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Abstract — Uranine is a dye commonly used in tracer experiments; it is chosen for its high visibility even
at low concentrations. Uranine solutions are slightly denser than water at the same temperature. However,
in laboratory experiments uranine solutions have been known to occasionally show unpredictable flow
behaviors. This paper investigates the possible effect of light-induced density change to explain some of
these behaviors. Uranine has a wide light absorption spectrum for visible light, which can heat the dye
solution and lower its density to below that of the surrounding water, which induces buoyancy-driven flow.
Simulations are made in both one dimension and two dimensions to determine the extent of the effect. The
results are then compared to different experiments with unanticipated flow patterns.

Keywords — Uranine/fluorescein tracer experiments, flow patterns in fractures, light-induced density-
driven flow, buoyancy flow in fractures.

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION AND BACKGROUND

It is well known that differences in local temperature
and solute concentration in water can cause buoyancy-
induced flow in bodies of water. There is a vast amount
of literature on the subject, e.g., publications by Elder,1

Voss and Souza,2 Holzbecher,3 Moukalled et al.,4 and
López and Smith,5 to name only a few. Moukalled
et al.4 cite a large number of papers that describe buoy-
ancy processes in narrow annuli of various types and how
flow patterns can be simulated by numerical methods.

Buoyancy-induced flow can also take place in narrow
fractures in fractured crystalline rocks such as bedrock used
to host repositories for radioactive waste. Buoyancy effects

due to temperature differences generated by the heat ema-
nating from the decay of radionuclides and intrusion of salt
or meteoric water are accounted for when modeling flow
pattern evolution over time and space in the Swedish and
Finnish KBS-3 types of designs for high-level nuclear waste
repositories in fractured crystalline rocks.6,7a Also, the
exchange of dissolved salt by molecular diffusion in and
out of the slightly porous rockmatrix to and from themobile
water in the fractures is accounted for in the models.8

Recently, it has also been shown that salt exchange between
the bentonite clay used to enclose the waste canisters in
deposition holes andwaste in vault repositories can generate
local convection currents that can increase the release rate of
nuclides.9 These narrow but rapid currents can move long
distances before they are diluted by mixing with other
waters.

There is a desire by authorities that license the con-
struction of radioactive waste repositories to demonstrate
that the various design components and the underlying
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theories and models used in the safety analyses are valid
and robust. This also applies to modeling of the mass
transfer processes that govern radionuclide release from
repository components to the seeping water in the frac-
tures. This mass transfer constitutes one of the important
transfer resistances to radionuclide release.

We set out to visualize experimentally the mass
transfer rate in narrow-constant-aperture and variable-
aperture slots simulating a fracture in crystalline rock in
which seeping water passes and contacts a source of
tracer that diffuses out into the water as it seeps by. The
flow velocities were chosen to be in the range expected
under natural conditions, i.e., 1 m/yr up to hundreds of
meters per year. The residence time in the fracture replica
was chosen to be on the order of 1 month in order to give
the tracer time to diffuse about 10 cm before being swept
away. This would cover a few correlation lengths in the
variable-aperture fracture and would be sufficient to be
within a realistic range of aperture variations.

We primarily used uranine (fluorescein) as tracer
because it can be detected in very low concentrations.
During this work, it was found that even weak illumina-
tion in the laboratory heats up the tracer solution and
gives rise to circulation patterns that would not be present
without light absorption. Also, blackbody radiation to and
from the walls was suspected to induce circulation. This
prevented the direct visualization and validation of the
mass transfer to seeping water. Instead, an indirect
method was devised that visualized and demonstrated
the diffusive transport to seeping water.10

Recently, a flow pattern of another experiment,
designed to study an effect of matrix diffusion on trans-
port radioactive tracer pulse flowing in a narrow annulus
between a concentric tube and a centered drill core,11 was
visualized using uranine. The outer tube was transparent
to be able to observe the flow pattern. A short pulse of the
uranine tracer was injected into an upward water flow in
the annulus. The equipment was manufactured with great
care to ensure that the annulus had a minimal variation in
the aperture. The water distribution device at the bottom
of the slot was specifically designed to ensure that the
inflow was evenly distributed in the annulus. The flow
rate was very low, chosen to be comparable to that of
a long-term field experiment with a similar annulus
size.12 The water residence times in two experiments
with 1- and 2-mm apertures were several hundred hours
in the laboratory experiments. The upward propagation of
the uranine pulse was followed by photographs and
movies. In the initial stage, a plug flow was seen, but
after a short time, i.e., hour(s), prominent “fingering”
developed and rose rapidly. These results suggested

extremely large dispersion effects. This was initially
interpreted as maldistribution of the forced flow due to
aperture variations. Alternatively, such an effect could be
caused by light-induced heating of the laboratory light-
ing. Furthermore, similar experiments performed in gas
phase using helium as tracer and a nontransparent tube
did not show the effect by channeled flow field,13 which
supports the light-induced-effect explanation.

In the present paper, we explore how absorption of
light in the traced solution can induce flow and/or give
rise to abnormal flow rate distribution in narrow slots. To
the best of our knowledge, light-induced buoyancy has
not been described earlier in the context of investigations
related to radioactive waste repository design. Our results
could influence the design of future tracer experiments in
transparent variable-aperture fractures, in which hydrau-
lically induced low-velocity flow patterns and solute
transport are studied.

II. AIMS AND SCOPE

We wish to explore how light absorption of a dye,
i.e., uranine, in a transparent vertical slot can generate
buoyancy flow that disturbs and overpowers the flow
pattern induced by hydraulic gradients. Such disturbance
can generate fluid circulation and cause hydrodynamic
dispersion that would not develop otherwise. Insights into
the processes can aid in designing necessary visualization
experiments that are not subject to this disturbing effect.

III. AN EXPERIMENT THAT SHOWS BUOYANCY-INDUCED
FLOW IN A NARROW SLOT

Uranine, an organic fluorescing dye, has been widely
and successfully used in field tracer experiments because
it can be visually detected even in very low concentra-
tions. Below, we describe a simple experiment in which
low light intensity rapidly induced flow. This experiment
will be modeled later.

An experimental device was constructed by separating
two (25 × 25-cm) acrylic glass sheets with 1-mm spacers. The
sides were then sealed with silicon. The device, called a slot,
wasmounted vertically with one corner lowest, with a 45-deg
angle to the table, as seen in Fig. 1. The slot was placed in
front of a light board. The slot was filled with water through
tubes attached to the side corners. For the injection of the dye,
a silicon plug was located in the lower corner, and a fine
syringe needlewas inserted in the top corner to remove air and
to even out the internal pressure during the dye injection.
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In the experiment, the slot was first filled with degassed
deionized water and left to rest to avoid initial convection.
A small volume of uranine solution, 0.5 mL of 1.75 g/L, was
slowly injected with the syringe, through the silicon plug,
which acted like a self-sealing membrane. Initially, the ura-
nine blob was slightly convex around the injection location.
After less than 1 min, it flattened and settled in the bottom
corner; see Fig. 1.

The temperature in the laboratory was around 20°C,
and the light intensity of the light screen behind the slot is
around 2000 lm/m2 with daylight color temperature. The
entity lm (lumen) is the SI unit of luminous flux. Points
on the slot receive around 1500 lm/m2 as some of the
light passes outside the slot. The light board was the main
source of illumination in the laboratory and the only
illumination when the laboratory was not in use.

Figure 2 shows how the “heavy” uranine blob “wob-
bles” slowly during the first hour and suddenly emits
a narrow stream at 1 h and 23 min. Figure 2 also shows
how the narrow stream rapidly rises in the slot. The entire
blob becomes unstable and after 9 h and 47 min has

disintegrated and the dye has risen to the top of the slot.
The photographs in Fig. 2 show different times of the
uranine blob’s injection into the bottom corner and its
fate. In the photographs, to enhance visibility,
Photoshop® (Ref. 14) was used to transform the original
yellow-green color of uranine to blue.

By enlarging the lower part of the slot in the last
frame in Fig. 2, as can be seen in Fig. 3, well-defined
Rayleigh-Taylor fingers can be observed. Rayleigh-
Taylor fingers appear when a liquid of lower density
presses up through a liquid of higher density.15 This
shows that the dye has changed from a liquid with
a density higher than water (Fig. 1) to a liquid with
a density lower than water.

IV. BUOYANCY AND RAYLEIGH INSTABILITY

When a less-dense fluid underlies a denser fluid,
the system is inherently unstable. Holzbecher3 dis-
cusses how such instabilities can be modeled in the
context of flow in radionuclide waste repositories in
porous and fractured rock. He presents models and
computation tools to describe the flow patterns gener-
ated. He also discusses the Rayleigh-Taylor instability
in that context.

The competing processes that generate the driving force,
i.e., the buoyancy due to density differences and the restrain-
ing force (that is, the friction of the mobilized fluid as it
moves in the narrow slot), change over time. Initially, the
density difference between a spot with dye (heavy liquid) and
surrounding pure water (light liquid) is positive, and the dyed
spot will tend to sink or stay at the bottom. As the dyed liquid
is heated by absorbing light energy, it will become less dense.
The dyed spot, when it becomes lighter than the pure water,
will rise. When the driving force and thus the velocity are
small, heat conduction between the spot and the surrounding
water and walls of the slot will have time to cool the spot and
decrease the velocity and stabilize the flow.When the driving
force is large, the spot may not be cooled as rapidly as it is
heated by absorption of more light, and therefore, it can
accelerate. This leads to instability and can cause circulation
patterns. The situation is further complicated by molecular
diffusion of the dye molecules from the spot to the pure
water. The spot is diluted and grows. If the dye concentration
initially is very high so that “all” light is absorbed, a growing
spot, although diluted, will still be able to absorb practically
all light and maintain its driving force per the volume of the
spot. The driving force will decrease if the dilution leads to
less light absorption per volume of the spot. Thus, we have to
account for a number of processes that influence the

Fig. 1. Top frame: The dye blob in the slot right after
injection through the plug. Bottom frame: The same blob
50 s after injection.
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buoyancy and stability of the system when modeling the
evolution of flow in the slot.

V. MATHEMATICAL MODEL

V.A. Model

The coupled processes outlined in Sec. IV are for-
mulated in a mathematical model in this section.

To account for local density gradients due to the
diffusion-propagation and the density-driven flow, the
system is described in two dimensions. The horizontal
and vertical directions are denoted x and z, respectively.

Fig. 2. Development of rising flares of uranine. Original light yellow-green color has been transformed to blue using Photoshop.

Fig. 3. Enlargement of the bottom portion of the last
frame in Fig. 2.
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The temperature and fluid density in the third direction,
i.e., over the thickness of the slot, are assumed to be
constant. This is supported by scoping calculations. The
following set of equations that govern the diffusion, flow,
and heat transport in the slot and the immediate surround-
ings is used to simulate the buoyancy-induced flow in the
slot.

The flow field, as a function of density ρ T ; cð Þ, is
described by the continuity equation [Eq. (1)] in combi-
nation with the Darcy equation [Eqs. (2) and (3)]:

qρ T ; cð Þ
qt

þ qρ T ; cð Þux
qx

þ qρ T ; cð Þuz
qz

¼ 0 ; ð1Þ

ux ¼ � κ
μ Tð Þ

qp
qx

; ð2Þ

and

uz ¼ � κ
μ Tð Þ

qp
qz

þ ρ T ; cð Þg
� �

; ð3Þ

where

ux; uz = velocities in the x-direction and z-direc-
tion, respectively

κ ¼ δ2fr
12 = permeability

μ Tð Þ = water viscosity.

Initially, there is no flow present in the slot, with the
aperture δfr, and the pressure in the slot is described by
p = ρgh.

The mass transport is described by the diffusion-
convection equation:

qc
qt

¼ �ux
qc
qx

� uz
qc
qz

þ Dw
q2c
qx2

þ q2c
qz2

� �
; ð4Þ

where Dw is the diffusivity of uranine; c and cO ¼ 1 are
the normalized concentration and the initial normalized
concentration, when the former is defined from the initial
concentration cO as

c ¼ cO
c
cO

: ð5Þ

The temperature evolution in the system is treated as
three two-dimensional (2-D) domains: one for water and
two for acrylic glass, with aperture δp; one acrylic glass
sheet is on each side of the water slot. The temperature in

the water domain is described by the equation of energy
in combination with Fourier’s law of heat conduction:

ρ T ; cð ÞCp;w
qT
qt

þ ρ Tð ÞCp;w ux
qT
qx

þ uz
qT
qz

� �

� kw
q2T
qx2

þ q2T
qz2

� �
¼ Q� qa frontð Þ þ qa backð Þ

δfr
;

ð6Þ

where Q is the energy flux caused by absorbed light. The
heat emanating from the absorbed light is described by
the Lambert-Beers law [Eq. (7)]:

Q ¼ qo
δfr

1� 10�εcδfr
� �

; ð7Þ

where

c = molar concentration

qo = power flux

δfr = slot aperture

ε = mean absorption coefficient.

The value qa is the heat flux from the water to the
acrylic glass on each side, which is given by

qa sideð Þ ¼ ka �
Tw � Ta sideð Þ
� �

δa
: ð8Þ

The two sides can have two different surface tempera-
tures Ta sideð Þ: The acrylic glass temperatures are simul-
taneously simulated with heat coming from the
water, qa sideð Þ; inside the slot and heat leaving the sur-
roundings, qfc sideð Þ; via natural convection and black-
body radiation to the outer sides of the acrylic glass:

ρCp;a
qT
qt

� ka
q2T
qx2

þ q2T
qz2

� �
¼ qa sideð Þ � qfc sideð Þ

δa
ð9Þ

and

qfc sideð Þ ¼ ha � To � Tð Þ þ σBB eGray T4
surr sideð Þ � T4

a sideð Þ
� �

;

ð10Þ

where
To = ambient temperature

Tsurr = surrounding (wall, ceiling, and light
board) temperature

ha; σBB eGray = heat transfer coefficients by convec-
tion and blackbody radiation to air
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and surrounding walls
ha = function of H and ΔT, which are

described in detail in Sec. V.B.

V.A.1. Initial and Boundary Conditions

For the simulation of the experiment shown in Fig. 2,
the mass transport is described by the diffusion-
convection equation for a sealed slot. The two velocity
components are zero initially, and the initial concentra-
tion for the triangle filled with dye is described by

c t ¼ 0ð Þ ¼ 0 z > 0:022 m
cO z ¼ < 0:022 m

:

�
ð11Þ

Initially, the whole setup is at ambient temperature, and the
sides are assumed fully insulated, with no mass or heat flux
in the x-direction and z-direction beyond the slot.

V.B. Data Section

The density function for the slot is described as the
sum of the temperature-dependent water density plus the
initial mass concentration of dye times the normalized
local concentration by the following equation of state
used for low concentrations:

ρ Tð Þ ¼ ρT 1�
cO � c

cO
ρU

0
B@

1
CAþ cO � c

cO
; ð12Þ

where

ρU = 1600 kg/m3 (Ref. 16)

ρT = function that expresses the water density as
a function of temperature, presented by Jones
and Harris17

cO = initial dye concentration of uranine in the
solution (kg/m3).

The partial volume of uranine in the solution is
approximated from the density of the uranine crystals.

Sjöback et al.18 measured absorption spectra of ura-
nine solutions in water at different pH, salinities, and
concentrations. In neutral and slightly basic solution, the
di-ionic form dominates. The peak extinction coefficient
at 490 nm is 76 900 M−1·cm−1. In the wavelength range
of 400 to 550 nm, it has a mean extinction coefficient of
� ¼ 13 500 M�1 � cm�1 (Ref. 18). This was confirmed
by light absorption measurements of the dye solution.

A Microlight Tokar #6833-A4 light screen with a cold
cathode fluorescent lamp (CCFL) tube gives 2000 lm/m2 as
measured by the light meter used (Standard ST 1300, Clas
Ohlson). At the location of the slot, 5 cm distant, it is
1500 lm/m2. It is related to the energy in the light photons
times the sensitivity of the human eye at a given wavelength
integrated over the wavelengths at which the eye is sensi-
tive, i.e., 400 to 700 nm. The absorbed light energy in the
uranine heats the water. To convert the lumens per meters
squared to watts per meters squared, the spectral distribution
of the light source is needed. This can be calculated using
the luminous efficacy ηs (lumens per watt).

The luminous efficacy of a blackbody radiator (the sun)
at 5800 K in the range of visible light 400 to 700 nm (ideal
“white” source) is 251 lm/W (Ref. 19). However, the light
from the light screen is generated by the fluorescent source,
which emits the energy in a few narrow spectral lines that
together with the human eye is perceived as white light.
Murphy19 in an example cites a value as high as 349.1 lm/W
when integrating over the spectral lines in the visible range.
However, there are also a few spectral lines with high
intensity in the range 400 and 430 nm, where the human
eye has a rather low photopic sensitivity and thus contri-
butes with only a few lumens per watt. In the literature,
CCFL tubes are stated to have a luminous efficacy in the
range of 26 to 60 lm/W (Refs. 20, 21, and 22), and the
average is what will be used as an estimate in the following
examples. A luminous efficacy of 43 lm/W together with
the measurement of the light screen gives a power flux of
about 35 W/m2 at the slot. Part of this light energy can then
be absorbed by the dye to heat the fluid, equipment, and air.

V.B.1. Heat Transfer Coefficients for Convective and
Radiation Cooling of Slot

For free convection at a vertical surface, the heat
transfer coefficient can be estimated from the following
expressions23:

hconv ¼ kair
H

0:518 ðGrTPrÞ0:25 ð13Þ

and

GrT ¼ ρair
2g βTΔTH

3

ηair2
; ð14Þ

where

βT = thermal expansion coefficient:
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βT ¼ 1

ρair

dρair
dT

¼ � 1

T
ffi �3:5� 10 �3ðl=KÞ ð15Þ

ΔT = temperature difference between air and
surface

H = height of the surface area that is heated

ρair = air density; μairis its viscosity

Pr = Prandtl number = 0.7 for air.

For air at ambient temperature, the convective heat
transfer coefficient is

hconv ¼ 1:25 H�1=4 ΔT1=4 ð16Þ

in units of watts per meters squared times degrees kelvin
using the entity of H in units of meter.

These relations are valid when the entire surface has
a constant temperature that deviates by ΔT from the
surrounding air. It is not strictly valid for the problem at
hand because ΔT changes with time as the slot is heated
by the radiation from the light screen that is absorbed by
the uranine. Furthermore, the uranine concentration is not
evenly distributed in the slot. It would be valid when the
uranine has been equally distributed in the slot by diffu-
sion and by the induced convection currents. The con-
vective heat transfer is used to illustrate that natural
convection will be active and that it will cool the slot to
some degree.

In contrast, blackbody radiation acts directly on each
location in the slot. The temperature in the acrylic glass
quite rapidly adapts to the temperature in the water in
each location in the slot. It is only damped in time by the
time a heated spot distributes its heat locally into the
acrylic glass. The characteristic time for thermal adjust-

ment,
1

tc
¼ dx2

Dth
, is a few minutes for acrylic glass 4 mm

thick; Dth, as a function of
k

ρcp
, is given in Table I.

The heated locations in the slot also emit energy by
blackbody radiation and receive radiation from the sur-
roundings with net flux equal to (the flux is over the
spherical angle that has temperature T1 in one point on
the slot and T2 at the surroundings)

qlight ¼ σBB eGrayðT4
1 � T4

2 Þ ; ð17Þ

where eGray is the emissivity of the surfaces, in this case,
assumed to be the same for the heated spot and the cooler
walls of the room, which together with the slightly war-
mer light board entirely surrounds the equipment. σBB is
the Stefan-Boltzmann constant for blackbody radiation;
its value is 5:67 � 10�8 W=m2� K�4.

The value eGray is an empirical factor, less than 1,
that accounts for deviation from blackbody radiation.
For polished shiny metal surfaces, eGray can be much
less than zero. For most materials, it is slightly below 1
(Ref. 23). We take it to be 0.9 for both the heated spot
and the surroundings.

Blackbody radiation from the light screen, which
is marginally warmer than the surroundings, can also
be accounted for. The screen is located at a short
distance from the slot and covers a considerable frac-
tion of the horizon on that side. This can in principle
be determined by integrating the radiation to and from
the heated spot over the entire spherical direction
using Bird et al.’s view factor concept.23 This is not
practical because the temperature of the light screen
has variations of 0.5 K. This is in the same range as
the steady-state heating of the spots, in which there is
uranine that is heated by the screen radiation by visi-
ble light. Also, the surrounding walls vary in tempera-
ture by a fraction of 1 K and local heat sources from
laboratory equipment. However, undetermined exter-
nal heat sources are more likely to have a greater
effect on the water temperature than the dye tempera-
ture due to its larger ΔT.

The maximum cooling by blackbody radiation will
be when the light screen has the same temperature as the

TABLE I

Material Properties for the Media*

ρ (at 20°C)
(kg/m3) cp (kJ/kg·K−1)

kth (at 25°C)
(W/m·K−1) ηa (Pa s) Dth (m

2/s)

Water 4.18 0.60 10−3 1.4 × 10−7

Acrylic glass 1190 1.5 0.2 – 1.1 × 10−7

Air 1.20 1.0 0.026 1.8 × 10−5 –

*Material properties for the media are from Refs. 24 through 29. The diffusivity of uranine in water is 6:4� 10�10 m2=s (Ref. 30).
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other surroundings. Then, ΔT is constant over the entire
surroundings. When the screen has a temperature slightly
higher than the surroundings, Eq. (17) can be used to
determine the contribution from this by integrating over
the spherical angle region covered by the screen.

The problem is further complicated when a person or
persons are present in the laboratory during the experi-
ments and are close to the equipment. Physical contact
with, as well as blackbody radiation from, a warm body
can heat the equipment. We will explore how these
uncertainties influence the buoyancy by simple sensitivity
simulations.

Given the maximum blackbody radiation loss for
a small difference ΔT , the flux at room temperature
(293 K) can then be described by linearizing Eq. (17)
around T1 or T2. This gives

qlight ¼ hradΔT ¼ 5:13 ΔT : ð18Þ

The contribution from convection and maximum black-
body radiation gives a heat transfer coefficient

qp ¼ 1:25 H�1=4 ΔT5=4 þ 5:13 ΔT : ð19Þ

VI. RESULTS

VI.A. Some Illustrative Calculations

Figure 4 shows the fraction of light absorbed as
a function of the uranine concentration in a 1-mm-
aperture slot. Concentrations as low as 0.01 g/L uranine
will absorb 9% of the light, and even 0.001 g/L will
absorb 0.93% of the visible light.

Below, we explore how noticeable heating and buoy-
ancy can be caused by light absorption in the tracer.
Referring to the experiments described above, consider
a tracer blob, with a slightly larger density than water,

injected in the bottom of a slot. The blob begins to heat
up, and its density decreases. When its density becomes
less than that of the surrounding water, it can start to rise.

VI.B. Temperature Rise in the Slot

To gain an impression of how the water in the slot
would increase its temperature if there was no heat
loss to the surroundings, we exemplify this for the
1-mm-aperture slot into which all the absorbed energy
of the light is deposited. The temperature rise rate for
qo = 35 W/m2 is dT

dt ¼ qo
δwρwcp;w

= 30.1 K/h. If one

accounts also for the heat capacity of the acrylic
glass that is heated, the temperature rise would be
reduced to 6.7 K/h.

Further, accounting for the heat loss to the sur-
roundings by convection and radiation, the steady-
state temperature of the slot can be obtained from
the energy balance:

qlight ¼ qoð1� 10��cδwcmÞ ¼ qloss;tot

¼ 2� 1:25 H�1=4ΔT5=4 þ 5:13
� �

� ΔT ðloss on two sidesÞ :
ð20Þ

Figure 5 shows the steady-state temperature rise in
a 1-mm slot filled with uranine solutions of different
concentrations and a free-convection height H of
0.25 m.

Initially, the tracer solution is denser than the
water above but gradually becomes less dense as it
heats up. If there are no convection currents and no
thermal conduction in the x-direction and z-direction,

Fig. 4. The fraction of light absorbed in a 1-mm-aperture
slot as a function of the uranine concentration.

Fig. 5. Steady-state temperature rise in a 1-mm slot filled
with uranine solutions of different concentrations. The
heat capacity of water and acrylic glass are accounted
for; qo ¼ 35 W=m2:
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the density evolution of the dye solution can be deter-
mined by

ρwcCpwδw þ 2ρaCpaδa
� � qΔT

qt
¼ qo10

��cδw;cm

� 2 ð1:25 H�1
4 ΔT

1
4 þ 5:13ΔTÞ ;

ð21Þ

where

ρ = density

Cp = heat capacity

δ = thickness

w, a = indices that stand for water and acrylic glass,
respectively.

Scoping calculations show that the heat spreads so
quickly, i.e., in minutes, in the acrylic glass that in prac-
tice it is in thermal equilibrium with the water, which
implies that Eq. (21) is a good approximation of the time
evolution of the temperature rise.

Figure 6 shows the temperature increase above ambi-
ent in a 1-mm-aperture slot for different concentrations of
uranine for qo = 35 W/m2 and 15 W/m2, respectively.
Higher uranine concentrations do not cause larger tem-
perature increases because already 1 g/L absorbs practi-
cally all visible light energy.

The density of the solution is initially larger than that of
pure water at the same temperature. A spot with uranine is
therefore “heavier” than the surrounding water without dye.
However, when the spot withwater absorbs light, which heats
it, it gradually becomes lighter than the water without dye,
which is not heated by light absorption. If the spot becomes
lighter than the surrounding water, it will start to rise.

For qo = 35 W/m2, as can be seen in Fig. 7a, the
density difference decreases from positive to negative
after 1 h for all uranine concentrations in the slot. For
qo = 15 W/m2, as can be seen in Fig. 7b, it remains
positive only for concentrations above 0.8 g/L.

VI.C. Simulations of Development of Flow Currents in
the Slot

The 2-D simulations were made using COMSOL
Multiphysics31 and its Material Library (water and acrylic
plastic) for the system shown in Fig. 2. The slot is
25 × 25 cm and has a 1-mm aperture, surrounded by two
sheets of acrylic glass with a thickness of 4 mm. Radiation
and free convection act on both outer surfaces. The natural
convection heat transfer coefficient is estimated by
COMSOL with the standing height of the tilted slot and
a room temperature of 20°C. However, the complexity of
the domain, such as temperature gradients in both the
x-direction and z-direction and its irregular height, in z,
makes it difficult to account for the free convection fairly.

Fig. 6. Temperature increase above ambient for different concentrations of uranine for (a) qo = 35 W/m2 and (b) qo = 15 W/m2.

Fig. 7. Density difference decrease for different concentrations of uranine for (a) qo = 35 W/m2 and (b) qo = 15 W/m2.
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To account for blackbody radiation, room temperature is
used on the room side, and 2°C warmer on the light board
side is used to account for the slightly warmer surface. The
uranine concentrationwas initially1.75g/Lbelow y=22mm
and zero in the remainder of the domain. The results are
presented in Fig. 8 for four different instances in time.

For a light exposure of 35 W/m2, as can be seen in
Fig. 8, the onset of circulation is after less than 1 h,
and the uranine has essentially been diluted in the
entire water volume in the slot after 12 h. This is in
overall agreement with what was observed in the
experiments.

Rayleigh-Taylor fingering with very narrow
streams has not been simulated by the model because
it would need excessively finer discretization and
a more detailed modeling of the heat transfer from
the water into and within the acrylic glass. The simu-
lated general flow pattern supports the observations
that convection currents will develop. The asymmetric
and wobbling flow pattern, shown in Fig. 2, suggests
the onset of Rayleigh-Taylor instability. A simulation
with qo = 1 W/m2 did not result in circulation patterns
but showed a stable heat gradient with a slightly
higher temperature in the region with dye. In

Fig. 8. Diffusion, convection, and heat simulation for the tilted slot. The solid curved lines and the arrows describe the
streamlines and the flow field, respectively. The color bar indicates the normalized concentration of uranine dye.
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simulations with larger qo, circulation started earlier
as did simulations with lower convective and radiation
heat transfer coefficients.

The uranine transport experiments in the annular flow
channel designed by Voutilainen et al.11 were investigated
by applying the above simulation procedure, with one of the

Fig. 9. Simulation of uranine propagating in a 1-mm-thick annulus with a sinusoidal light source. Note that the color bar is cut at
c = 0.1 to clearly show the faster dye.

Fig. 10. Simulation of uranine propagating in a 2-mm-thick annulus with a sinusoidal light source. The color bar indicates the
normalized concentration of uranine dye. Note that the color bar is cut at c = 0.1 to clearly show the faster dye.
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acrylic glass sides replaced by one with granite (properties
from COMSOL’s Material Library) but without cooling by
radiation or convection. The annuli were simulated as slots
with thicknesses of 1 and 2 mm (80 cm high and 4.1π cm
and 4.2π cm, respectively) with a sinusoidal light source to
illustrate a light source facing one side of the column and
a shadow side. The thickness of the acrylic glass was set to
0.5 cm. The heat capacity of the rock core on the inner side
of the slot was also accounted for. The water was flowing
upward with a flow rate of 50 μL/min, and the dye concen-
tration was set to 1 g/L in the lowest section of the slot to
mimic the injected pulse. The power flux was set to be on
the order of 20 W/m2, which is equivalent to approximately
2% of the power flux of direct sunlight.32 The illumination
was sinusoidal around the tube with 30 at the highest and
10 W/m2 at the shadow sides. The simulated dye propaga-
tion for both annuli are shown in Figs. 9 and 10. Note that
the color bar is cut at c = 0.1 g/L to clearly show the
faster dye.

Disturbance of the flow field is clearly visible after
a few hours. Note the rotation pattern establishing in the
tracer domain in Fig. 9. After about 8 h a mushroom-
shaped stream starts to protrude up into the water ahead
of the stream. However, the model does not fully explain
the fast streams as witnessed in these experiments. It is
not clear if this is due to an underestimation of the light
or an inability to account for other factors such as irre-
gularities in room temperature, ventilation, irregular heat
emanating from the laboratory environment, or other
sources.

However, in Fig. 10, a much earlier onset of dis-
turbance and a full stream that breaks out of the bulk
flow are observed. The difference is due to the four
times higher permeability. The simulated flow pattern
is in accordance with the patterns observed in the
laboratory experiment. The laboratory experiment
showed patterns with curly veins of a higher uranine
concentration surrounded by veils of a lower uranine
concentration.

VII. DISCUSSION AND CONCLUSIONS

Figure 7 shows that for the moderate case where there
is no solute exchange between the dye and bulk water, the
uranine tracer in a 1-mm-aperture slot can be expected to
generate buoyancy and instability when subject to illumi-
nation of 15 W/m2. The simulated results for the tilted slot
as shown in Fig. 8 indicate that circulation patterns develop
due to the energy absorption of moderate lighting. While
the simulation model cannot in detail reproduce the

Rayleigh patterns and flow fields, it is shown that the
available light is enough to induce rotation in the slot due
to the light absorption. The heat-induced velocity of the
fluid can be considerably larger than the low velocity in
experiments aimed at the visualization of flow patterns in
narrow slots and replicas of natural fractures.

The results in Fig. 9 do not fully manage to account
for the flares experienced during the 1-mm experiment.
However, in the 2-mm annulus, flaring streams similar
to ones observed in laboratory experiments were
obtained. It is not clear if this is due to an underestima-
tion of the light or an inability to account for other
factors such as irregularities in concentrations, room
temperature, or other sources. The granite core, used in
the COMSOL simulations described in Figs. 9 and 10,
appears to be a large enough heat sink to stabilize the
system to large extent.

We have by simple simulations investigated the aris-
ing artifacts experienced in some low-velocity tracer
experiments, i.e., unexpected rising of dye through the
bulk water. The results of the simulations of the two
experiments described above show that light-induced
heating of the tracer dye can explain the observed
phenomenon.

Light-induced circulation can probably be avoided if
a low light intensity is used when performing the experi-
ments, preferably in complete darkness between observa-
tions. It is advisable to assess beforehand how the density
of a tracer solution responds to visible white light as well
as to blackbody radiation.

Another solution is to use tracers without light-
induced effects, such as gases (e.g., Ref. 13), radio-
active elements (e.g., Ref. 11), or saline tracers with
electrical conductivity measurements (e.g., Ref. 33).
However, when applying these tracers, one needs to
compromise regarding the visualization of the flow
patterns (gases), have access to radiochemistry labora-
tories, and use novel imaging techniques (radioactive
elements) or accept higher detection limits (saline
tracers).
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