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Abstract. Photo-optical systems are common in marine sci- (Boetius et al., 2000; Orphan et al., 2001). Medical examina-
ences and have been extensively used in coastal and deefiens of bubbles in blood vessels have been motivated by de-
sea research. However, due to technical limitations in thecompression studies (MacKay and Rubisson, 1978; Belcher,
past photo images had to be processed manually or semit980). Other industrial processes, such as waste water treat-
automatically. Recent advances in technology have rapidlyment for example, require dispersion of a gas into a liquid
improved image recording, storage and processing capabilmedium (Michelson et al., 1988; Reible, 1999). The disper-
ities which are used in a new concept of automated in situsion rate of gas bubbles into a liquid media is, among others,
gas quantification by photo-optical detection. The designcontrolled by the bubble interfacial area. The dispersion ef-
for an in situ high-speed image acquisition and automatediciency, however, is controlled by the ratio of surface area
data processing system is reported (“Bubblemeter”). Newto bubble volume (Deckwer, 1985). Therefore, determining
strategies have been followed with regards to back-light il-the bubble size distribution is a key element for any of the
lumination, bubble extraction, automated image processinglisciplines above.
and data management. This paper presents the design of Methane is a potent atmospheric greenhouse gas, which is
the novel method, its validation procedures and calibrationnaturally released from the seafloor at many sites along con-
experiments. The system will be positioned and recoveredinental margins. Although numerous gas seeps have been
from the sea floor using a remotely operated vehicle (ROV).discovered world wide, little is known about local gas fluxes
It is able to measure bubble flux rates up to 10 L/min with aand their temporal and spatial variation (Judd, 2004). Fur-
maximum error of 33% for worst case conditions. The Bub-thermore, the fate of methane after being released from the
blemeter has been successfully deployed at a water depth &feafloor is often unknown. While methane bubbles, escap-
1023 m at the Makran accretionary prism offshore Pakistaring from shallow seeps such as the Coal Oil Point offshore
during a research expedition with R/V Meteor in November Santa Barbara (Hornafius et al., 1999) enter the atmosphere,
2007. there is evidence that methane from deep-sea sources at wa-
ter depths of about 2000 m is completely dispersed and ox-
idized in the water column before it reaches surface waters
(McGinnis et al., 2006).

There are only a few locations in the world where the bub-

The observation of bubbles in fluids is of primary importance Ple flux has been quantified by order-of-magnitude estima-
for many physical, medical and chemical engineering pro-tions at deep-sea depths, these aékdh Mosby mud vol-
cesses. In deep-sea research, methane gas seeps have &P (1250 m) (Sauter et al., 2006), at Hydrate Ridge (580 to

found to be vital sources of energy for seep communities’80 M) (Torres et al., 2002), in the Gulf of Mexico (525 to
550 m) (Leifer and MacDonald, 2003), and at Vodyanitskii

o Mud Volcano (2070 m) (Sahling et al., 2009). At those loca-
Correspondence tO. Zielinski tions, single seep vents were observed with in situ flux rates
m (ozielinski@hs-bremerhaven.de) ranging between approximately 0.1 and 5 L/min.

Published by Copernicus Publications on behalf of the European Geosciences Union.

1 Introduction



http://creativecommons.org/licenses/by/3.0/

550 K. Thomanek et al.: Automated gas bubble imaging at sea floor

Methane ebullition occurring at &kon Mosby mud vol-  looking sonar mounted onto a ROV in order to quantify gas
cano or the southern summit of Hydrate Ridge is affected byemission offshore Georgia at the eastern part of the Black
hydrate formation. Both sites are well within the hydrate sta-Sea (Nikolovska et al., 2008). For gas quantification and
bility field causing rapid hydrate coating of the gas bubblesbubble analysis, acoustic methods have the clear advantage
that are released from the sea floor (Sauter et al., 2006; Suesd$ covering large fields of observation and not interfering hy-
etal., 2001). drodynamically with the volume of observation. Yet, to our

The study by McGinnis et al. (2006) employs a bubble knowledge, there is only one system developed for deep-sea
model in order to estimate the fate of methane and otheapplications capable of obtaining bubble size information us-
gases while a bubble rises through the water column at difing a horizontally looking swath system. The GasQaunt sys-
ferent depths. The model also accounts for reduced gas exem was developed by Greinert anditiXlel in cooperation
change due to the formation of a hydrate skin around thewith ELAC Nautik in Kiel, Germany (Greinert andiltzel,
bubble. The key parameters that control the fate of a bub2004).
ble are release depth, bubble size, dissolved gas concentra- There is a vast range of optical instruments in marine sci-
tion, temperature, surface-active substances and bulk flui@nce. These include laser scattering (Agrawal and Pottsmith,
motions (Leifer and Patro, 2002). While small bubbles sur-1989), diffraction (de Vries et al., 2002; Karpen et al., 2004)
vive a short distance only, larger bubbles carry the majorityand optical imaging (Eisma et al., 1990). For deep-sea appli-
of the released methane into much shallower depth. cations, optical imaging systems have become an important

So far, the model by McGinnis et al. (2006) has only beentool. Cameras, mounted on remotely operated vehicles or
applied to a gas bubble stream that is emitted from a muddeployed as autonomous devices, have given an intuitive in-
volcano in the Black Sea due to the lack of adequate dataight into the deep-sea environment. Moreover, camera and
from other natural gas seeps. Thus, quantifying methane gagideo pictures may be analysed quantitatively with respect to
flux at individual outlets along with its bubble size distribu- size, shape, colour and velocity (Zielinski et al., 2010).
tion and rise velocity is a first key step for estimating the Although it is of high interest quantifying the amount of
impact of methane on the hydrosphere and eventually on thenethane escaping seepage systems, there are only a few sys-
atmosphere. tems available which are capable of providing data about lo-

A variety of optical as well as acoustical methods havecal bubble size distributions and gas flux. Leifer and Boles
been developed to address the issue of bubble analysis. ldesigned a diver operated bubble measurement device which
acoustics, bubble size information can be obtained eitheis able to visually record and analyse bubble streams for shal-
from active or passive techniques. The latter uses sountbw water applications up to 30 m (Leifer and Boles, 2005).
emitted by excited bubbles during the detachment proces$he system uses backlight illumination where the objects are
(Nikolovska et al., 2007). Very shortly after detachment, thelocated in between the light source and the camera. It can
passive signal ceases and further detection must be utilizingheasure flow rates and bubble size distributions simultane-
an acoustically active method. This may include or com-ously.
bine any of the techniques described below which are sum- Leifer and MacDonald also employed a manned sub-
marized, for example, in Leighton et. al. (1998). There is ul- mersible to record image data on bubble seeps in the Gulf
trasound scattering using continuous wave insonification anaf Mexico. These images were processed manually. The lo-
pulse echo methods that use the transit time of pulse signalsal gas flux was estimated to be 62 B0~2 mol per second,
to calculate bubble positions. Acoustic resonators size bubequivalent to 1.5L/min (Leifer and MacDonald, 2003). At
bles by using frequencies which excite bubbles at their resHakon Mosby mud volcano the bubbles were recorded using
onance. Applied to marine science, acoustic methods havR®OV cameras. During post-processing, single frames were
been valuable for investigating a variety of research fieldsanalysed and the total gas volume determined. The gas flux
reaching from marine fish ecology studies to geo-marine subwas quantified to be 200103 mol per second, equivalent
sea and sub-bottom profiling. With respect to bubbles into 1.6 L/min under in situ conditions (Sauter et al., 2006).
the ocean acoustic methods have been extensively deploye8ahling et al. (2009) quantified gas fluxes in the range of 0.03
investigating bubble creation mechanism in breaking wavego 0.12 L/min for the Vodyanitskii mud volcano in the Black
(Lamarre and Melville, 1992; Deane and Stokes, 2002). Sea based on ROV videos. At Hydrate Ridge, gas quantifi-

However, little acoustic data is available in quantifying cation was performed using a funnel technique. An in situ
methane seeps in the deep sea. Greinert drnddilhave de- flow rate of 5L/min was estimated by determining the time
veloped a horizontally looking single beam transducer. Theyrequired to displace the fluid inside the gas collector (Torres
demonstrated that the gas flux is proportional to the backscatet al., 2002).
ter of the insonified volume at flow rates up to 20L/min  The work presented in this study is a result of the limited
(Greinert and Nitzel, 2004). Nikolovska and Waldmann availability of deep-sea deployable systems for gas quantifi-
presented a study quantifying underwater gas seepage usation and bubble analysis. Potential seep measurements are
ing passive acoustics (Nikolovska and Waldmann, 2006)planned at locations situated within the hydrate stability field
Nikolovska and co-authors also employed a horizontallywhere the flux is expected to be in the order of 0.1-10 L/min.
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Due to increased spatial bubble density at 2 L/min and above
bubble flow characteristics are heavily dominated by bubble
overlap when using a 2-D projection of the field of obser-

vation. This work describes and evaluates methods to em-=#,
pirically estimate the proposed error due to bubble overlap. f |}
Natural changes in gas flux as well as tide-related fluctua- |j
tions shall be examined in future. Therefore, a new optical
system was developed that automatically determines the siz¢
and velocity of bubbles as well as the gas flux. The key ob-
jective for this new design is to be able to monitor bubble

Seeps for an exten(_:ied period of time. . . . Fig. 1. Schematic illustration of the Bubblemeter: A homoge-
This can be achieved, for example, by optically imaging neous high intensity light source combined with a power pack (De-

gas bubbles while they rise through the volume of obser-jce 1) illuminates the field of observation. A box (Device 2) filled
vation. Discriminating bubbles successfully and efficiently with clear water reduces water turbidity within the optical path. A
from their background is of utmost importance for further high speed camera inside a pressure housing (Device 3) records se-
data analysis. Object segmentation and analysis is also quences of bubble images which rise in the sample area between
common problem in many other engineering, medical andDevice (1) and (2). Data sequences are transferred to a laptop PC
marine science disciplines. The primary intention is always(4) for further analysis.

to increase sample density to decrease random errors made
by human misjudgement and to make data analysis faster and

easier. With routines capable of systematically analysing an In slummar)’/’, t.he camera system, helreafter referred to as
arbitrary amount of image sequences, long-term monitorinngUbb emeter’, s deggned to be deployed and_recovered
rom the deep sea using a remotely operated vehicle. It con-

may be feasible in future. Without requiring high human re- " ) o )
sources, comparisons of bubble flux correlated to environSISts Of a state-of-the-art high-speed camera providing high

mentally changing parameters can be investigated then. time and s_patial resolgtion. T_he required intensive illumina-
Focusing on micro-bubbles, Stokes and Deane introduced®" 'S ac;hleved by an innovative LED light source. The post
an optical instrument for the study of bubbles within break- processing procedures and bubble analysis is accomplished

ing waves (Stokes and Deane, 1999). One key elemeany an automated routine capable of identifying bubbles and
in their automatic image processing strategy is an e|abo_measuring key features like vertical bubble speed and bubble

rate technique to reduce effects in variations of backgroundjrim‘la'_nsizns' These par:;meters arﬁ efsls%nt_ial irf] determining
illumination intensities. Their second key innovation in the Iquid-gas mass exchange at the ul interface. More-
processing bubble images is the application of a |_|0ugh_over, images with vgry.h|gh time resplutlon of methgne bub-
Transform (HT). The principle of HT is to transform the bles may give new insights to possible hydrate skin forma-

real space coordinates. () of bubble edges to the Hough tion. The Bubblemeter development is a three stage process.

space with perimeter(b) and radius«) as parameters. Lo- It is split into a validation and surface supplied deep-sea test-
cal peaks in a frequency distribution af f, r) indicate cen- ing phase. The third stage consists of a system modification

tres of bubbles with radius. This is a robust technique for towards an autonomous operation. Here, we report on the

analysing circular shaped objects. However, the comparall'St WO stages of development.

tively long processing time is one reason why this segmenta-

tion strategy had not been considered here. Yet, recent works \1aterials and Procedures

on bubbles in bioreactors have increased processing speed

using HT and show that this method is clearly superior t02.1 Bubblemeter design and components
manual analysis (Taboada et al., 2006).

Another bubble measurement system originally developedrhe camera system consists of four components as illustrated
for breaking waves was developed by Leifer et al. (2003).in Fig. 1: The illumination and power storage unit (Device 1),
This system discriminates bubbles from their background bywater box (Device 2), high-speed camera (Device 3) and the
means of a preset grey value threshold. This method rapidlylata storage unit (4). The total mass of 60 kg exhibits a neg-
produces binary images of bubbles since no time consumative buoyancy of 200 N in fresh water. The overall dimen-
ing filters are required. However, the true bubble size may besions are 140 cx50 cmx 50 cm.
corrupted due to off-axis illumination, which resultsinan ex-  The bubble quantification system was designed in a mod-
ternal bright ring that obscures the true bubble edge. Consedlar fashion to assist various stages of development. For
quently, a different segmentation strategy is needed to identhe verification process, the modules light and power source
tify bubbles efficiently within the specified accuracy. The are combined with a high-speed camera mounted onto the
image processing routine will be discussed in detail within pressure housing. The camera is connected to a laptop PC
this paper. and allows real-time observation of bubble streams. This
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laboratory version for shallow water applications can be de-
ployed to a water depth of 2m, restricted only by the ca-
ble length between camera and laptop. Longer cables may &% =
be used but require additional shielding due to changes in -
the self-inductivity while submerged. The deep-sea non- %
autonomous version of the Bubblemeter consists of the same
components as the laboratory version with only two differ- ’ R
ences. The camera running on an autonomous mode can b %
triggered only once per dive. Secondly, the switch must be| f‘"
triggered by a ROV manipulator externally. In the final stage =
of development, the major difference to previous versions
will be the control and data storage unit which will be ad- rameter ¢" and “b” denote the major and minor axis of a best fit

dl.tlona”y 'ncorpprated into the prgssur.e hpus!ng. This urmellipse encircling the bubble. The white scale bar has a length of
will a”QW trlggerlng of camera an'd illumination in preset fre- 10 mm. Centre; Bubble segmentation using the threshold method.
quencies and storing recorded images. In order to PreservRight; Bubble segmentation applying the edge detection method.
energy, the control unit will set the system to standby while The edge detection method results in an accurate representation of
it is not in record mode. the bubbles and is, in addition, less sensitive to inhomogeneous
lllumination: Arguably, the light source is the heart of ev- background illumination compared to the threshold method.
ery image processing tool. Gradients in background intensity
require complex filters and computing time in order to extract
bubble objects from their surrounding. A homogenously il- Frame: The frame consists of 4 stainless steel bars and act
luminated field-of-view simplifies any segmentation strategy.as a guide rail. It accommodates the pressure container, the
Fast moving objects like bubbles require high shutter speedslear vision box and the illumination device. The size was
and a small camera aperture. Therefore, high light intensichosen considering the technical feasibility in a remote op-
ties are mandatory in order to minimize motion blur to less erated vehicle deployment as well as ensuring that even fast
than 2 pixels. Also small size, low weight and low power moving bubbles can be tracked for a sufficiently long time.
uptake are general requirements for ROV-operated as well aBue to the adjustable design, the length of the system may
autonomous underwater tools. As a result, a novel high inbe varied as appropriate. For turbid waters, a clear vision
tensity light source made out of LEDs was developed to meebox may be used. This box, filled either with clear saline
all requirements above. or non-saline water, reduces the volume of potentially tur-
The novel light source developed for the Bubblemeter em-bid water in front of the screen, thus, enhancing the image
ploys LEDs that densely cover a square area of 3@8cm  contrast. Normally the clear vision box would be filled with
and act as point sources of light. The wavelength is Gaussurface water on site. Alternatively, the box may be filled
sian distributed with its peak at =524 nm and a deviation Wwith transparent oil in order to increase buoyancy.
of o =10nm. A 3mm thick screen made out of polyethy- Camera and optics: A Weinberger high-speed camera us-
lene diffuses the led spots and creates a homogeneous badkg CMOS sensors and fire wire IEEE1394 interface technol-
ground. In air, the field of observation can be illuminated ogy is used to record 1000 frames per sequence. It requires
with a homogeneous light intensity of 60 Klux. The power 25W at 12 VDC which can be supplied either by an external
consumption is 170W at 12 VDC which is supplied by a power source or an internal rechargeable battery pack. The
10 Ah built-in Lithium-Polymer rechargeable battery pack. spatial resolution is 12801024 pixels (px) while the time
In this configuration, the energy capacity is sufficient in il- resolution can be varied between 62, 250, 500 to maximum
luminating the field of observation approximately 60 times 32 000 frames per second (fps) at reduced spatial resolution.
under laboratory conditions. Each interval lasts 10s. Due toAn electronic shutter speed of 250 ps results in sufficient high
the fact that the required voltage for the LED configuration contrast while motion blur is minimized to within specified
can only be provided for a fraction of the total battery capac-levels. Initially the images are stored within the camera and
ity, this large margin was chosen, also taking into accountmust then be transferred onto a control unit for further pro-
varying discharge characteristics for low temperatures occureessing. A Pentax 25 mm TV lens with adjustable focus was
ring at deep-sea sites. The illumination housing is designedised at an aperture setting of f/8. This setting enables the
to accommodate a 40 Ah battery pack of the same make. Padepth of focus to cover the complete volume of observation.
tentially, this increases the number of activations to approxi- Computer hardware and supplemental software: A con-
mately 240. The housing is pressure compensated and filledentional laptop PC with a 1.73 GHz Intel® Pentium® M
with silicone oil. This enables quick transport of heat en- and IEEE1394 interface is used to control the camera set-
ergy to the surfaces, as well as a thin walled and lightweightiings and to conduct the data upload, applying “Motionfire”
housing. by Weinberger Vision. All image processing and analysis is
performed using Matlab® code and its libraries.

Fig. 2. Left; Inhomogeneously illuminated grey scale image. Pa-
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2.2 Image processing and analysis the following assumption: the distance that a bubble has trav-
elled in two successive images is smaller than the distance to
An automated routine is needed in order to process and analts closest neighbour. This assumption is valid except for
yse images with statistically relevant numbers of gas bub-overlapping bubbles, very high bubble concentration and for
bles within reasonable time and accuracy. The algorithmiow acquisition frequencies where travel distance is greater
must perform simple and fast segmentation as well as feathan neighboured bubble distance. Objects that do not move
ture extraction. Furthermore, the algorithm must be capaor sink are automatically excluded.
ble of tracking individual bubbles and store the results in a  Finally, the vertical flux of bubbles through the sample vol-
useful format. Therefore, the key features of the presentedime is calculated. Since bubbles are imaged and measured
routine may be summarized by isolating bubbles from themultiple times during their rise, each measurement has to be
background and determining their position and bubble SizeSWeighted by a weighting factay. It represents the number of
In a second step, the routine can track bubbles in successiy@easurements made of a single bubble during its rise through
frames, analyse and store the data in a cubic matrix. Theéhe sample volume and is determined by the following equa-
following paragraph describes the new concept in detail.  tjon:
In general, segmentation is the process of discriminating (Y —2-h)
objects of interest from the remaining image. In this case, ith = ———— (1)
is the process deciding whether any image pixel belongs to z
a bubble or is part of the background. In the segmentatiorivhereD, is the vertical shift of an individual bubblé’ rep-
strategy followed in this study, a “Canny” filter is used for resents the image size in vertical direction artthe vertical
grey value images_ It compares the value of each pixe] re|abUbb|e diameter. For example, in order to count bubbles,
tive to the values of its neighbourhood (Canny, 1986). When€ach measurement results in an increase of the bubble num-
the grey value gradient between two adjacent pixels is largePer by . After n measurements of the same bubble, its bub-
than a preset level, the pixel is set to binary 1, otherwise it isble number has risen t§ =1 while the bubble has left the
set to binary 0. As a result, edges are created around objecténage. Therefore, intermittent errors such as bubble overlap
The major advantage of using the edge detection strateggr unsuccessful bubble assignment contribute by a fa\%etor
rather than applying a simple grey value threshold is illus-to each measurement only. At the same time, the recipro-
trated in Fig. 2. The edge detection identifies the bubblecal factor may also be interpreted as particle flux through the
boundaries even in inhomogenously illuminated areas. Furhorizontal cross-section. Thus, the higher the image acqui-
thermore, it can also be applied to images with steadily de=sition frequency and the lower the rise velocity to the limit
creasing light intensities. In contrast, the image that is segwhere motion can no longer be detected, the largis; the
mented using a grey value threshold shows some degeneramaller is the contributing error. This weighting factor also
tion in bubble shape. Also the background may be misinter-applies to variations in bubble numbers and rise speed.
preted due to the inhomogeneous background illumination.
However, there are two disadvantages in using the edg
detection strategy, which we consider as minor compared t
jche Improvement (.Jf th? method. One d|s§1dvantage IS t.hel'hree key experiments were conducted to test the concept of
increased computing t|.me F:ompar_ed to using th§_|nten3|t he gas quantification system. Firstly, the reliability of the
threshold. The computing time varies between milliseconds,

d d dd d the i 6. Th d dautomated segmentation routine and bubbles size measure-
and seconds and depends on the Image sIz€. 1he Second Oize ,; \y45 tested. The results showed that the system maps

advantage is a systematic enhancing or suppressing of bUl1).>'ubble images onto binary images isometrically. Secondly,

ble bound?]ri_esk. I?jep_ending on the _edgt?rthhresholtc)i the bUbeﬁarameters for assessing the bubble assignment ability were
grows or shrinks during segmentation. This can be compeni,,, 4, ced. It shows that at least 75% of the bubbles are as-

sgteld usw;]g dt;Iatlog a_nd e;osl;qn f||te:(s wh|ch|gdd ordsél_Jl;)tracl igned correctly. Thirdly, a series of calibrated gas flux mea-
pixels to the boundaries of objects. Yet, applying additionaly o nents petween 2 L/min and 12 L/min were performed.

morphological f_ilters requires extra_ processing time_and a_dd%'he results reveal a linear dependence between the flux de-
onto th_e f'.rSt dls_advantgge. Th_e final outpgt 1S a_bmary M termined by the Bubblemeter and the actual gas flux. The
age which is an isometric mapping of the original image. system is able to determine gas flow rates in the order of

In general, feature extraction is the process of reducmgmagnitudes of mL/min up to an amount of 10 L/min. The
the object information to the relevant key features of inter- 0o typically in the scale of 5-10% for low flow rates and
est. Here, the bubble size as well as the centre of the bUbr'anges to a maximum of 33% for high flow rates

ble area is determined using the Matlab® routine “Region-
props”. These values are based on an elliptical best fit a8.1  Size mapping
exemplified in Fig. 2.
In a second step, bubbles are tracked in successive framd@he dimensions of ten rising bubbles imaged on 70 frames
and their rise velocities are computed. This is realized usingvere determined manually as well as using the automated

Assessment
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Fig. 3. Left; Comparison between manually measured and computed bubble sizes. The computed major axis (circle line) and the computed
minor axis (triangle line) correspond mostly within the erroetof px with their manually measured counterparts. Right; The frequency
distribution for size differences between manually measured and computed axes lengths can be approximated using a Gaussian fit. The errc
bars are consistent with the standard deviation ef4,6+0, 6 px.

approach. The bubbles were elliptically shaped. The di-suring the time required to fill a volume of 250 ml. The ori-
ameter of their major axis ranged between 1 to 20 mm (10fice was 3 mm in diameter. It was aligned horizontally in the
to 200 pixels). Figure 3 (left) illustrates the size evolution setup and produced bubbles with irregularly shaped and os-
of one representative bubble. The bubbles oscillating dur<illating bubble surfaces. The major axis diameters varied
ing ascend produce a size variation of both axes. Within thebetween approximately 7-12 mm (70-120 pixels). The bub-
uncertainty of measurement, there is generally a good correbles did not overlap and maintained a distance of 6-12 mm
spondence between the values based on the automated eg0—120 pixels) to their predecessors. The automated assign-
mation and those that were determined manually. In the casment method resulted in 1150 size measurements. However,
of the manual size measurement, the uncertainty £px the algorithm failed twice to successfully track the individual
comprises oft 2 px for the edge determination asd? px bubble in successive frames. While there is a gradual change
for estimating the major and minor axis orientation respec-in the sizes of the axis between successive frames (see for
tively. In the case of the automated measurement the unceexample Fig. 3 left), assignment errors appeared as a simul-
tainty of + 4 px constitutes of- 2 px for detecting the blurred taneous and unsteady break in the measurement of both bub-
edge of the bubble boundary. An additional uncertaintyble axes. This indicates that a different bubble of different
of + 2 px takes possible edge enhancement due to the edgaajor and minor axis size had been erroneously tracked. The
detection process into account. Quantifying the accuracymistaken assignment can be explained by shape oscillation.
between manually and automatically measured bubble sizel rare cases, sporadic shape deformation can cause a nega-
yields a frequency distribution which is shown in Fig. 3 tive rise of the centre of the bubble area. This negative rise
(right). The difference in bubble size determination is small excludes the bubble from assignment momentarily.

with a median ofX = —0,15 px. The standard deviation of Based on this information, a strategy was developed in or-
o =4,6+0,6 px is consistent with the measurement uncer-der to investigate the automated bubble assignment method

tainty illustrated as error bars in Fig. 3 (top). for increased flux and bubble population densities. This was
necessary because it is impractical to manually test the anal-
3.2 Bubble assignment yses capability for large datasets. The strategy is based on

two assumptions: It is assumed that the assignment rate can
A strategy has been developed assessing how successful bube evaluated by the ratio of the number of assigned bubbles
bles have been tracked by the automated image analyses. Ugith respect to the total number of bubbles. Furthermore, the
ing the least distance assumption, it was manually verifiedgradient of variation in diameter of individual bubble is an
that individual bubbles can be tracked in successive framesndicator for successful individual bubble assignment. The
In a second step, the paramefewas introduced to quan- second assumption relates to the observed bubble shape os-
tify the rate of successful assignments for approximatefy 10 cillation. Those bubbles which changed in diameter by less
bubbles. than 30% between successive frames were defined as cor-

In the initial experiment, 23 single bubbles were tracked atrectly assigned. The ratig represents the number of as-

a flow rate of 1 L/min and their sizes were analysed. The gassigned bubbles with a differential diameter of less than 30%
flux was created using a pump for aquarium purposes anavith respect to the total number of bubbles observed.
led into a bare hose. The gas flux was calibrated by mea-
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100 eign objects. At acquisition frequencies of 250 fps, the ratio

%04 decreases steadily from approximately 85% for 2 L/min to
S tee 75% at 12 L/min. This trend might be explained by the fact
é‘ o] 4 L, . . . that with increasing fluxes the numbers of bubble in each
5 &l N frame increases and that, consequently, more bubbles over-
“g, 0. lap, which leads to decreasimyvalues. This statement is
g wl supported by the observation made in the previous experi-
g ] .. T e ment with single bubbles at 1L/min. Out of 1150 assign-
S 1 LI . .~ SO0fps ments only two were corrupted yielding a ratigd& 99.8%.

0 B : : o B In con_clusion, 250fps_has been found to be the optimum

Gas flux ® [L/min] recording frequency with an assignment factor in the range
of 85% to 75%.

Fig. 4. The ratiog shows the flux dependent accuracy of bubble as-
signment with an assignment of 85% decreasing to 75% for 250 fps3-3  Flux measurement
At 500 fpsp remains approximately constant for all flow rates while
for 62 fps most of the bubbles cannot be assigned successfully. ~ Lab experiments were conducted in order to test how good
the Bubblemeter and the subsequent automated analyses ac-
tually measure the bubble flux. The result of the automated
In a next step, the sensitivity of the assignment procedureanalyses shows a linear dependency between the measured
was tested for a range of gas flow rates that may be encourand the actual bubble flux. This implies that the calculation
tered in the natural system. Additionally, the speed of imageroutine systematically overestimates the actual flux by a con-
acquisition varied between 62, 250, and 500 fps to investi-stant factor. It can be shown that the overestimation is caused
gate its influence on bubble assignment ability. A hole wasby irregular bubble shapes which are predominately the re-
drilled into a block of plastic and connected to a pressuresult of a two dimensional image projection of the observed
vessel. Its orifice was 1 mm in diameter pointing vertically volume.
upwards. An experiment with calibrated flow rates ranging A laboratory experiment was set up to record gas flows
between 2 L/min and 12 L/min was set up and the parameand to compute the image data obtained. A water tank
ters were intentionally set to represent a worst-case scenarid mx1.5mx1m in dimension was filled with tap water at
This caused rising bubbles to overlap, coalesce and break umom temperaturel{ = 20°C). Three upward pointing noz-
again. The flux was determined using a flow meter (Fischerzles with 5mm, 3mm and 1 mm in diameter were placed
& Porter; Model NR FR/4— 20 G5) and controlled by mea- 0.7 m below surface. The Bubblemeter was submerged just
suring the time that was required to fill a volume of 2 L. Each underneath the surface. The image size obtained was 30cm
flow rate was recorded with 500 fps, 250 fps and 62 fps. Inwith the screen at the top 5 cm below surface. The plume rose
each sequence, the total object numbers ranging from 10in the centre of the observation volume and was completely
for 2 L/min up to 10 for 12 L/min were recorded. imaged. The mean distance between plume and camera was
Figure 4 shows8 against gas fluxb for three different 0.8 myielding a resolution of 318 17 um/px. The recording
recording frequencies. The figure illustrates the highest asfrequencies were set to 500 fps and 250 fps. Each sequence
signment factor was achieved at recording frequencies ofontained 1000 frames and recorded a time interval of 2 s and
250 fps. Neither higher nor lower acquisition frequencies in-4 s respectively. High pressure Scuba tanks provided the gas
crease the assignment factor. At 62 fps the number of sucsupply via low pressure hoses. The gas pressure was reduced
cessful assignments is below 45% at low flux rates and deto constant intermediate pressure while a fine control valve
crease further with increasing flux. This poor assignmentwas used to adjust the appropriate gas flow. The flow rate
ability can be explained by the fact that the least distance aswas monitored using a calibrated flow meter tube (Fischer
sumption is not valid anymore. The distance bubbles travel& Porter; Model NR FPL/s— 20 G5). Eight measurements
in between successive frames is larger than the distance aifi the flow range between 2 L/min and 12 L/min were taken
neighbouring bubbles. This is even more obvious at highfor each diameter and each of the recording frequencies. All
flow rates which results in high bubble population densities.measurements were in the flow regime of bubbly jet streams.
At 500 fps the assignment factor remains approximately con-Shortly after detachment, every second bubble accelerated
stant for all flow rates with a value of about 70%. At these within the wake of their predecessors and penetrated them.
high acquisition frequencies, the observed bubbles move iPuring the ascent, bubbles broke up and occasionally formed
average between 2 pixel and 6 pixel per frame. Thereforeagglomerates again. The observed shapes can be classified
the least distance assumption remains valid. In addition, theis small spherical bubbles, bigger ellipsoids to even larger
bubble shape remains nearly identical. However, bubblespherical cap-shaped bubbles.
that do not rise at all in successive frames are excluded from In order to calculate bubble volumes based on the mea-
the assignment in order to prevent misinterpretation of for-sured bubble sizes, various models may be used. One model
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Fig. 5. In both models the computed flux can be linearly correlated to the physical flux. The ellipsoidal model yields an overestimation factor
of 4.8+ 0.6 while the sphere model yields an overestimation oftf2023.

Table 1. The frequency combined mean slope for the ellipsoidal
model yields a systematic overestimation of #4.8.6 while the
sphere yields 2.2 0.3.

Model Frequency (fps) B R?
Ellinsoidal 250 42 0.98850
Ipsoida 500 5.4 0.95219
oh 250 1.9 0.90465
phere 500 2.4 0.99105

Fig. 6. The compositions of various bubbles merging and overlap-

. . . ping each other create bubble clusters. The volume of a best fit
assumes an ellipsoidal shape using the bubble length angjiose is larger than the actual gas volume. These clusters carry the

width as major and minor axis while the bubble depth is as-majority of gas dominating the overestimated computed flux. The

sumed to be identical to its width. Another model uses anwhite scale bar below is 1 cm long.

equivalent area approach: the sphere radius is determined by

a circular area which is equivalent to the cross-section aregas volume was examined. The volume shows a strong de-

of the particular bubble. For simplicity, this model will be pendency on theses clusters emphasizing the model induced

referred to as the sphere model in the following. Both ap-overestimation.

proaches have been applied in order to compare model pend- The volumes of ten single bubbles oscillating moderately

ing discrepancies but they have been found to be equallhave been compared with the automatically estimated vol-

valid, as shown further below. umes using the ellipsoidal as well as the sphere approach.
Figure 5 shows a linear correlation between actual and esThe ratio of the estimated versus actual volume is denoted as

timated flux resolved for each frequency and model. Table 1r; for the ellipsoidal and for the sphere model. The result

presents the essential linear least square fit parameters fig , = 1.6 with standard deviation aef; = 0.04 for the ellip-

both models and for 500 fps and 250 fps, respectively. Withinsoidal ratio and- = 1.3 with o, = 0.09 for the sphere ratio.

an error of 33% each model shows a frequency independerifhis can be interpreted as a systematic volume overestima-

linear correlation between estimated and actual flux. tion of 1.6 and 1.3, respectively. The same technique was ap-
plied to bubble clusters. Atrtificial bubble clusters are created
3.4 Model evaluation when the bubble population within the volume of observa-

tion is projected onto a two-dimensional image. These artifi-

Both models show a systematic overestimation of the meacial bubbles are irregularly shaped and have concave curva-
sured gas flux. In order to investigate the origin of the over-tures. Figure 6 shows a cluster example encircled by the best
estimation, the volume of single bubbles and bubble clusterdit ellipse. The result is an overestimation iaf= 3.8 with

have been estimated manually. The deviation of 4.8 for thes; = 1.4 for the ellipsoidal and, = 1.6 with o2 = 0.9 for the
ellipsoidal model and 2.2 for the sphere model could be re-sphere model. This is in good agreement with the observa-
produced indicating the source of error to be model inducedtion made earlier where the linear least square fit parameter
In addition, the impact of large bubble clusters to the totalreturned slope values in the same range (Table 1).
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Fig. 7. Bubble size distributions for the major axis (left) minor axis (centre) and rise velocity distribution (right) for 3.8 L/min and 9.1 L/min.

An increased gas flux yields increasing bubble numbers while the bubble size and rise velocity distribution remains constant. Note the single
peaks at the cut off end of the distribution. These represent large bubble clusters. They are not well approximated by the model and are
predominantly responsible for flux overestimation.

Table 2. The gradients for the high and low flow distribution can be 3.6  Frequency distributions

approximated using similarly valued parameters. This holds for the

major axis as well as for the minor axis distribution in Fig. 7. Bubble size and rise velocity are two important parameters

for mass transfer in gas-liquid two-phase flows such as bub-
ble plumes. Gas exchange is dominated by the interfacial

; ; 2

Axis Flux (LMin) o Y R bubble area as well as by the time the surface is exposed to

major 3.8 25 -2 098107 the liquid phase. It is, therefore, essential to test the system
9.1 2.7 =19 0.99095 capability to determine these parameters within the specified

minor 3.8 3.1 -3.3 0.99182 accuracy. For example, Fig. 7 shows the major and minor
9.1 3.0 —-2.7 0.99618

axis frequency distribution as well as the rise velocity fre-
qguency distribution at flow rates of 3.8 L/min and 9.1 L/min,

respectively. The orifice diameter was 5 mm and the acqui-
sition frequency 250fps. The size distribution can be ex-

h iff he ellinsoidal h pressed in a power function where Nb is the bubble number,
e apparent'd| erence between the e |p$0|da and t isa general constant anda negative power constant.
sphere model is most pronounced for large irregular shaped

bubbles as well as for bubble clusters. Due to lack of ro-Np= ¢ .DY 2
tational symmetry and information on the third dimension,
the assumption that bubble width equals bubble depth is noUsing the log representation and the rule(lbgf x D7) =
readily valid for large bubbles and clusters. However, thesex+y xlogD, EqQ. (2) enables us to determine the power con-
large bubbles and clusters are predominantly responsible fostant by means of the slope of a linear least square fit of the
the volume overestimation during automated flux analysesdistribution.
The peak values at the cut-off end of the size distribution Table 2 shows the linear least square fit parameters for the
in Fig. 7 indicate that large bubbles and clusters represent dubble size distributions shown in Fig. 7 (left) and Fig. 7
small minority in the size spectrum only. Yet, the automated(centre). For each axis, the size distribution for high and low
flux estimation is influenced considerably by the model pend-flow can be approximated by similar linear functions. Conse-
ing overestimation suggesting only few mega bubbles carryquently, the size distribution does not change for bubbles in
a significant amount of volume. between the two measured flow regimes. An increased flow
In order to determine the impact of bubble clusters on theprimarily causes increased bubble numbers for the selected
total volume, the size information in the class with the largestflow rates.
sizes (Fig. 7) was extracted. The ratios between bubble vol- The same observation can be made for the velocity dis-
umes in this large-size class with respect to the total gas voltribution in Fig. 7 (right). The data are displayed in a linear
ume indicate the volume impact of bubble clusters. The re-scale representation. An increased flux causes increased bub-
sults show that less than 1% to 3% of all bubbles carry be-ble numbers instead of an increased rise velocity. The mean
tween 30% and 90% of the total gas volume. Consequentlyyelocity for 3.8 L/min is given byw =423 + 0.2 cm/s and
due to the limited approximation of artificial bubble clusters ¢ = 22.1 cm/s while for the flow rate of 9.1 L/min the num-
their systematic volume overestimation transfers onto the tobers arev =434+ 0.2cm/s andb = 24.5cm/s. It is note-
tal gas volume computation. This also implies that the mod-worthy that for the majority of observed bubbles no signifi-
els used to estimate the volume are valid for 97%—-99% of thecant increased upwelling effect is observed. This unexpected
observed bubbles. This is an important result and confirmgesult was further investigated. The individual rise velocity
the accuracy of the computed size distribution spectra. for bubbles with diameters 1.7 mm, 2.7 mm and 3.5 mm were

3.5 Volume distribution
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Table 3. For each bubble diameter the terminal velocities by Haberman & Mbitoadded to the fluid velocity determined by Whalley &
Davidsort and compared with the measured values.

Bubble size  Bulk flod  Terminal velocity ~Cumulative velocity ~Measured rise velocity

(mm) (cm/s) (cml/s) (cm/s) (cm/s)
17 22 19 41 40.7
2.7 22 44 44.6
35 24 46 42.7
17 30 19 49 42.2
2.7 22 52 45.0
35 24 54 43.0

compared for 3.8L/min and 9.1L/min. The bubble sizes 45] e

were chosen for their local maxima in a two dimensional 4] e e

representation of the size distribution. The result is only a Z 35

slight increase in rise velocity, varying from H30.2 cm/s £ 30]

for 1.7 mm, 0.4+ 0.2 cm/s for 2.7 mm and 0:80.2 cm/s for ;25- U

3.5mm. These data support the observation made earlier. '3 20] rag At T

The bulk flow velocity does not increase with the same rate T s] ot

as the gas flux increases. 2 10 = 3,8 L/min
o~ e 9,1 L/min

A simple approach to this problem is a two-phase model 3] 4 Haberman & Morton
0 : — .

with a non-interacting gas and liquid phase. Here, the gas
bubbles rise within a bulk fluid driven by gravity only. The
terminal velocity is described as the rise velocity of single
bubbles in absence of b,u”( flow. The potential e”,eVQY re'Fig. 8. The measured rise velocities for bubbles with major axis
leased by the bubble during ascent is converted to kinetic engjameters of 1.7 mm, 2.7 mm and 3.5 mm are plotted for each flow
ergy of the bulk fluid. The fluid velocity is superimposed by rate. The rise velocity error is given by 2mm/s and equals the size
the terminal velocity yielding a total vertical bubble velocity. of the plotted objects. Additionally, the terminal velocity measured
For simplicity, the total vertical bubble velocity has been re- by Haberman and Morton is shown. The difference between bubble
ferred to as bubble rise velocity in this work. Haberman andrise velocity and terminal velocity may indicate liquid bulk flow.
Morton investigated the terminal velocity for air in tap water
(Haberman and Morton, 1953). They measured terminal ve-
locities between 19 cm/s and 24 cm/s for the specified bubbleneasured rise velocities of=42.3 cm/s andv = 43.4 cm/s
diameters. Figure 8 shows the measured rise velocities foare in good agreement with the combined results of Whalley
each diameter together with the terminal velocity measured® Davidson and Haberman & Morton which are displayed in
by Haberman and Morton. The difference between bubbleTable 3.
rise velocity and terminal velocity may be assigned to the The measurement technique may be verified additionally
upwelling effect of the gas flux causing bulk flow. by further investigating the rise velocity data in Fig. 8. For
The concept of a superficial gas velocity is used in order toboth gas flux rates, the rise velocity for bubbles with ma-
quantify the impact of the gas flux to the bulk fluid momen- jor axis diameters of 3.5 mm is slightly smaller than for the
tum. The gas velocity is the speed of the gas-liquid interface2.7 mm bubbles. The decrease in rise velocity can be ex-
displacing the fluid within a pipe. For a cross-section areaplained by the fact that in this size range bubble shapes be-
of approximatelyAcross= 500 cn? this yields a gas veloc- come flat towards direction of ascend. Thus the ellipsoidal
ity of v, = 0.13mnys andv, = 0.3mmys for 3.8L/min and  bubble appears more oblate in its surface shape. This effect
9.1 L/min, respectively. Whalley and Davidson investigatedis frequently observed for bubbly swarms in the absence of
the correlation between bulk fluid velocityy, and gas ve-  surface active substances and causes increased drag, micro
locity v, which causes the bulk flow (Whalley and David- turbulences and decreased rise velocities. At the Institute for
son, 1977). The results yielded that fluid motions varied Environmental Sciences, University of Bremen, a decrease
betweerw s = 22cnys for v, = 0.1mmy's andv s, = 30cnys in rise velocity has also been observed for filtered and plain
for v, = 0.3mmys. The measurements were carried out intap water (Sclilter, 2002). He justified these findings with
tanks where the height to width ratio was smaller than onea demonstrable high water quality and low mineral content.
and where wall effects could be neglected. Conclusively, theLikewise, the water used for the Bubblemeter test originated

T T T T
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from the same water source and, therefore, showed the same
effects.

Another point of interest is the increase of bubble rise ve-
locity for different flux rates. Figure 7, Fig. 8 and Table 3
indicate, that the rise velocity increases between 42.3cm/s
and 45.0 cm/s opposed to the theoretically anticipated val-
ues of 49cm/s and 54 cm/s. Therefore, a new approach is
needed since measuring errors can be excluded as shown
above. Instead of dealing with two phases separately, the
new approach must consider the interaction of the liquid with
the gaseous phase. The observed assumingly reduced rise
velocity may be explained by including turbulences, shear 02 00 02 04 06 08 10
stress, momentum transfer and energy dissipation (Brauer, Stochastic error
1979). For low gas contents small bubbles up to approxi-
mately 1.5mm in diameter rise rectilinear. Above 2.0 mm Fig. 9. The frequency distribution for the relative variance between
bubbles tend to rise on helical pathways. However a furthemeasured and computed flux is illustrated. Using a Gaussian fit the
increased gas contents causes bubbles to rise increasingdjochastic error of the computed flux can be approximated. The
rectilinear again. (Miyahara and Yamanaka, 1993). As themedian error of 33% corresponds to the evaluated theoretical error
horizontal velocity component decreases, the vertical com©f 34%.
ponent increases. This effect is more pronounced for small
bubble diameters and it decreases for larger bubbles. There-
fore, bubbles in bubbly swarms or jet streams rise faster tha§ally shaped, the model error is negligible. The error caused
single bubbles measured by Haberman & Morton. The tendy unsuccessful bubble assignment can only be estimated.
dency towards rectilinear bubble motion is influenced by anAs mentioned above, an unsuccessful assignment excludes
increasing turbulent flow field around the bubbles. the bubble volume momentarily from computation. An up-

These instantaneous fluctuations cause bubble deformd€r errorlimitis given by 100% # indicating the proportion
tions which themselves react to the perturbation by produc®f unsuccessful assignments. Most of the failed assignments
ing chaotic and highly variable flow fields organized as ed-Will concern small bubbles. Therefore, it is assumed that the
dies (Serizawa et al., 1975; Sitgr, 2002). With increasing assignment error is in the range of 15%—-25% for sequences
gas contents, the bubble-induced turbulences become moMith an acquisition frequency of 250 fps. Summation over
dominant resulting in an increased flow resistance. Eddiedll values above yields a maximum error of 141%. For flux
also increase the exchange of momentum between the puletermination, this value must be weighted with the relative

fluid and its boundary, causing a reduced velocity gradientvolume transported through small bubbles which is as low
profile (Brauer, 1971 and 1979). as 10%. This may lead to a minimum flux error of approxi-

Thus, the barely increasing observed bubble rise velocityMately 14% caused by small bubbles.

in Table 4 can be explained by an eddy induced increased Large irregular-shaped bubbles and clusters of bubbles
flow resistance together with a decreasing velocity gradientepresent a small minority in the size distribution, but these

_ —_ %)
w =) O S
L L 1 1

Observed frequency

=4
1

profile in the bulk fluid. bubbles transport up to 90% of the total volume. Their size
ranged from 40 mm (128 px) to several centimetres. The op-
3.7 Error estimation and impact tical uncertainty causes an error of 16%. The segmentation

error is less sensitive to large bubbles due to the small rela-

The error for gas flux determination is a combination of opti- tive change in bubble diameter. It is below 9% and decreases
cal resolution, bubble segmentation, assignment ability andsteadily for bubbles larger than 40 mm in diameter. The
model accuracy. Optical resolution and bubble segmentaassignment error is negligible for large bubbles. For these
tion errors remain constant for all flow rates. The assignmenbubbles the distance travelled between successive frames is
ability and the model accuracy, however, vary with the flux smaller than the bubble dimensions. Consequently, the cen-
related bubble population density. The latter two dominatetre of area transposes within the boundary of the same bub-
the absolute error significantly. In order to discuss the er-ble. Therefore, no other bubble can interfere with the cor-
ror estimation, the end members in the bubble-size spectrumect bubble assignment. The model accuracy can be approx-
may be distinguished and discussed separately. imated by a linear flux overestimation. This assumption re-

Most numerous were those bubbles with a small bubblequires detailed knowledge about the bubble size distribution
size of about 3mm (ca. 10 px) in diameter. For this case, thevhich, however, can be extracted by the same dataset. The
optical uncertainty o = 17 um/px causes a volume error of error due to an uncertainty in the experimentally determined
16%. The segmentation error-6f4 px contributes with up  overestimation factor of 4.8 for the ellipsoidal model can
to 100%. Because small bubbles can be considered spherbe estimated by dividing its mean deviationd00.6 with
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respect to the overestimation factor. The same result mayn upper limit of 500 fps for analysing bubble plumes can
be obtained for the sphere model by dividing the deviationbe set. For the low frequency side, the bubble population
of £ 0.3 with respect to the overestimation factor of 2.2. This density must be taken into account. The higher the popula-
results in an error of 13%. Summing over the errors of thetion density, the shorter the mean distance between the near-
second bubble class and weighting with the relative volumeest neighbours. Consequently, the higher the acquisition fre-
yields an error of approximately 34%. This estimated theo-quency must be. At flow rates between 2 L/min and 10 L/min
retical value has been verified experimentally. 250 fps was identified as ideal recording speed.

After correcting the automatically estimated flux data for Image size: The minimum vertical image size has been
the systematic overestimation, the relative variance betweefound to be 150 px. This is approximately three times the
actual and estimated flux was determined. The cumulativesize of the vertical dimension of the largest bubbles observed.
result for 500 fps and 250 fps including both models is illus- Increasing the image size from 150 px to 500 px improved the
trated in Fig. 9. The random errdf in flux determination  number of successful bubble assignments steadily. Above
can be approximated by a Gaussian fit. The median error i$00 px the rate of successful assignment remained constant.
E = 0.33 with a standard deviation ef=0.31. These values It is, therefore, suggested that for further applications, the
are in good agreement with the anticipated theoretical errodimension of vertical image size is ten times the height of
of 34%. the largest observed bubble, in this case 500 px.

The error in bubble rise velocity may be estimated as fol- Bubble population density: Unlike frequency and image
lows. For the uncertainty in rise velocity, error propagation size, this natural parameter can not be controlled in deep-
may be applied. The centre of the bubble area may be detesea applications. Essentially it affects bubble agglomeration
mined within the limit of 0.5 pixel. This value is justified by and formation of two dimensional projected bubble clusters.
the continuous Gaussian shape distribution in Fig. 7. The reGenerally, flow rates of 2L/min and above result in bubble
sult of multiplying this value with the differential resolution populations densities which cause significant bubble agglom-
yields a rise velocity uncertainty of 2.1 mm/s. eration and formation of bubble clusters on the images. Flux
computation is then only possible using predetermined cali-
bration factors.

After having completed stage 1 of the development pro-
The objective of the work presented is to introduce a new decess, the next step in the assessment process is to verify that
sign for gas quantification under water. One key element ofthe system can be deployed under deep-sea conditions. The
the system is the image analysis routine. It could be showrBubblemeter was, therefore, deployed to 1023 m water depth
that bubbles are isometrically mapped onto binary imagesduring the M74/3 research expedition at the Makran accre-
Test procedures were introduced proving the system’s abilitytionary prism in November 2007. During that cruise, the
of successfully tracking bubbles within the volume of obser-remote operated vehicle (ROV) ‘Quest’ was launched from
vation and to quantify the rate of successful bubble assignthe research vessel R/V Meteor in order to investigate active
ments. Laboratory measurements indicate a linear depergas seeps offshore Pakistan. The Bubblemeter was mounted
dency between estimated and actual gas flux. A systemationto the front porch of the ROV. The camera was operated
overestimation of 4.8 0.6 was calculated for the gas flux in the built-in autonomous mode and synchronised with the
using an ellipsoidal model. For the sphere model, the overillumination device. The Bubblemeter was positioned at an
estimation was 2.2-0.3. The initial objective has been met active bubble stream (Fig. 10, left). The camera and light
under laboratory condition. The optical system is capable ofwere turned on using the ROV manipulator. A two-second
guantifying gas flow rates in the range between 2 L/min andsequence with 1000 single images was recorded at a fre-
10 L/min with an uncertainty of 33%. The verification pro- quency of 500 frames per second. Figure 10 (right) shows
cess has identified limitations of the new gas quantificationone image taken by the high-speed camera. The in situ flux

4 Discussion

system. was determined to be 14010 mL/min. Due to a small bub-
ble population density and well-approximated bubble shapes,

4.1 Limiting parameters the error was primarily caused by optical resolution uncer-
tainty.

The performance depends on three primary parameters, such

as acquisition frequency, image size as well as bubble pop-

ulation density. Other parameters such as bubble size, ris8 Comments and recommendations

velocity, bubble shape and sequence length can be derived

from those mentioned above. Unpublished observations at bubble streams indicate that the
Acquisition frequency: Frequencies which are too high gas flux at deep-sea bubble ebullition sites can vary accord-

cause bubble exclusion due to momentarily nil or negativeing to the tidal cycle. Therefore, it is the objective to upgrade

rise velocities. On the other hand, frequencies that are todhe Bubblemeter so that it can operate autonomously over a

low, i.e. 62 fps inhibit successful bubble tracking. Therefore, period of several tidal cycles. Video sequences should be
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images. Secondly, raw images may be of great value when
examining the bubble-fluid interface within the hydrate sta-
bility zone.

Some valid critical aspects of the system setup are its lim-
ited field of observation and lack of quantifying flux rates
over a large scale seep field. Also the device must be po-
sitioned precisely on top of an active seep. The purpose of
the present device is local high resolution imaging of single
gas vents. Large scale quantification may be achieved using
additional acoustical backscattering methods for example.

Fig. 10. Left photo taken by the ROV operational camera;
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