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Dissipation of Turbulent Kinetic Energy near a Bubble Plume
Cheeta L. M. Soga1 and Chris R. Rehmann, M.ASCE2

Abstract: Profiles of the rate of dissipation of turbulent kinetic energy were inferred from temperature microstructure meas
near a bubble plume at the center of a tank with diameter of 13.7 m and maximum depth of 8.3 m. Six sets of between 18 and
were collected at airflow rates of 0.1–0.6 L/s, measured at atmospheric pressure, and ensemble-averaged dissipation p
calculated. The dissipation in all cases was between 1028 and 1026 m2/s3 in most of the profile, but it increased sharply near the w
surface. Energy considerations are used to discuss the experimental results in terms of previous numerical models of bu
turbulence. Two previous numerical studies show that the turbulence dissipates between 15 and 30% of the available po
experiments, the fraction is less than 1% because some of the energy of the plume is used to generate waves on the water su
profiles used to compute the volume-averaged dissipation were relatively far from the bubble plume.
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Introduction

Bubble plumes are used to promote mixing and improve w
quality in lakes and reservoirs. They can break up the thermo
in lakes and prevent the hypolimnetic waters from becoming
oxic ~Imberger and Patterson 1990!. Even when the stratificatio
is weak, bubble plumes can be useful for managing water qu
A particular example is McCook Reservoir, an element of a
to reduce the harmful effects of combined-sewer overflows in
Chicago area. This reservoir will capture and store ne
33107 m3 of combined sewage until it can be treated, and bu
plumes are planned to mix and aerate the sewage to pr
anaerobic conditions. Another possible role of the bubble plu
in this case is to keep the sewage sediments suspended to
an anaerobic layer on the reservoir bottom. We describe mea
ments ofe, the rate of dissipation of turbulent kinetic energy, a
step toward better understanding the mixing and modelin
bubble plumes in a weakly stratified environment.

Bubble plumes are often modeled with one-dimensional
gral models, but models that account for turbulence are beco
more common. The simpler integral models include effect
turbulence in an entrainment coefficient~e.g., McDougall 1978!,
while Milgram ~1983! further improved the two-phase model
accounting for turbulent transport within the plume. Models
solve the two-dimensional conservation equations and ak–e tur-
bulence model have been used in metallurgy and chemical
neering~e.g., Grevet et al. 1982; Sahai and Guthrie 1982; S
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and Irons 1993!, where bubble plumes and bubble columns ar
industrial importance. Recently, the U.S. Army Corps of E
neers has been developing three-dimensional simulations w
k–e model for bubble plumes in a large reservoir~e.g., Bernar
1997!.

Measurements of the dissipatione would help to improve
models of bubble plumes. These measurements could be u
evaluate and adjust thek–e model, in which the dissipation
used to compute the eddy diffusivity, the turbulence time s
and the sink of turbulent kinetic energy. While researchers
use the standardk–e model to compute the two-phase flow, o
ers add extra terms to the equations fork and e to account fo
turbulence generation by bubbles~e.g., Sheng and Irons 199!.
Along with affecting the hydrodynamics of the flow, the diss
tion also affects the water quality, including gas transfer~e.g.,
Hanratty 1991! and particle dynamics~Hamilton and Schlado
1997!.

Despite the uses for data on the dissipation, measureme
turbulence quantities in bubble plumes are rare. Some resea
have measured turbulent kinetic energy and Reynolds stres
to our knowledge, ensemble-averaged dissipation profiles
never been measured. Lemckert and Imberger~1995! collected
several individual dissipation profiles near a bubble plume
though their goal was to characterize the turbulence in
buoyancy-driven intrusions. As part of experimental researc
aid in the design of McCook Reservoir, we measured the
perature microstructure due to a bubble plume in a large
These measurements allowed us to compute and analyze av
dissipation profiles and discuss features of previous num
work on modeling the turbulence in bubble plumes.

Experiment

In this section, we describe the experimental facility, the m
structure profiler and the details of its deployment in the ex
mental facility, processing methods, and estimates of mea
ment uncertainty. The dissipation measurements were par
larger experimental program that included velocity, water qu

and gas transfer measurements.
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Experimental Facility

Experiments were conducted in an off-line masonry secon
sewage digester tank located at the Urbana–Champaign Sa
District Northeast Wastewater Treatment Plant in Urbana, Illin
The tank has a diameter of approximately 13.7 m, a depth a
walls of 6.7 m, and a volume of 1,075 m3 ~Fig. 1!. The tank
bottom has a slope of 4:1~horizontal to vertical! toward the cente
of the tank where the depth is approximately 8.3 m. For
experiments, the tank was filled with nonpotable water to a d
H above the diffuser of 7 m. A platform consisting of two wa
ways separated by a distance of 2 m was installed above th
centerline of the tank to provide access for measurements. W
this opening, two 6.6 m vertically hanging downrods, e
mounted to a motorized trolley, could move parallel to the p
form and traverse laterally between the walkways. During
experiments, velocity profiles were measured at several radi
cations with six acoustic Doppler velocimeters mounted to t
downrods.

A stainless-steel coarse-bubble air diffuser was placed
proximately 0.95 m above the bottom and in the center of the
to create the bubble plume. The diffuser was 0.6 m long, an
axis was perpendicular to the axis of the platform. The c
pressed air was released through various openings along
sides of the diffuser depending on the airflow rate selected. A
flow rates, the compressed air escaped from twelve 5 mm cir
openings and twelve 10 mm circular openings. At higher
rates, the compressed air was released from two 11 mm slo
run the length of the diffuser on either side. Airflow ratesQH at
standard pressure and temperature were measured with a flo
ter from Meter Equipment Manufacturing, Inc.~Willoughby,
Ohio!. For our experiments,QH ranged from 0.1 to 0.6 L/s~Table
1!. The flow rateQH is related to the airflow rateQ0 at the

Fig. 1. Schematic of the experimental facility, measurement loc
1 and 2, the SCAMP and cable assembly were oriented as show
in the figure.
diffuser by
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Q05
QHha

H1ha
(1)

whereha510.2 m is the atmospheric pressure head. The air
used in the experiments were chosen to model various ca
McCook Reservoir. In terms of metallurgy applications, suc
Cases 2 and 3 of Sahai and Guthrie~1982; see Table 2!, the
airflow rates in the experiments were smaller and the tank
bigger.

Bubble plumes in vessels without stratification generate v
cal flow near the diffuser, a surface outflow, and recircula
The plume dimensions and flow patterns for our experimen
sketched in Fig. 1. A preliminary analysis of radial velocity p
files suggests that the plume had a half-angle of 6.6°, yield
plume radius at the water surface of about 0.8 m. With the
order approximation for the radius of a bubble plume in uns
fied fluid ~McDougall 1978!, these observations give an entra

, and flow patterns. The depthH above the diffuser was 7 m. For Datas
the other datasets, the assembly was rotated to be perpendicul

Table 1. Experimental Conditions and Data Quality. Conditi
Include the Radial Distancer from the Plume Axis at Which th
Profiles Were Measured andQH , the Air Flow Rate Measured at t
Free Surface

Dataset
number

QH

(L/s)
r

(m)
Number of

profiles
Number of
segments % rejected

1 0.1 2.0 18 246 13
2 0.1 4.0 18 197 3
3 0.2 1.2 51 699 4
4 0.2 2.0 33 360 6
5 0.2 4.0 42 528 9
6 0.6 4.0 39 527 3
ations
n. For
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ment coefficient of approximately 0.1, which is consistent w
other measurements~Milgram 1983!.

Measurements

Temperature of the microstructure was measured with the
Contained Autonomous Microprofiler~SCAMP! manufactured b
Precision Measurement Engineering~Carlsbad, Calif.!. The
SCAMP measures small-scale temperature fluctuations with
Thermometrics FP07 thermistors. The thermistors have
sponse time of 7 ms, and they are 5 mm apart. A pressure
ducer measures depth and allows the fall speed of the SCAM
be calculated. Analog signal processors consisting of a diff
tiator circuit, a programmable gain amplifier, and an antialias
ter calculate the time derivative of the voltage signals from
thermistors before the signals are digitized. After accounting
the velocity of the water flowing past the sensor, tempera
gradient profiles can be computed with Taylor’s hypothesis.
temperature gradients are then used to compute dissipati
described below.

Other components of the SCAMP include a drag plate, se
guard, retrieval line, and electronics, which are housed in a
vinyl chloride casing. The drag plate reduces the speed o
SCAMP; after floats and weights are adjusted, the SCAMP
through the water at approximately 10 cm/s, the value rec
mended to resolve dissipation scales and satisfy Taylor’s hy
esis. The sensor guard protects the fragile thermistors. Th
trieval line, secured to the body of the SCAMP, is used to rec
the SCAMP once profiling is complete. During profiling, the
trieval line is paid out with enough slack to prevent any
tension from affecting the measurements. The electronics ho
within the body of the SCAMP control its deployment and d
acquisition once it has been disconnected from the host com
Measurements are recorded in the internal memory of
SCAMP for later uploading to the host computer.

A cable assembly was designed to confine the lateral m
ment of the SCAMP. These cables not only prevented the SC
from becoming damaged due to currents carrying it off-cours
also ensured that the profiles were at a fixed radial distance
the plume centerline. The cable assembly consisted of two n
coated cables that each had a cylindrical weight affixed to
end. The weights were attached to a metal frame that sepa
the cables by 60 cm. A pair of polyvinyl chloride arms allow
the SCAMP to slide freely along the cables. For the two sma
airflows, the cables were aligned in a radial–axial plane~Fig. 1!,
but to avoid sampling wakes of the cables at the highest air
the assembly was rotated to be perpendicular to the radial–
plane.

The SCAMP can be set to measure as it moves either
down through the water column, but to avoid sampling turbule
in its wake, the SCAMP was deployed in the downward mod
these experiments. As a result, turbulence characteristics
upper 64 cm could not be measured. For each profile, the SC
was placed in position and released when the data acqui
started. It sampled until its velocity dropped below 1 cm/s. It
then retrieved, and the data were downloaded. Measuring a p
took about 1 min, and successive profiles were separated b
7 min.

Dissipation calculations require the velocity of the water
the SCAMP’s sensors. In a lake, where vertical velocities
usually small, this velocity can be computed as the time ra
change of the depth of the SCAMP, as measured by the pre

sensor. However, in a bubble plume, the vertical velocities can be

J

a noticeable fraction of the fall speed of the SCAMP. Thus,
velocities were measured with six 10 MHz NDVField Nor
acoustic Doppler velocimeters placed at vertical distances o
1.6, 2.5, 3.9, 5.3, and 6.8 m above the diffuser on one o
vertically hanging rods. Velocities were measured at the s
radial distances as the SCAMP measurements on the op
side of the bubble plume and symmetry was assumed. A te
this assumption showed that velocities measured on opp
sides of the bubble plume match within the measurement u
tainty of the velocimeter. Velocity measurements began 1 h after
the airflow was started and continued for 20 min. The fluid
locities were linearly interpolated between the six points
added to the fall speed of the SCAMP.

Processing

Dissipation was computed by fitting the theoretical form of
temperature gradient spectrum to the observed data. Bat
~1959! derived the temperature gradient spectrum with the a
ment that for high Reynolds number turbulence, the small-
components of the temperature distribution are statistically h
geneous, steady, and isotropic. From his results, the
dimensional spectrumSB(k1) of the temperature gradient can
calculated with~Gibson and Schwartz 1963!

SB~k1!5Aq

2

xT

DTkB
f ~k! (2)

wherek1 is the wave number;DT is the diffusivity of tempera
ture; andq is a constant, taken here to be 3.4~Ruddick et al
2000!. The Batchelor wave number iskB5(e/nDT

2)1/4, wheren is
the kinematic viscosity of the fluid. The rate of dissipation
temperature variance isxT52DT(¹T8)2, and the normalize
spectrumf (k) is

f ~k!5kFe2k2/22kE
k

`

e2x2/2dxG (3)

wherek5A2qk1 /kB . The dissipation of temperature varianc
estimated directly by assuming isotropy and integrating the
ference of the observed spectrumSobs and the noise spectrumSn

over all wave numbers:

xT56DTE
0

`

@Sobs~k1!2Sn~k1!#dk1 (4)

OncexT is estimated, the theoretical Batchelor spectrum ca
fit to measured temperature gradient spectra at high wave
bers by adjusting the single free parameterkB . From the best fi
the dissipatione can be estimated from the definition ofkB .

There are several methods for dividing a profile into segm
and fitting the Batchelor spectrum to spectra computed for
segment. After testing methods on synthetic signals~Soga 2002!,
we chose the approach of Ruddick et al.~2000!, who developed
maximum likelihood estimation~MLE! approach to fit spectra
segments of 512 points, or about 0.5 m in our case. Ruddick
~2000! accounted for the noise in spectral calculations, an
determine objectively whether a particular fit should be reje
they defined and computed three statistical measures: The
grated signal-to-noise ratio~SNR!, the mean absolute deviati
~MAD ! of the ratio of the observed and theoretical spectra,
the logarithm of the likelihood ratio~LLR!, which is computed b
comparing the Batchelor fit to a power-law fit. We used the

cific criteria that Ruddick et al.~2000! recommended: A spectral
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fit was deemed valid if the SNR.1.3, MAD,2/) ~for six de-
grees of freedom!, and LLR.2.

Mean profiles for each dataset were calculated once the
tion criteria were examined to discard the segments with po
fitting spectra. The vertical domain was divided into increm
of 0.25 m, or about 50% of the segment thickness. For
profile in the dataset, dissipation values were assigned to inte
~groups of increments! of the vertical domain that most close
matched the segment boundaries of the profile. Dissipation v
from invalid segments were discarded. If an increment had
or more valid dissipation values, the mean dissipation was
puted as the mean of 200 bootstrap resampled populations~e.g.,
Efron and Tibshirani 1993!.

Uncertainty

Potential sources of uncertainty in the dissipation estimate
clude fitting the Batchelor spectrum, the parameterq, vertical
currents, sensor resolution, and anisotropy. The MLE approa
Ruddick et al. ~2000! provides uncertainty estimates for
Batchelor wave number and thus the dissipation; for our mea
ments, uncertainty due to fitting a Batchelor spectrum was
cally 12%, which is similar to the value estimated by Dillon a
Caldwell ~1980!. Uncertainty in the parameterq in the Batchelo
spectrum introduces systematic error, but as Dillon and Cald
~1980! argue, uncertainty inq does not affect the comparison
dissipation profiles. Also, Kocsis et al.~1999! used the valueq
53.4 and found that scalar dissipation computed by directl
tegrating the temperature gradient spectrum matched well
the scalar dissipation obtained as a free parameter in the fit
Batchelor spectrum. Uncertainty in velocity measured with
acoustic Doppler velocimeter translates to uncertainty in dis
tion because of the conversion of frequency to wave num
Becausee}kB

4, the estimated 10% uncertainty in velocity lead
40% uncertainty in dissipation.

Several investigators have examined the ability of thermi
to resolve the temperature gradient spectrum and yield dissip
estimates. In particular, Gregg~1999! discussed the effects of t
response of the FP07 thermistor: With water passing the sen
10 cm/s and dissipation less than or on the order of 1028 m2/s3,
the FP07 thermistor resolves the temperature gradient spe
with relatively little correction required for sensor attenuat
Using data measured with FP07 thermistors, Kocsis et al.~1999!
showed a spectrum above noise levels fore56310213m2/s3 and
a well-resolved spectrum fore57.531026 m2/s3. The following
section shows that our measurements fall within this range.

Effects of anisotropy on our dissipation estimates are diffi
to quantify since no evaluation of the small-scale structur
bubble plume turbulence has been done. Several researcher
evaluated the isotropy assumption for some turbulent stra
flows ~e.g., Itsweire et al. 1993; Smyth and Moum 2000!. How-
ever, because the bubble plume rapidly destroys the stratific
in our experiments, a circular jet with temperature as a pa
scalar might be more relevant for our flow. In this case, Ant
and Mi ~1993! found that the isotropic formula underestimates
scalar dissipation by only 3%.

Considering all sources, we estimate the total uncertain
the dissipation measurements to be about 50%. However,
Dillon and Caldwell~1980!, we caution that further work is r

quired to compute the uncertainty more precisely.
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Results and Discussion

We present typical individual profiles and Batchelor spectrum
and discuss data quality. We then discuss the magnitude and
of the dissipation profiles for the six datasets and the depen
on the airflow. We compare this to previous work and dis
numerical models of bubble plume turbulence in terms of a
tegrated energy budget.

Individual Profiles

Examples of temperature, temperature gradient, and dissip
profiles computed from SCAMP measurements are presen
Fig. 2. The temperature profile in Fig. 2~a! exhibits the ther
mocline typical of the first few profiles of each dataset. In l
profiles, the temperature profile was more uniform because o
mixing due to the bubble plume. Fig. 2~b! shows the fluctuatin
temperature gradient; that is, the gradient due to the backg
stratification is removed. Regions of fluctuating temperature
represented by corresponding variations from zero in the plo
fluctuating temperature gradient. Fig. 2~c! illustrates the segme
tation of an individual dissipation profile into bins; each vert
position in a bin or segment is assigned the same value ofe.

An example of the fit of the Batchelor spectrum to an obse
temperature gradient spectrum is shown in Fig. 3. Becaus
estimated value of dissipation is relatively low, the spect
reaches the noise spectrum at wave numbers above 200
Nevertheless, the fit is acceptable: The integrated SNR is
above the recommended minimum value. The low value of M
indicates a good fit between the measured and theoretical
trum, and the large log-likelihood ratio shows that the spec
has a well-defined cutoff.

The percentages of data segments that were discarded
further analysis are summarized in Table 1. Relatively few o
Batchelor spectrum fits were rejected; only Dataset 1 require
rejection of more than 10% of its segments. The criterion with
largest rejection rate was that of the log-10 likelihood ratio
Ruddick et al.~2000! discussed, the Batchelor spectrum ha

Fig. 2. Examples of individual profiles of~a! temperature
~b! fluctuating temperature gradient, and~c! dissipation. The da
come from Dataset 3.
sharp cutoff, and segments without a clear cutoff are rejected by
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comparing it to the power-law fit, which has no cutoff. Thus, m
of the rejected data segments were discarded as a result of h
unclear cutoffs.

Averaged Profiles

In previous studies of microstructure in bubble plumes~Lemckert
and Imberger 1995!, individual dissipation profiles were me
sured and discussed. Because conditions in the Urb
Champaign Sanitary District facility can be controlled and
files can be measured repeatedly, average dissipation profile
be obtained. However, since the distribution of dissipation is
normal or approximately lognormal~Baker and Gibson 198
Gregg et al. 1993!, many independent estimates of dissipation
needed to tighten the confidence intervals on the mean dis
tion. The upper and lower 95% confidence limits were comp
for our data using the bootstrap method. The cases with the s

Fig. 3. Example of a fit of the Batchelor spectrum to a meas
temperature gradient spectrum. The fit yieldse51.2731028 m2/s3

with SNR51,140, MAD50.3, and log10 ~likelihood ratio!5308.

Fig. 4. Normalized confidence limits for the cases with the sma
~Dataset 4, filled circles! and largest~Dataset 2, open circles! confi-
dence intervals
J

est and largest normalized limits are shown in Fig. 4. For Da
4, which had 33 profiles, the confidence limits are within a
25% of the mean dissipation; that is, they are smaller tha
estimated measurement uncertainty. For Dataset 2, which h
profiles, the confidence limits are mostly outside the measure
uncertainty. For comparison, normalized lower and upper c
dence limits for the measurements of MacIntyre et al.~1999!
reach 0.2 and 6 at a station with between 5 and 10 profiles

The confidence intervals depend on the number of profile
the statistics of the distribution. Thus, Dataset 4 had the sm
confidence intervals even though it had fewer profiles than
datasets. For lognormally distributed random variables, G
et al.~1993! computed the 95% confidence intervals as a func
of the number of independent samples and the standard dev
of ln e, which Baker and Gibson~1987! take as a measure of t
intermittency of the dissipation. Dataset 4 hads ln e50.7, while
the other datasets had 1.1,s ln e,1.3. ~A Kolmogorov–Smirnov
test shows that the hypothesis that the dissipation in our ex
ments follows a lognormal distribution should not be rejecte
the 5% significance level.! Considering both the number of p
files and the anticipated value ofs ln e in designing experiments
important because the confidence intervals widen rapidly a
number of profiles decreases, especially for highs ln e ~Gregg
et al. 1993!.

The averaged dissipation profiles are shown in Fig. 5. Pro
for QH50.1 L/s ~Datasets 1 and 2! and QH50.2 L/s ~Dataset
3–5! are shown in Figs. 5~a and b!, respectively, while the profi
for QH50.6 L/s ~Dataset 6! is compared to other profiles at t
same radial distance in Fig. 5~c!. Measured dissipation valu
range between 1028 and 1026 m2/s3, except near the surface. T
dissipation near the surface forQH50.1 L/s reaches well pa
1024 m2/s3 for both r 52.0 m andr 54.0 m. These large valu
are not shown in Figs. 5~a and c! because they may be due to
disturbances caused by the entry of the SCAMP into the w
Because the water surface was approximately 1 m below the plat
form, the SCAMP was originally lowered such that only the s
sors were submerged. Thus, a large disturbance was create
time the drag plate penetrated the water surface. After thes
two experiments, measures were taken to allow the SCAMP
gently lowered into the water column into the deployment p
tion. In this position, the drag plate was submerged, but the
cap of the SCAMP, where the pressure sensor is located
exposed to the air. With these measures, the dissipation st
creased near the surface; as discussed in the next subsecti
merical simulations of bubble plumes also show the near-su
increase.

For context, the magnitude of the dissipation in the six dat
can be compared with previously reported values. In ocean
phy, turbulence withe5O(10210) m2/s3 is considered wea
~Gregg 1998!. Moum ~1997! summarized several oceanograp
microstructure studies and found thate,1029 m2/s3 was typica
of the abyssal ocean. Dissipations between 1029 and 1027 m2/s3

occur in the thermocline, while values between 1027 m2/s3 and
1026 m2/s3 occur in the upper mixed layer of the ocean. Energ
flows, like those in tidal channels or through the Strait of Gib
tar, have dissipation on the order of 1024 m2/s3. For lakes, Im
berger and Ivey~1991! presented several examples of dissipa
profiles; dissipation varied between 1029 and 1024 m2/s3 with the
highest values caused by wind mixing or plunging thermals.

The dissipation depends on both the vertical distance a
the diffuser and the radial distance from the tank centerline

cept near the surface, the profiles remain relatively constant
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throughout the depth. When the plume reaches the surfac
water can no longer flow up, and a horizontal surface out
results. The turbulence and shear associated with the ou
could cause the rapid increase in dissipation exhibited in the
profiles. The effect of the expanding plume was measured c
to the plume core atr 51.2 m, resulting in a less uniform dis
pation profile@Fig. 5~b!#. Here, the dissipation remains cons
for the bottom half of the profile and then gradually increase
the surface is reached. In addition, wall effects were detecte
flow rates of 0.2 and 0.6 L/s atr 54.0 m @Fig. 5~c!#. In these
cases, the increase in dissipation near the bottom of the tan
be attributed to the counterflow resulting from the confined
ditions of the experiments: For higher airflow rates, incre
fluid velocities caused strong surface outflows that plunge d
ward at the wall and flow toward the tank center near the bo
of the tank. These counterflows were reflected in the vel
measurements, and they may explain the increased dissi
levels for higher airflow rates farther from the plume core.

The dissipation depends on the airflow rate also. For a r
distance of 4 m@Fig. 5~c!#, dissipation increased with increas
airflow rate. FromQH50.1 to 0.2 L/s, the dissipation increas
only slightly except near the bottom, where the wall effects w
larger for the higher flow rate. The increase in dissipation f
QH50.2 to 0.6 L/s is much more pronounced; tripling the airfl
rate resulted in dissipation that increased by a factor of betw
to 5. The trend of increasede for increasing airflow rate is n
exhibited forr 52 m. Comparing Figs. 5~a and b! shows that th
dissipation is almost identical for the two lower airflow rates

Comparison to Previous Measurements
and Predictions

In a field study of buoyancy-driven intrusions, Lemckert and
berger ~1995! collected several microstructure profiles n
bubble plumes in two stratified reservoirs. Instead of flowing
ward along the water surface, the cold water entrained int
rising plumes flowed outward, plunged, and formed an intru
at an intermediate depth. The dissipation in the plunging re
computed from three casts, was between 1026 and 1025 m2/s3.
The dissipation decreased with distance along the intrusion
the highest dissipations in a profile occurred in the intrus
Lemckert and Imberger~1995! concluded that shear at the int

Table 2. Parameters for the Comparison between the Experim
and Previous Modeling Studies. The FlowrateQ0 is the Airflow Rate
at the Diffuser, andb0 is the Diffuser, or Source, Size

Source
Q0

(m3/s)
H

(m)
R

(m)
b0

(cm)
D

(m) MH R/D

Present data 5.9331025 7.0 6.85 60 0.14 0.02 48.2
Present data 1.1931024 7.0 6.85 60 0.28 0.04 24.1
Present data 3.5631024 7.0 6.85 60 0.85 0.12 8.0
GSE 1 2.0531024 0.6 0.3 1.27 0.21 0.34 1.4
GSE 2 4.0531024 0.6 0.3 1.27 0.41 0.68 0.7
SG 1 4.2131024 0.45 0.25 0.2 1.01 2.24 0.2
SG 2 3.0931023 3.57 1.79 2.2 7.38 2.07 0.2
SG 3 5.7831023 4.50 2.25 4.3 13.8 3.07 0.1
SI 1 4.8031025 0.42 0.25 0.4 0.11 0.27 2.1
SI 2 1.4431024 0.42 0.25 0.4 0.34 0.82 0.7

Note: Abbreviations for previous studies are GSE, Grevet et al.~1982!;
SG, Sahai and Guthrie~1982!; and SI, Sheng and Irons~1993!.
Fig. 5. Averaged dissipation profiles:~a! QH50.1 L/s; ~b! QH

50.2 L/s; and~c! QH50.6 L/s, along with profiles at the same rad
(r 54 m) for other flowrates. As discussed in the text, large valu
dissipation near the surface for the smallest flowrate are not sho
~a! and ~c!.
sion boundaries sustained the turbulence. Their observations sup-
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port our argument that shear at the boundaries of the su
outflow and bottom return flow increase the dissipation in
experiments.

Our measurements can also be compared with predic
from the numerical simulations, which generally use smaller
sels and somewhat larger airflow rates. Parameters of the si
tions are listed in Table 2, and representative examples of
pation profiles from Grevet et al.~1982! and Sahai and Guthr
~1982! at r /R50.58, corresponding tor 54 m in our experiments
are shown in Fig. 6. As in the measured profiles, the dissipati
both of the simulated profiles increases sharply near the
surface. Neither profile from the simulations shows the n
bottom increase seen in the experiments for the highest flow

Another difference between the measured and simulated
pation profiles, which is not apparent from Fig. 6, is the ma
tude of the dissipation. An energy budget can be used to com
the magnitude of measured and predicted dissipation rate
studying the efficiency of a bubble plume in breaking down
stratification of a water column, Schladow~1992! compared th
rate of change of potential energy of the water column to the
of work needed to generate the bubble plume with a compre
Assuming isothermal compression, the rate of work isdW/dt
5p1QH ln(p2 /p1), where p1 and p2 are the absolute pressu
at the free surface and the diffuser, respectively~Rogers an
Mayhew 1968, p. 163!. In our notation, the rate of work is

dW

dt
5r0ghaQH ln S 11

H

ha
D (5)

where r0 is the density of water; andg is the acceleration o
gravity. Volume-averaged values of dissipation, normalized b
rate of work of compression, are plotted in Fig. 7 against
parameter~Asaeda and Imberger 1993!

MH5
gQ0

4pa2wb
3H

(6)

wherea is the entrainment coefficient; andwb is the bubble slip
velocity. This parameter, which can be interpreted as the ra
the intrinsic length scaleD5gQ0/4pa2wb

3 of the bubble plum

Fig. 6. Profiles of dissipation atr /R50.58 normalized by the dept
averaged value. The solid line is Case 1 from Grevet et al.~1982!,
and the dashed line is Case 1 of Sahai and Guthrie~1982!. The lines
with symbols are as in Fig. 5~c!.
and the depthH ~Bombardelli et al., unpublished work, 2003!,

J

measures the strength of the source. In the simulations of G
et al. ~1982! and Sahai and Guthrie~1982! between 15 and 30
of the available power is dissipated by the turbulence~Fig. 7!.

In one of the simulations of Sheng and Irons~1993!, 70% of
the available power is dissipated, while in the other 115% is
sipated. The apparent overprediction in the second case co
due to the turbulence model: While Grevet et al.~1982! and Saha
and Guthrie~1982! used the standardk–e model, Sheng an
Irons ~1993! used a modifiedk–e model that accounts for turb
lence resulting from the interaction between the gas and li
Also, Grevet et al.~1982! and Sahai and Guthrie~1982! imposed
wall functions to account for the steep gradients in velocitiek,
ande near the solid walls, while Sheng and Irons~1993! simply
setk ande to zero at the walls. Although the modifiedk–e model
reproduces measured velocities and turbulent kinetic energ
ter than other models, it may overpredict the dissipation.

The volume-averaged dissipation from our experiments
QH50.2 L/s is less than 1% of the available power. Some e
nations for this small value can be offered. Differences in the
volume fraction and bubble size distribution could affect the
sipation; however, the effect of these quantities cannot be d
mined because we did not measure them in our experimen
the numerical simulations did not compute the bubble ra
Also in the experiments, the bubble plume generated wave
the water surface, but the simulations treated the water surfa
a rigid lid. Wave generation would reduce the amount of en
to be dissipated by the turbulence. The volume-averaged di
tion might also be small because it was based on three pr
taken relatively far from the plume. Computing the average
three profiles from Grevet et al.~1982! at the values ofr /R cor-
responding to those in the experiments withQH50.2 L/s gives a
factor of 6 reduction. Averaging profiles at the same value
r /D might be more appropriate: In terms of the intrinsic len
scale of the bubble plume, our dissipation profiles were m
farther away from the plume axis, where the dissipation is hig
~Table 2!. Practical sampling considerations prevented sam
closer to the plume axis.

Summary
We measured profiles of the rate of dissipation of turbulent ki

Fig. 7. Fraction of available power dissipated by turbulence:d,
present data,QH50.2 L/s; s, Grevet et al.~1982!; n, Sahai an
Guthrie ~1982!; and 3, Sheng and Irons~1993!. The dissipation i
averaged over the volume of water above the diffuser.
energy near a bubble plume at the center of a large tank. Dissi-
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pation profiles were inferred from temperature microstruc
measurements by fitting a theoretical form of the tempera
gradient spectrum to the measured spectra. Six sets of betwe
and 51 profiles were collected at airflow rates of 0.1–0.6
measured at atmospheric pressure.

The intensive sampling allowed ensemble-averaged dis
tion profiles to be calculated. The dissipation in all cases
between 1028 and 1026 m2/s3 in most of the profile, but it in
creased sharply near the water surface. The near-surface in
was attributed to shear associated with the surface outflow,
near-bottom increase for high airflow rate and large radius
attributed to shear from the recirculating return flow. The for
feature was observed in profiles taken from two previous num
cal studies. Energy considerations involving the rate of isothe
work of compression were used to assess the numerical mod
bubble plume turbulence. The simulations of Grevet et al.~1982!
and Sahai and Guthrie~1982!, which use the standardk–e model,
predict that between 15 and 30% of the available power is d
pated, while the simulations of Sheng and Irons~1993!, which use
a modifiedk–e model, may overpredict the dissipation. The
perimental data give a much smaller fraction because some
energy of the plume is used to generate waves on the wate
face and the three dissipation profiles used to compute
volume-averaged dissipation were relatively far from the bu
plume.
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Notation

The following symbols are used in this paper:
b0 5 diffuser width;
D 5 intrinsic length scale of the bubble plume;

DT 5 diffusivity of temperature;
f 5 normalized temperature gradient spectrum;
g 5 acceleration of gravity;
H 5 depth of water above diffuser;
ha 5 atmospheric pressure head;
k 5 turbulent kinetic energy;

k1 5 wave number;
kB 5 Batchelor wave number;
MH 5 source strength parameter;

p 5 pressure;
q 5 constant in the Batchelor spectrum;

Q0 5 airflow rate at the diffuser;
QH 5 airflow rate at the free surface;

R 5 tank radius;
r 5 radial distance from the tank centerline;

SB 5 theoretical one-dimensional temperature gradient

spectrum;
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f

Sn 5 noise spectrum;
Sobs5 observed one-dimensional temperature gradient

spectrum;
T 5 temperature;

T8 5 temperature fluctuation;
t 5 time;

V 5 volume of fluid above the diffuser;
W 5 work of isothermal compression;

wb 5 bubble slip velocity;
z 5 vertical distance from the top of the diffuser;
a 5 entrainment coefficient;
e 5 rate of dissipation of turbulent kinetic energy;
k 5 dimensionless wave number;
n 5 kinematic viscosity;

r0 5 density of water;
s ln e5 standard deviation of lne; and
xT 5 dissipation rate of thermal variance.
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