled small temperature gradients were done
for the first time.

The high-precision experimental investigations of ther-
mal convection at low temperature gradients and hence low
Rayleigh numbers would not have been possible without
PIV. The non-invasive PIV technique allowed for
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measuring the resulting low flow velocities with high
spatial resolution without interfering the flow.

The experiments revealed that significant free convec-
tive flow exists in slender water columns already at con-
siderable low vertical temperature gradients. Regarding the
water column in monitoring wells, this was disbelieved
before (Martin-Hayden 2001).

In the testing facility representing a 1-m-long section of
a water column with 5 cm diameter (approx. 2 inch) within
a temperature-stratified medium, occurrence of free con-
vection could be verified for destabilizing temperature
gradients from 2 K/m down to 0.1 K/m (smallest adjust-
able constant temperature gradient). Temperature gradients
in that order exist under natural conditions in many mon-
itoring wells and boreholes—the higher ones especially in
the near surface zone influenced by seasonal temperature
variations.

By proving the existence of thermal convection for
temperature gradients down to at least 0.1 K/m
(Ra = 355), the experiments agree with an analytical
approximation of Gershuni and Zhukhovitskii (1976),
which proposes that thermal convection should start for a
vertical temperature gradient (temperature increasing
downwards) of 0.068 K/m in a 5-cm-diameter water
column.

The experimental results show an increase in flow
velocity with temperature gradient. As regards the quasi-
stationary flow regime, the induced flow velocities
increased linearly with increasing temperature gradient.
Flow velocities ranged from 8 x 107> m/s for a tempera-
ture gradient of 0.1 K/m (Ra = 355)to 1 x 1073 m/s for a
temperature gradient of 1 K/m (Ra = 3,719).

At higher temperature gradients, a transition was
observed (in this case between 1 and 2 K/m, that is,
Ra = 3,719 and 7,812). The quasi-stationary flow, where
transport happened mainly over a large convection cell,
transformed into a time-dependent flow, where the con-
vection cells changed position within the water column,
number, and form temporarily—partly within few minutes.

As the investigated temperature gradients induced con-
vection cells with flow velocities in the order of 10™* m/s,
that is, several meters to around hundred meters per day, it
results for boreholes and groundwater monitoring wells
that the velocity of vertical density-driven convection
within the water column can exceed the natural (horizontal)
groundwater trough flow.

It is assumed that the flow velocities and structures
obtained in this study for density-driven flow in a 5-cm-
diameter water column can be transferred to flow velocities
in water columns with other diameters using the Rayleigh
number as a scaling variable. The results should thus be
generally applicable to thermally driven convection in
every slender tall water column.
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