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ABSTRACT

Vertical circulation flows around special screened wells, which have been used for physical (stripping)
or biological in situ aquifer remediation, are discussed. Further, these circulation flows can be
combined with any appropriate on-site remediation when extraction from and infiltration into the
same well is realized. Different remediation techniques are explained and discussed in dependency on
the groundwater contamination: volatile clorinated hydrocarbons, BTEX, pesticides, nitrate, dissolved
heavy metals, and others. Results of numerical calculations are demonstrated to characterize the
circulation flow and to dimension single wells or well fields. The advantages of these flow systems are
discussed.

INTRODUCTION

“Vertical circulation flows around wells with two screen sections in one aquifer, so called "Ground-
water Circulation Wells" (German: Grundwasser-Zirkulations-Brunnen, abbr.: GZB), have become
increasingly important for aquifer remediation. Originally this idea was used only for in situ
remediation of aquifers from strippable contaminants in so called "Vacuum Vaporizer Wells"
(German: Unterdruck-Verdampfer-Brunnen,abbr.: UVB)'Z. For both, the GZB and the UVB, special
wells with two screen sections are employed, one at the aquifer bottom and one at the groundwater
surface or below an aquitard. One well should be used to remediate only one aquifer (phreatic or
confined) and should not connect different aquifers. Within the well the groundwater is moved
vertically. The contaminated water enters the well at the bottom and the stripped or treated water
leaves at the top or vice versa. In the vicinity of the well an area of vertical flow circulation is created.

As all the groundwater, being located in the sphere of influence or in the capture zone of a well or
well field (in case of a wide plume or an extended source area of a contamination}, will flow at least
once through the well casing, any conceivable treatment technology can be used to treat or clean the
groundwater when flowing vertical through the well. The ways of treatment include a simple addition
of nutrients and/or electron acceptors which will stimulate in situ biodegration in the aquifer. The
paper will clarify the wide spectrum of application areas where vertical circulation flows of a UVB or
GZB can be used.

The vertical circulation flow around the UVB and GZB has been a matter of continuing numerical
investigation, e.g.'"*. All the technologies described in this paper have been patented by IEG mbH,
[-7410 Reutlingen, Germany.

PHYSICAL REMEDIATION BY IN SITU STRIPPING

At numerous sites in Germany and more recently in the United States the UVB technique has been
used for in situ groundwater remediation where the underground is contaminated by strippable
substances, e.g. volatile chlorinated hydrocarbons, BTEX. As an alternative to conventional hydraulic
redevelopment measures (pumping, off-site cleaning, and infiltration of groundwater), the conta-
minated groundwater is stripped by air in a below atmospheric pressure ficld in the UVB. In case of
a contamination heavier than water (DNAPL) an upward operating UVB (Fig. 1a) is used while for
lighter compounds (LNAPL) the well works downward (Fig. 1b).
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Fig. 1 In situ stripping using a vacuum vaporizer well (UVB) operating (a) upward for DNAPL
(e.g. PCE, TCE), and (b) downward for LNAPL (e.g. BTEX, phenol, kerosene (JP-4))

Often the well is used for vapor extraction at the same time as demonstrated in Fig. 1. The
contaminated air is cleaned employing activated carbon or in case of suitable contaminants by using
biofilters.

The upper, closed part of the well is maintained at below atmospheric pressure by a ventilator. This
lifts the water level within the well casing. The fresh air for the upper part of the well casing is
introduced through a fresh air pipe: the upper end is open to the atmosphere, and the lower end
terminates in a pinhole plate. The height of the pinhole plate is adjusted such that the water pressure
is lower there than the atmospheric pressure. Therefore, the fresh air is drawn into the system. The
reach between the pinhole plate and the water surface in the well casing is the stripping zone, in
which an air bubble flow develops. The rising air bubbles produce a pump effect, which moves the
water up and causes a suction effect at the well bottom, Fig. la. In recent wells, a separating plate
and an additional pump (Figure 1) are used to reinforce the pumping effect of the air bubbles.
Additionally, soil air is drawn from the surrounding contaminated unsaturated zone at many sites.
Stripped air and possibly soil air are transported through the ventilator and across activated carbon,
onto which the contamination is adsorbed. Thus, only clean air escapes into the atmosphere.

The cleaning effect of the well is based on reduced pressure, which reinforces the escape of volatile
contamination out of the water, and as a result of the air intermixing, onto the considerable surface
area of the air bubbles and onto the high concentration gradient between water and clean air. In this
sense, the permanent vibration caused by the air bubbles is beneficial to the escape process of the
contamination. This vibration is transmitted as compression and shear waves into sediment and fluid,
and presumably influences the mobility of the contaminants, even outside the well.

The upward-streaming, stripped groundwater leaves the well casing through the upper screen section
in the reach of the groundwater surface, which is lifted in a phreatic aquifer by the previously
explained pump processes and the below-atmospheric pressure (Fig.1a). In case of a downward
operating UVB (Fig.1b) a phreatic groundwater surface is slightly lowered by the pumping process.
The amount is small, however, caused by the below-atmospheric pressure which have an opposite
effect. The groundwater then returns in an extensive circulation to the well bottom or the upper
screen respectively. In this way, the groundwater surrounding the well is also remediated. The
artificial groundwater circulation determines the sphere of influence of a well and is overlapped with
the natural groundwater flow.



IN SITU BIOREMEDIATION

When the groundwater is contaminated by other than strippable substances, which are suitable for
bioreclamation, the extensive circulation flow around the UVB (Fig.2a) can be used to bring nutrients
and/or electron acceptors to all places in the saturated zone where they are needed. Any gaseous or
liquid substance, soluble in water, can be added in measured quantities while the groundwaler passes
the well casing. In this case the aquifer itself is used as a bioreactor. The two phase flow of gas and
water in the stripping zone ensures that the gaseous or liquid addition is mixed with the groundwater
in an optimal way. Incomplete mixing could produce unwelcome effects in the downstream flow field
depending on the respective biodegradation processes.

For in situ bioremediation of e.g. BTEX, phenol essentially oxygen is needed. The in situ stripping
process with air of a UVB provides oxygen saturation. While the groundwater quantity captured by
a well remains relatively constant (see Fig. 6d), the quantity of circulating water around the UVB can
be extremely enhanced by a stronger pump in the well casing. Thus the amount of oxygen supplied
for in situ bioremediation can be considerably increased with nearly no additional costs. Carbon
dioxide as a by-product is removed from the groundwater by the same stripping process, so the pH-
value cannot drop producing new problems otherwise. As the mentioned hydrocarbons are generally
lighter than water a downward operating UVB is used: the contaminated water enters the well
through the upper screen, Fig. 1b. The contaminated air is cleaned by using e.g. biofilters. A UVB
technique which combines vapor extraction with the stripping process is generally used for those sites;
thus lots of oxygen are supplied to the vapor zone and capillary fringe for biodegrading processes.
The just explained technique (Fig.1b) combines both the physical stripping of volatile organics and
the biological degradation processes enhanced by the added oxygen as electron acceptor. If necessary,
further nutrients could be added by using the hoses as demonstrated in Fig. 2a. A site remediation
in Berlin, originally highly contaminated by mainly BTX and secondary some chlorinated
hydrocarbons demonstrated the success of this technique *.

On the other hand a special bioreactor or other technologies have been installed within the well
casing between the lower and upper screen in case of special contaminants, Fig. 2b. This in situ
techniques can be directly combined with the in situ stripping for eliminating the produced biogas
(e.g. CO,, N,) or for introducing oxygen.

A specially designed well based upon the UVB technology of Fig. 2b was utilized for in situ
bioremediation of triazine pesticides. These have contaminated the underground by small leakages at
a storage facility over a period of many years, The contaminated water, entering the well through the
lower screen, is pumped through an activated carbon filter which is installed within the well casing.
Before leaving the well the groundwater is in situ stripped by the standard UVB technique (Fig.2b)
supplying oxygen saturation. On the activated carban the pesticides are removed by adsorption when
the well operation started. The exposure to triazines over a relatively long period of time induces the
adaption of natural groundwater bacteria to these contaminants. Certain strains of bacteria develop
the ability to break down the triazine molecule. Such bacteria are also adsorbed on to the activated
carbon particlés. The filter is flowed through by circulating groundwater containing oxygen. The
bacteria proceed to multiply within the filter and consume the triazines present beside oxygen. In this
way, a biological remediation of the triazine contamination is achieved. Thus the activated carbon unit
need not be renewed for a very long time. Measured data of the bioremediation at a field site
demonstrate that this technique works successfully *.

Nitrate can be in situ removed in containers installed in the well casing between the two sections of
a UVB, Fig. 2b. In these containers nitrate is eliminated {rom the passing groundwater in a rapid and
efficient process which involves catalytic reduction by immobilized enzymes. The reduction is driven
by an electrical current, and results in complete conversion of nitrate to N, without residues; the
dissolved N, is finally removed via in situ stripping using the UVB technique. The development of the
techniquz: has been finished in the laboratory scale and is prepared for field applications at the
moment °.
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Fig.2 In situ bioremediation by a vacuum vaporizer well (UVB) using (a) the au_;[uifer as a
bioreactor (e.g. biodegradable hydrocarbons), and (b) special reactors within the well
casing (e.g. pesticides, nitrate)

ON-SITE REMEDIATION USING A GZB

When any appropriate on-site remediation technique should be used, e.g. for the elimination of
dissolved heavy metals from the groundwater (Fig.3), the vertical circulation flow of a GZB can be
utilized to advantage: The groundwater entering the well is pumped above ground, treated, and
infiltrated in the same well using the other well screen.

Furthermore, following \hese ideas, the GZB can be also used as a pump or infiltration well for
standard on-site remediations. In this case a partial discharge withdrawal or infiltration is taken from
or added to the total discharge through the well casing, see Fig.2 in *. It is possible to extract or to
infiltrate water without any change of head at the well top for a special ratio between the total well
discharge and the extracted or infiltrated quantity of water >, which has been numericly investigated
for confined aquifer conditions. Of course, in some distance from the well a smooth deviation of the

groundwater head at the aquifer top from the resting position will be found. But in case of low well
capacity the pumping operation is continuous for a much higher rate and the infiltration can be
realized for a much greater quantity even for a low distance between the surface and the groundwater
table. Further, during the pump operation the turbulent mixing of air and water in the filter gravel
of the well, which often causes unwanted precipitation, can be avoided.

IN SITU TREATMENT WALL BY USE OF VERTICAL CIRCULATION FLOWS

In case that a UVB or a GZB is situated in a plume of contamination, the polluted upstream
groundwater (1) is captured by the well, (2) is treated by suitable in situ (or on-site) measures, (3)
circulates vertically in the surrounding of the well, and (4) (the same quantity of treated waler as
captured) leaves the well area flowing downstream. For a wide plume several UVBs or GZBs are
arranged in one line normal to the natural groundwater flow at a maximum distance that no water
can pass the well line without having been treated. The natural flow field is only locally influenced
because no groundwater is extracted. Thus one well or especially a line of several wells represent a
treatment wall with some local cleaning process technique: No contamination which comes from
upstream can pass the well or the line of wells.
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Fig. 3 On-site treatment using a groundwater circulation well (GZB) e.g. for the elimination of

dissolved heavy metals

NUMERICAL INVESTIGATIONS

The vertical circulation flow around the GZB and UVB has been a matter of continuing numerical
investigations *. Hitherto this has been realized only for confined aquifer conditions, which permits
the superposition of the flow fields of different wells and the natural groundwater flow; the local
below atmospheric pressure field (in case of a UVB) is neglected. Further, density effects are ignored:
only steady-state conditions are taken into account, and, for estimating the capture zone, only
convective transport is considered.

The general character of the vertical circulation flow is demonstrated in Figure 4: In a vertical
longitudinal section parallel to the natural groundwater flow, stream lines mark the flow around one
(Fig. 4a) and two (Fig. 4b) upward pumping GZB, their separation being made equal to the distance
between stagnation point and well axis. The strong vertical circulation flow especially between the two
wells (Fig. 4b), which is extremely beneficial in a highly polluted area near the contamination source,

is evident.

(a)

Fig. 4 Streamlinesaround (a) one and (b) two UVB or GZB demonstrated in a vertical longitudinal
section parallel to the natural groundwater flow



Fig. 5 presents a view on the numericly calculated separating stream surfaces of nine water bodies in
connection with the flow around three UVB or GZB. They are positioned at a maximum distance
normal to the natural groundwater flow so that no water can pass between the wells without having
been treated. With the contaminated groundwater flowing from the left the following salient features
can be clearly seen: the separating stream surfaces ol the contaminated water captured by the three
UVB or GZB (left), the surface of the water bodies having been treated and circulating around the
wells (center), and of the treated water flowing downstream (right).

(a)

(®)

Fig. 5 Separating stream surfaces of the different water bodies in the outside flow of a UVB or
a GZB: captured, circulating, and flowing downstream water in (a) a real situation, and (b)
water bodies separated for clarification. .

Al most remediation sites, a natural groundwater flow exists. Figure 6 shows numerical results
represented in dimensionless form for the dimensioning of UVB/GZB installations under these
conditions. In Figure 6a, the horizontal distance (5) of the stagnation point from the well axis is
described. The ratio S/H is dependent on the parameters Q/(H%), K,/K,, and a/H. Q denotes the
vertical discharge through one well, H the aquifer thickness, v the natural Darcy velocity at the site,
a the length of the upper or lower screen section, and K;; and K,, the horizontal and vertical hydraulic
conductivities. The location of the stagnation point is highly sensitive to the anisotropy of the aquifer.

The results of Figure 6b-d have been calculated for an upstream distance of SH from the well and for
a constant ratio of a/H = 0.25. The results are discussed for wells that pump upward. The width By
and By of the upstream zone, measured at the aquifer top and bottom, are shown in Figure 6b. The
ratios By/H and By/H are again dependent on the ratios Q/(H%), K,;/K,, and a/H. For small values
of Q/(H%), the upper part of the capture zone does not reach the top of the aquifer. This implies
that for remediating a plume, a mimimum well discharge (Q) is required. Again, the results are quite
sensitive to the degree of the anisotropy.

When. remediating a wide contamination plume, several wells are used in a line normal to the
direction of the natural groundwater flow. The length (D) denotes the maximum well distance at



which the contaminated groundwater cannot pass between the wells without being cleaned or treated.
The ratio D/H is dependent on the same parameters as before (Figure 6¢). When a plume of width
W is to be cleaned, the number (n) of well installations can be estimated by n = (W-B,)/D+1.

When a plume is remediated, the contaminated water of quantity Q,, flowing into the capture zone
of a single well from upstream, is diluted with water that has already flowed through the well and
circulates around it. Thus, the contaminant concentration of the water within the well casing will be
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Fig. 6 (a) Distances (S) of the stagnation point from the well axis, (b) widths (B;) and (By) of the

upstream capture zone at the aquifer top and bottom, (c¢) maximum well distance (D) at
which the contaminated groundwater cannot pass between the wells without being treated,
(d) upstream discharge (Q,) in the capture zone, which is diluted with the circulating water
to the total well discharge (Q).






