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Abstract

The mechanisms of gas transfer within a sand bed continuously and
discontinuously fed were studied. Use of fluorescence technology allows us to
detect both gaseous and dissolved oxygen. Magnitudes of convection and
diffusion phenomena and their relative contributions to oxygen renewal of the
porous medium were determined. In a continuous clear water supply, we
measured gaseous oxygen concentrations of approximately 21% on the surface
and 10% in-depth. These measurements are in agreement with literature values.
Oxygen transfer from the gaseous phase towards the liquid phase was observed
to occur entirely during the feeding phase. Thus, convection seems to be the
prevalent phenomenon. In a continuous deoxygenised water supply, the gist of
the gas/liquid transfer in-depth is due to the expelled air from the higher pores,
which is present in the bed before feeding. The diffusion, which is an extremely
slow phenomenon, aims at a homogenisation of the oxygen content in the higher
part of the sand bed. In intermittent feeding, the air suction which occurs
immediately after the total water infiltration is important for the oxygen renewal
in the higher centimetres of the porous medium but remains insufficient to 13 cm
depth. The oxygen transfer rates were calculated for different hydraulic load.
They are all the more significant as the volumes injected by the batches were it.
However, we observed that diffusion does not allow fresh air to reach deeper
levels.
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1 Introduction

The effectiveness of water treatment by means of vertical-flow sand beds mainly
depends on proper soil aeration. In a number of systems, soil aeration is achieved
by intermittent feeding, where oxygenation is supplied by convection and
diffusion. That is the case of infiltration percolation. According to Platzer and
Mauch [1], the mechanism of convection only operates if the upper surface of the
bed has a large draining capacity and dries between two batches. Even though
the strong influence of the hydraulic load on the clogging and aeration of beds is
widely accepted, the impact and conclusions differ and are the subject of
controversy. Platzer and Mauch [1] also believe that the transfer of oxygen by
diffusion is 1 g Oy/m’/h. They deduce a daily transfer of 22.5 g O, /m/d.
Besides, they also hypothesise that the volume of water going through the filter
is replaced by an identical volume of air by convection. Kayser and Kunst [2]
affirm that rapid feeding has a major positive effect on the transfer of oxygen in
a filter, by diffusion and by convection alike, and show that the influence of the
hydraulic load on the total oxygen transferred is overestimated by the approach
of Platzer and Mauch [1]. Laber [3], who conducted similar experiments with
hydraulic loads of 200 - 1200 mm/d comes to similar conclusions. With the help
of a one-dimensional multiphase transport code that can introduce the effects of
water and air at the same time, Schwager and Boller [4] have mathematically
evaluated the flow of oxygen due to convection and diffusion; the results were
confirmed by experiments with tracer gas. They come to very interesting
conclusions:

e convection is great over a short duration after the passing of a batch

o air diffusion and convection vary over time and it is difficult to provide a

general image of the relative importance of each process

e the molecular diffusion of air is the prevalent process

o the draining level is continuously saturated and aeration from below is not

possible.

However, that conclusion has no relation with the numerical values of the rate
of transfer of oxygen in the gaseous phase in porous media and the rates of
transfer of oxygen in the liquid phase. Several authors [5—8] have developed
experimental protocols and used techniques to measure the oxygen content.
These works have shown that the measurement techniques are generally a
chemical process and the oxygen detected is either dissolved in water or in
gaseous form. This article is based on the use of a new technology in the area,
that of fluorescence. In a porous medium fed with deoxygenated water and
drained, the presence of oxygen could be identified in its two forms. That made
it possible to quantify the rate of transfer of oxygen in the gaseous phase and the
coefficients of the transfer from the gaseous phase to the liquid phase.
Continuous feeding experiments followed by prolonged draining and then by
discontinuous feeding were conducted in order to bring out the impact of the
feeding regime on the oxygen renewal in the gaseous phase. The influence of
different parameters such as the feeding rate and the volume of the batches in the
periodic feeding regime was then analysed.
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2 Equipment and methods

2.1 Sand column

The column was made up of a Plexiglas tube that was 82-cm high, with an inner
diameter of 38 cm and an infiltration range of 0.1134 m”. The bottom of the
column was closed by a filter made of a transparent Plexiglas plate perforated
with several holes with a 4.5-mm diameter.
On the filter, the following materials were placed from the bottom up:
e Two layers of Enkamat matrix to stop the filter medium being carried away
and plug the fluid draining holes

e One 5-cm high layer of 6/10 mm gravel

e A second 5-cm high layer of 4/6 mm gravel

Lastly, a 53-cm high layer of rolled 0/4 mm sand, which made up the main
filtering bed. A spraying system in the form of a watering can head to distribute
the fluid over the entire infiltration surface.

2.2 Mass monitoring system

The system was used to monitor the mass of the column over time, so that the
statistical data relating to feeding and draining and drying were then correlated to
the phenomena of air diffusion and convection in the porous medium. For that, a
Sartorius Combics 1 CW1P model of electronic balance with a range of 300 kg
(£ 0.010) was used, fitted with an external LT2B converter, series 980621, to
convert the digital signal delivered by the balance via the digital link with the
balance (RS 232 V24) into a 4-20 mA analogue signal. The balance had a 20-
mm LCD display.

2.3 Oxygen detectors

Foxy fiber optic oxygen sensors are spectrometer-coupled chemical sensors for
the full spectral analysis of dissolved and gaseous oxygen pressure. They are
portable low-power devices that offer reversibility, stability and high sensitivity.
The thin film used in the probe tips consumes no oxygen, for continuous contact
with the sample.

2.3.1 Temperature compensation

The temperature affects the time required for the fluorescence to decrease, its
intensity (see figure 2), the frequency of collision of oxygen molecules with the
fluorophore and the water solubility of oxygen. The graph below illustrates the
variation of the intensity as a function of the temperature for a sample at a zero
oxygen concentration.

2.4 Oxygen transfer model

The oxygen transfer model in the specific conditions is described by the Lewis
and Whitman equation [9]:
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ocC
el k-(c,-C) (1)

where k and C,, are the oxygen transfer rate (which constant encompasses the
transport and transfer phenomena) and the concentration at saturation of oxygen
in the dissolved or gaseous form respectively.
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Figure 1: lustration of the temperature dependence of intensity I.

3 Results, interpretations and discussions

The filter was fed with clean de-oxygenated water by a sodium sulphite solution
(2g/1). Throughout the experimentation process, the work was done with three
FOXY probes arranged as follows:

- the fist one was 3 cm from the infiltration surface, to measure gaseous
oxygen (P1)

- the second one was 13 cm from the infiltration surface to measure gaseous
oxygen (P2)

- the third one was 43 c¢cm from the infiltration surface to measure dissolved

oxygen (P3)

Table 1: Statistical data and initial conditions (Exp_1).

Average flow rate 0.04708 (1/s)

Minimum flow rate 0.04194 (1/s)
Maximum flow rate 0.5444 (1/s)
Feeding time 455s
Injected volume 21.4208 1

Temperature 21.72 °C

P1 10.77 %

Initial concentrations P2 7.38 %
P3 0.39 mg/1
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3.1 Continuous feeding followed by draining (Exp_1)

3.1.1 Effect of convection
3.1.1.1 Point P1

e Feeding phase
Observation of a convective peak after 42% of the feeding time. Oxygen transfer
took place at a rate of 21.56%/min (see figure 2).

Feeding continued and the passing of de-oxygenated water before P1 led to a
drop in the partial pressure of gaseous oxygen (see figure 2).

¢ Draining phase
Once feeding had stopped, as the ponded volume above the infiltration surface
seeped in, the gaseous oxygen continued to decrease (see figure 2).

After total infiltration of the ponded volume, a 3.61% jump was observed in
the oxygen, followed by accelerated re-oxygenation of the medium at a rate of
1.13%/min - that rise was the result of the air suction phenomenon that
immediately followed the infiltration of the ponded volume (see Figure 2). The
rise completed the evidence of the short-term influence of feeding on the transfer
of oxygen in the upper centimetres of the porous medium. Two phenomena were
thus identified - the convection peak just at the start of the feeding phase and the
suction of air after the total infiltration of the ponded volume. Diffusion was
analysed later on.

3.1.1.2 Point P2

e Feeding phase
13 cm away from the infiltration area, gaseous oxygen was constant during the
entire feeding period (see Figure 2-right). The repercussions of the convection
peak (P1) were therefore negligible, and they led to a slight rise that cannot be
seen in the graph.

¢ Draining phase

A few moments after the feeding stopped, the partial pressure in oxygen
decreased significantly, both during and after the total infiltration of the ponded
volume.

The air suction observed at position P1 produced its effect at P2 11.48
minutes later, in the form of a flow of air at a speed of 0.87 cm/min,
approximately the infiltration speed of the ponded water. Suction followed an
exponential law, from which the rate of oxygen transfer could be deduced. Kg, =
45 7)h.

The volume of air taken in was not sufficient for the continuation of re-
oxygenation of the medium at P2. That is why the oxygen pressure decreased
again. That decrease stopped with the first effects of the diffusion of air in the
medium, which occurred 44 minutes after feeding stopped (see Figure 2).

3.1.1.3 Point P3 After almost 60% of the total feeding time, no effect was
observed at a depth of 43 cm. The dissolved oxygen concentration remained
equal to its initial value.
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Its increase started before the air suction phenomena observed at P1 and P2
and was therefore a consequence of the air pushed out of the pores by the
incoming fluid and not immediately of the suction, which took place later (see

Figure 2).

The terminal phase of rapid draining, the mixing of re-oxygenated water and
de-oxygenated drained water was responsible for the decrease in oxygen at a rate
of 0.1mg/l.min. After long drying (nearly 17h), no consequence of the renewal of

the gaseous phase was observed at P1 and P2 (see Figure 2).
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Figure 2 Change in oxygen content at the different probes (left); close-up of
the effects of convection (right) (Exp_1).
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Figure 3: Evolution of the concentration gradient between points P1 and P2.

3.1.2 Effect of convection

During the long period of drying of the porous medium, a drop in the partial
pressure of oxygen could be seen at P1 (3 cm deep), while it rose at P2 (13 cm
deep) (see Figure 2). The diffusion phenomenon therefore concerns a fairly slow
homogenisation of the gaseous oxygen concentration in this part of the bed.
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Figure 3 illustrates the change in the gradient of concentration between points P1
and P2. It is seen that a significant difference of 3.62% remains in the upper
13 centimetres of the bed in spite of a fairly long rest time.

3.2 Discontinuous or batch feeding

The filter was fed every 10 minutes, with a volume of 7 - 11 litres per batch.

Table 2: Statistical data and initial conditions (Exp_2).
Batch 1 Batch 2 Batch 3 Batch 4 Batch 5

|Average flow rate (I/s) 0.02275 0.01952 0.022347 0.02133 0.01891
IMinimum flow rate (I/s) 0.02111 0.01806 0.02167 0.02 0.01778
IMaximum flow rate (I/s) 0.03389 0.02361 0.02694 0.02361 0.02194
IFeeding time (s) 400 590 305 410 560
Injected volume (1) 9.0743 11.5083 7.1535 8.7479 10.5847

P1 12.79 % 11.54 % 11.96 % 15.33 % 15.88 %
l?ljlglzc;’gfgntfanon P2 8.55 % 4.82% 3.17 % 1.64 % 227%
( ' ) P3 0.37mg/l | 2.53mg/l | 345mg/l | 0.36 mg/l | 0.35mg/l

3.2.1 Analysis of results
3.2.1.1 Point P1

e Feeding phase
A 10.62 % jump in 4 minutes (or 2.65 %/minute) following the first batch was
observed. That was the only convection peak during the whole experience. The
initial humidification of the porous medium before a batch was therefore
essential for obtaining a convection peak (see Figure 4).

Feeding with de-oxygenated water continued and the concentration dropped
suddenly to 9.70%/min while the feeding lasted.

¢ Draining phase
Feeding was stopped, and the oxygen content remained constant during the
infiltration of the ponded volume.

The ponded volume was totally infiltrated and the air suction phenomenon led
to an increase in the oxygen content at the rate of 1.38%/minute. The material
transfer coefficients during the suction phenomena will be studied using the
exponential method in the following paragraphs.

The increase in oxygen went on till a new batch was added, leading to an
immediate drop. The phenomena described were reproduced periodically.

3.2.1.2 Point P2

o Feeding phase
During the entire feeding period (batch 1), the oxygen content remained
constant. The peak observed 10 cm higher did not therefore have an impact
visible at point P2.

e Draining phase
The passing of de-oxygenated water at point P2 led to a decrease in oxygen,
which took place throughout the rapid draining period.

WIT Transactions on Ecology and the Environment, Vol 95, © 2006 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)



376 Water Pollution VIII: Modelling, Monitoring and Management

Air suction at P1 after the infiltration of the ponded volume was followed by a
slight increase in oxygen at position P2

A new decrease occurred before the arrival of the next batch. The volume
taken in at P1 was therefore either not sufficient in quantity or was insufficiently
diffused up to point P2 for re-oxygenation to continue at that point.
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Figure 4: Changes in the oxygen content at different points (Exp_2).

3.2.1.3 Point P3 At point P3 (43 cm from the infiltration surface), the transfer
of oxygen from the gaseous phase in the porous medium to the liquid phase was
measured. Initially, the oxygen concentration was 0.37 mg/1.

The air pushed out at the surface following the first batch led to a transfer of
oxygen to the liquid phase. That led to an increase in the dissolved oxygen (see
Figure 4).

The transfer process continued till the addition of the second batch, which
amplified it. That phenomenon led to a new gradient on the curve.

The effects of the mixing of re-oxygenated water with the drained de-
oxygenated fluid led to a decrease, followed by a drop in the concentration in
oxygen.

After the first two batches, the successive air suction phenomena at the
surface (points P1 and P2) have no effect at point P3, where the concentration
remains constantly very low.

3.2.2 Oxygen transfer coefficients
The table below shows the rate of transfer of oxygen in the gaseous phase (Kga)
and the flows entering after the infiltration surface ceases to be flooded.

In the analysis of Table 2 and Table 3 a few major observations can be made:
- At point P1 (3 cm deep), the highest suction rates (Kga) were obtained after
the infiltration of batches with larger volumes
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- At point P2 (10 cm deep), a certain harmonisation of the suction rates could
be seen and the batch volumes did not therefore have any impact on re-
oxygenation

- The air taken in at the surface was not diffused up to point P3 (43 cm deep),
the key part of the transfer was obtained by the air pushed out of the bed at the
start of feeding.

From the observation of the results of this experiment, it would be fairly difficult
to correlate incoming oxygen flows with the various parameters such as flow
rate, feeding time or injected volume. However, the highest flow was obtained
after the last batch (rest period longer, and therefore complete draining).

Table 3: Rate of transfer of oxygen and incoming flows (Exp_3).

Batch 1 Batch 2 Batch 3 Batch 4 Batch 5
IPhenomena Points

Suctionand | P1 | Kga(min™) 0.39(0.05)| 0.71(£0.06) | 0.26(£0.01) | 0.25(0.02) |0,58(%0,04)
convection

P2 | Koa(min') | 0.4(+0.1) | 0.32(x0.07) | 0.38(0.08) | 0.34(+0.08) |0,39(+0,05)

Incoming flows gOz/m2 7,566 9.763 9.763 11.715 12.936

4 Conclusion

The mechanisms of the transfer of gas in a porous medium fed continuously and
discontinuously were studied. Using a new technology in the area, the authors
were able to detect both gaseous and dissolved oxygen, and determine the
different orders of magnitude of the phenomena of convection and diffusion and
their relative importance in the re-oxygenation of a filter bed.

The fluorescence technique used by the light probes offered a number of
benefits as compared to conventional electrodes. Its adaptation to different
media, the non consumption of oxygen and the absence of harmful interference
were some of the positive points that made the choice easier. However, the
probes were found to show fairly high sensitivity if the surrounding environment
was made of innumerable reflecting surfaces.

Continuous feeding led to the rarefaction of gaseous oxygen. A little while
after feeding stopped, an air suction phenomenon was observed, from which the
rate of transfer of gaseous oxygen could be deduced. Most of the gas/liquid
transfer took place in the deeper areas as a result of the air pushed out of the
upper pores. Diffusion, which is an extremely slow phenomenon, tended to
homogenise the oxygen content in the upper part of the filter bed. The change in
the concentration gradients within the upper 13 cm was a decreasing exponential
function.

The importance of suction phenomena was determined for the different
batches. The rates of transfer of gaseous oxygen were calculated. They were
larger when the volumes injected in batches were larger. However, the diffusion
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of the volume of air taken in was insufficient, and had almost no impact at a
depth. The work published [10,11] was used to extrapolate the coefficients of
transfer of material in a colonised medium.
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