APPARATUS FOR DOWN-WELL OXYGEN TRANSFER
INTO CONTAMINATED AQUIFERS
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ABsTRACT: In-situ methanotrophic bioremediation of ground water contaminated with petroleum hydrocar-
bons and chlorinated aliphatic hydrocarbons (CAHs) often require the addition of O, for compound oxidation.
The purpose of this research was to test the feasibility of a down-well gas-transfer apparatus for adding O,
directly into recirculating ground water. At times it may be desirable to add other gases as well, such as
methane for CAH cometabolism. A high downward velocity of water through the inlet tube of an inverted
cone prevented upward movement of injected O, bubbles. The addition of gas-liquid mixing cones within the
transfer section of the inverted cone increased the turbulence below the inlet. Complete dissolution of gases
is possible. The relationships between O, transfer rate and system variables such as pressure loss, water flow
rate, and N, content in the influent water were evaluated. A significant factor affecting O, mass transfer was
the total dissolved gas content in the water entering the transfer device. From the results of this study, a design

for practical conditions of operation was developed.

INTRODUCTION

Chlorinated aliphatic hydrocarbons (CAHs) and aromatic
hydrocarbons are common ground-water contaminants (Bar-
bash and Roberts 1986). For in-situ aerobic bioremediation,
bacteria have been found capable of transforming some CAHs
such as trichloroethylene (TCE), cis- and trans-1,2-dichloro-
ethylene (¢c-DCE and t-DCE), or vinyl chloride (VC) through
cometabolism (Semprini et al. 1991). For aerobic bacterial
activity, the addition of O, is necessary to serve as an electron
acceptor. However, little attention has been paid to the dif-
ficulties in adding O, or other possible gases to ground water
contaminated with volatile compounds, which can inadver-
tently be transferred to the atmosphere by air sparging di-
rectly into an aquifer or within a well casing. A possible
method to avoid contaminant volatilization is to add pure
oxygen directly into a well where ground water is being re-
circulated (Herrling et al. 1991). A recirculation system for
the methanotrophic cometabolic treatment of CAHs, which
requires both oxygen and methane, is shown in Fig. 1 (Sem-
prini et al. 1992). The purpose of this study was to evaluate
the potential of one possible apparatus for transferring oxygen
into contaminated ground water that is caused to circulate
through a well in order to prevent contaminant volatilization
or dilution. The apparatus for down-well gas transfer (ADGT)
combines principles of downflow bubble contact aeration
(DBCA), as discussed by Speece et al. (1971), and two-phase
fluid mixing as described by J. S. Lang [*“Method of mixing
fluids in packing media for reactors,” U.S. Patent No. 5,171,544
(1992)].

MATERIALS AND METHODS

The laboratory experimental system used to evaluate the
ADGT is illustrated in Fig. 2. All experiments were con-
ducted at room temperature (20°C), but the temperature of
the water circulated through the ADGT was maintained at
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25 = 2°C. Water pumped from the reservoir flowed first to
an air stripping tower (17 cm in diameter and 170 cm in height,
filled with 1.6-cm-diameter and 1.6-cm-long flex rings), where
a vacuum was applied to remove dissolved gases. In some
experiments, in order to study the effect of N, content on O,
transfer efficiency, air or N, was added 10 cm above the water
outlet of the air stripping tower at flow rates of 1,200 and
3,800 mL/min, respectively. Water leaving the tower and en-
tering the ADGT had dissolved O, and N, concentrations
near saturation with respect to the partial pressure applied.

The ADGT for an operating system (Fig. 2) was modified
for the laboratory study as illustrated in Fig. 3. The ADGT
consists of a restriction section for gas addition, and a gas-
transfer section. The gas-transfer section was fabricated from
a polycarbonate Imhoff settling cone (VWR, San Francisco)
cut to fit the system (Fig. 3). The height was 34 cm, and the
diameter of inlet and outlet were 0.95 cm and 7.6 cm, re-
spectively. Preliminary experiments indicated that the oxygen
transfer efficiency of the ADGT could be improved by the
addition of cones containing small holes through which both
water and gas passed. A similar arrangement was described
by Lang (1992). The effect on oxygen transfer efficiency of
different numbers of cones (zero to three), and the number
and size of holes in each cone, was evaluated. Here, the size
and number of holes were varied while keeping the total hole
area the same in an attempt to determine an optimum ar-
rangement for design. When the cones were used, transfer
occurred both above and below the cones. With a relatively
high velocity of water through the restriction section, good
initial mixing of water and gas occurred even above the first
cone. Below each cone, water-gas jets created by the small
holes created vigorous turbulent mixing and a fine bubble
swarm to further enhance gas transfer. Such bubble swarms
could not escape upward due to the high downward water
flow velocity. The volume of space between cones was about
50 mL. The volume between the entrance and first cone was
about 50 mL with more than two cones, and about 100 mL
for one cone. The oxygenated water exiting the gas-transfer
section flowed downward through a 100-cm-long by 7.62-cm-
diameter section, and then back into the recirculation res-
€IVvoIr.

Gaseous O, was introduced from an O, reservoir, pres-
surized above 1.0 atm pressure with a 3.7-m-high column of
water (36.5 kPa), into the restriction area in the ADGT through
a 20-gauge needle located 7.6 cm above the gas-transfer sec-
tion. The O, addition rate was controlled by a valve. The
mass of O, added into the system over a given time period
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was calculated from volume and pressure changes in the gas
reservoir.

Dissolved oxygen (DO) was measured with a DO probe
inserted into an effluent line to the water reservoir located
100 cm below the bottom of the gas-transfer section (Fig. 2).
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The DO probe was standardized as described in Standard
(1992). In an alternative head-space method, the O, and N,
compositions of water samples taken directly from sampling
ports were determined as follows: a 125-mL bottle was filled
with sample (no head space) and capped with a sleeve-type
septum. Ten mL of helium (He) was added with a syringe
into the bottle while simultaneously taking out 10 mL of water.
The bottie was mixed on a shaker table for 90 minutes at
20°C to equilibrate gases between phases. Head space was
analyzed for O,, N,, and He with a Gas Partitioner (Fisher
Scientific model 25 V, Pittsburgh). The concentration of O,
and N, in the original water was calculated based on mass
balances using gas partial pressures and gas solubilities re-
ported by Stephan and Stephan (1963).

As pumping costs are directly related to pressure loss, the
pressure loss caused by the gas-transfer device was measured.
Here, pressure gauges were installed 18 cm above the gas
introduction port on the ADGT and 11 ¢m below the ADGT
exit. The difference between gauge readings minus the water
head between the gauges was taken as the pressure loss through
the ADGT. Velocity head differences were small and thus
neglected in this analysis.

EXPERIMENTAL RESULTS

Factors affecting gas transfer, such as bubble size, turbu-
lence in the mixing zone, water flow rate, and inlet dissolved
gas concentration, were evaluated. In addition, the overall
mass-transfer coefficient for O, was evaluated and compared
with reported values for other types of gas-transfer equip-
ment. Following the vigorous mixing in the transfer section,
very fine gas bubbles flowed into the exit tube, and generally
disappeared within the first 60 cm. For experiment 1, DO
transfer was determined, first, for the case where added O,
was completely dissolved, and second, for the non-steady-
state case where complete dissolution did not occur, and
bubble buildup in the gas-transfer section took place. The
maximum steady-state transfer capacity of the ADGT lies
somewhere between these two values. For the other exper-
iments, the highest DO addition that could be obtained with-
out the accumulation of bubbles in the gas-transfer section
was determined, and these are the values presented in the
following.

Experiment 1—Effect of Cone Number and Hole Size

Experiment 1 was conducted to evaluate the effect of the
number of cones and the size of cone holes. In addition, the
effect of O, bubble size at the gas inlet was examined (Table
1). The total cross-sectional area of the holes in a given cone
was kept constant at 0.31 cm?. The number of holes used was

TABLE 1. Experimental Conditions for Experiment 1

Size of Water Influent
Number holes Number | flow rate DO

Experiment?| of holes (mm) of cones | (L/min) (mg/L)
(1) 2) 3 4 (5) (6)
1-1 — — 0 3.04 2.7
1-2 —— — 0 3.04 2.7
1-3 2 0.44 1 3.04 2.5
1-4 2 0.44 2 3.04 2.7
1-5 2 0.44 3 3.04 2.8
1-6 5 0.28 2 3.15 2.7
1-7 10 0.20 2 3.10 2.1

aFor Experiment 1-1, O, was injected with a cylindrical Hastalloy C
Mobil Phase Filter with pore size of 2 pm (Alltech, Deerfield, Ill.)
installed in the gas-transfer device. A 20-gauge needle was used for the
rest of experiment 1. The absolute pressure applied to the air stripping
tower ranged from 0.26 to 0.32 atm.




two, five, and 10, for which the diameters used were 0.44,
0.28, and 0.20 cm, respectively. The bubble size at the gas
inlet was varied using addition either through a 20-gauge needle
or through a porous filter with 2 pm pore size (Table 1).

Fig. 4 illustrates the effects of O, bubble size, the number
of cones, and size of cone holes on effluent DO for steady-
state DO addition. Comparison between results of experi-
ments 1-1 and 1-2 reveals that O, addition with the needle
was better than with the porous filter. Gas bubbles grew at
the surface of the filter, and when released, were bigger than
those generated with the needle. This resulted in incomplete
oxygen uptake by the water, and gas accumulated in the ADGT.
The addition of one cone increased effluent DO from 6.5
mg/L to 10.5 mg/L. (experiments 1-2 and 1-3). Considering
the difference between effluent DO (Fig. 4) and influent DO
(Table 1), DO increase with a single cone was twice that
without it. Additional cones provided little additional advan-
tage, but increased the pressure loss. Increasing the number
of holes from two to five, with a two-cone system, did not
have a significant effect on effluent DO, but, with 10 holes,
a significantly higher DO resulted,. This, however, was ac-
companied by a significant increase in pressure loss (41 kPa
versus 6—13 kPa with fewer holes).

The Fig. 4 results indicate that mass transfer was always
somewhat greater when gas bubbles were allowed to accu-
mulate in the ADGT, but gas accumulation is not desirable
for continuous operation. Thus, it should be noted that the
desired operation without gas accumulation does not actually
provide maximum gas-transfer conditions. From a mass bal-
ance, the measured DO increase was calculated to equal from
90 to 110% of the O, added as a gas. Thus, good mass balances
were achieved in the experiments.

Experiment 2—Effect of Water Flow Rate

The effect of water flow rate on effluent DO concentration
was evaluated with two-hole cones. Here, the absolute pres-
sure maintained at the air stripping tower was about 0.26-
0.32 atm, and the stripping-tower effluent DO was about 2.5~
3 mg/L.

Generally, as water flow rate increased, a higher transfer-
derived effluent DO was achieved [Fig. 5(a)]. This probably
resulted from the higher velocity associated with the higher
flow rates, which created greater turbulence in the mixing
zone and greater energy loss. The net result was a linear
increase in the O, addition rate with flow rate [Fig. 5(b)]. A
change in the number of cones did not significantly affect the
O,-addition rate.
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FIG. 5. Effect of Water Flow Rate on O, Addition: (a) Water Flow
Rate versus Effluent DO; and (b) Water Flow Rate versus O, Ad-
dition Rate

Pressure loss is a function of flow rate, so DO change
should also be related to pressure loss. Fig. 6(a) shows the
relationship between the pressure loss and the flow rate for
the two-hole cone system. An increase in the number of cones
from two to three did not increase pressure loss significantly,
nor did it increase the DO addition rate. Fig. 6(b) illustrates
that as total pressure loss increased, O, addition rate also
increased almost linearly for the two-hole systems. This effect
is addressed more later.

Experiment 3— Effect of Dissolved Gases

An important factor affecting the ability to add O, is the
dissolved gas content of the water. At equilibrium, the sum
total partial pressures of the dissolved gases should equal the
pressure on the system. Thus, theoretically, when water is
less saturated with other gaseous components, more O, can
be added. To illustrate this, the dissolved gas content in the
influent water to a two-hole one-cone system was controlled
by varying pressure and gas composition (N, or air) in the
air stripping tower as summarized in Table 2. Dissolved ni-
trogen concentrations were thus varied in the experiments
from 4.7 to 16.5 mg/L.

The gas stripper transfer efficiency was first determined by
comparing gas concentrations in the gas stripper effluent (head-
space method) with equilibrium values. In addition, DO de-
termination by the head-space method was found to compare
favorably with that by the probe method. For all cases strip-
ping tower effluent DO and N, concentrations were close to
the equilibrium values, within error ranges of +10% (data
not shown).

Fig. 7 illustrates the effect of N, concentration on DO
concentration increase through the transfer device. As N,
concentration increased, less DO was added (experiments 3-
2 to 3-6). This occurs because dissolved N, exchanges with

JOURNAL OF ENVIRONMENTAL ENGINEERING / AUGUST 1995 / 567



® 2 hole 1-cone
A 2-hole 2-cone
¥ 2-hole 3-cone

Pressure Loss (Kpa)

100
b
A 4
_ 80 b
E hd ® 2-hole 1-cone
= ® A 2-hole 2-cone
E 60 A, B 2.hole 3-cone
D
= ®
= Anm
g 407
ko .
= o A
g 20
-
e
)
o T T v
0 10 20 30 40
Pressure Loss (Kpa)

FIG. 6. Relationship between Pressure Loss and System Perfor-
mance: (a) Water Flow Rate versus Pressure Loss; and (b) Pressure
Loss versus Oxygen Addition Rate

gaseous O, in the mixing device, and the sum of the partial
pressures of all dissolved gases cannot exceed the total pres-
sure within the transfer device, which in this case was 1 atm.
In the extreme case (experiment 3-6), with an influent equiv-
alent to 0.9 atm partial pressure of N,, only about 1.8 mg/L
of DO could be added. When air instead of N, was introduced
into the air stripping tower at given absolute pressures, the
DO increase was the same (compare experiment 3-1 with 3-
2, and 3-3 with 3-4). This indicates that it is the total equiv-
alent partial pressure of gases in the influent water rather
than gas composition per se that governs the capacity for DO
increase.

Fig. 7 also illustrates the relationship between DO increase
and the theoretical maximum DO increase (TMDO) for all
cases in experiment 3. Here, TMDO is assumed to equal (1-
Pn,)C,, where P, is the partial pressure of N, (atm) in the
influent, and C, is the saturation concentration for DO at the
pressure in the transfer device (1 atm for this experiment).
As shown, the DO added represented about 44-53% of
TMDO. Thus, about a 50% transfer efficiency was achieved
by the ADGT over a range of operating conditions.

Mass Transfer and Energy Requirements

The overall mass-transfer coefficient for O, was estimated
and compared with values for other aeration systems reported
by Munz and Roberts (1982) and Roberts and Dandliker
(1983). Assuming the transfer section to operate as a com-
pletely mixed reactor, a mass balance for O, at steady-state
yields

72 (C‘inl' - Ccl'l’)

R v =) g
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TABLE 2. Experimental Conditions for Experiment 3

Experiment

Parameter 3-1 3-2 3-3 3-4 3-5 3-6
(1) (2) (3) 4) | (5 ® |1 M
Water flow rate (L/min) | 4.9 4.9 4.9 4.9 5.0 5.0

Pressure in tower (atm) | 0.34 | 0.34 ():()8 (.68 0.8 0.9

Gas to tower Air N, Air N, N, N,

DO influent (mg/L.) 2.5 0 5.1 0 0 0

N, influent (mg/L) 4.7 5.4 9.2 12.0 14.7 | 16.5
30

[ Influent DO
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M Theoretical max. DO
increase (TMDO)
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FIG. 7. Effect of Dissolved Gas Content: DO versus TMDO (Per-
cent Represents Ratio of DO Added to TMDO)

where K,a = overall O, mass transfer coefficient (s~ '); C,
= DO in the transfer section (mg/L); C; = DO in equilibrium
with the gas phase partial pressure (mg/L) C; = P, H, where
H is Henry’s constant; Q = flow rate (m%s); V = volume
of the transfer section (m?); C,,; = DO in the influent (mg/
L); and C = DO in the effluent (mg/L). For (1), some of
the variables were estimated by indirect means as they were
unknown. For example, the effective C, would range between
Cior and C, and the effluent P, would range between (1-
Py.) and 1 atm. For modeling, however, it was assumed C,
equaled C. and Pg, equaled (1-Py,). Another unknown is
V, the volume of the reactor. Two values of V were consid-
ered, 0.5 and 3.2 L. The former represents the volume of the
transfer section itself, and the latter represents the total vol-
ume of the system where dissolution of O, occurred (the
transfer section plus the downward pipe volume). A smaller
assumed mixing volume yields larger gas transfer coefficients
(K,a).

The power required to overcome the transfer device pres-
sure loss was estimated as follows:

P, = QAP (2)

where P, = gas transfer power requirement (W); Q = flow
rate (m%s); and AP = pressure loss through transfer device
(Pa).

Fig. 8 illustrates the calculated K, a value for the two-hole
one-cone ADGT used in experiments 2 and 3. The K,a is
plotted versus the specific power dissipation (W/m?), which
represents the power divided by the volume of the gas-transfer
section (P;/V), as described by Roberts and Dandliker (1983)
and Roberts (1984). Here, the increased K, a was associated
with an increase in the specific power dissipation, up to a
maximum of 1,200 W/m?. The maximum K, a, depending on
assumptions made, varied between 0.02 and 0.2 s~'. The
minimum and maximum values were calculated for transfer






