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Abstract

The primary focus of this reporting period was to prepare for conducting the ocean carbon
sequestration field experiment during the summer of 2002. We discuss four key aspects of this
preparation:

Dedgn criteriafor a CO, flow system mounted on aship

Inter-mode comparison of plume models

Application of adouble plume modd to compute neer field mixing

Evduation of tracers
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Executive Summary
The main focus of our work during thistime period (August 23, 2000 - August 23, 2001) was to:

work with the internationa team through the technica committee (TC) and management
team

carry out numerica studies on CO, plumes

support the infrastructure design effort

lead the planning for the fidld experiment scientific plan

contribute to the permitting process as needed

During this period, key events included:

7th TC meeting, January 15-16, 2001 in Victoria, British Columbia, Canada. Attended
by Howard Herzog, Eric Adams, and Eric Wannamaker.

8th TC mesting, June 19-20, 2001 in Honolulu, HI. Attended by Howard Herzog, Eric
Adams, and Eric Wannamaker.

Submisson of achapter in Environmental Fluid Mechanics: Theories and Applications
in January, 2001, entitled “Multi- phase plumes in uniform, dratified and flowing
environments’

Completion of PhD Thesis by Scott Socolofsky in February, 2001, entitled “L aboratory
Experiments of Multi-phase Plumesin Stratification and Crossflow”.

The First National Conference on Carbon Sequestration, May 14-17, 2001 in
Washington, DC. A paper from this project was presented (attached).

This report deds with 4 main technicd topics:
Design criteriafor a CO, flow syssem mounted on a ship.
Summary of our input to an inter-model comparison carried out by the project

We describe a numerica model of a steady-dtate plume in a quiescent, dratified, ambient,
driven by a buoyant dispersed phase, such as bubbles or droplets. The mode was
developed specificdly to smulate CO, sequestration plumes, and extends the hybrid
double-plume modd of Asaeda & Imberger (1993) by incorporating droplet dynamics
(dissolution, hydrate formation, and phase changes), introducing a self-regulating
detrainment criterion, and dlowing multiple overlgpping intrusons. The modd is
cdibrated to data from the literature and our lab, and applied to predict plumes associated
with a proposed CO; fidd study.

We review six tracers that have been considered by participating scientists for measuring
the rates of CO, mixing and dissolution, two processes which are important for



determining the concentrations of excess CO, and associated changesinpH. The
comparison consders dissolved inorganic carbon (or tota carbon, Cy), pH, labeled and
natural carbon isotopes (*3C and 1*C) and two introduced tracers (fluorescent dye and
SFe). The tracers are compared with respect to their ability to trace the injected COy, the
method of measurement, precision and response time, whether or not the measurement
can be performed in situ, and other factors such as permitting.

Experimental

No experimenta work was done during this reporting period.

Results and Discussion
A. Design criteriafor a CO, flow system mounted on a ship.
Bdow we summarize the design criteria we devel oped:

We are soliciting the participation of an engineering/consulting firm to help in the design of the
flow system to deliver the CO, from the supply ship, through the coiled tubing, to depths of 800
m at asteady flow. We would like to be able to operate at 2 flows: 0.1 kg/sand 1 kg/s. The
exact vaue is not so important aslong as we can determineits value and keep it Steady. Because
of concernswith hydrate formation, a nitrogen purge systemis aso envisoned.

The enginearing/consulting firm will:

a. Deveop aconceptud design for the flow system in consultation with engineers from the
international collaboration project.

b. Write detailed specifications for the main equipment items, including the pumps and the
valves.

c. Deveop operationa procedures, including start-up and shut-down, in consultation with
engineers from the internationa collaboration project.

Design Considerations. The ddivery of asteady flow of liquid CO; to depths of 800 m gives
rise to saverd engineering chalengesin the area of flow control. The CO;, will be liquid & the
discharge point a 800 m depth (pressure of 80 bar, temperature about 50C). However, surface
temperatures will make CO, agas, resulting in two-phase flow in the pipdine. In generd, itis
much easier to control one-phase flow in pipes as opposed to two-phase flow. We can avoid
two-phase flow in the pipe by pressurizing CO, at the pipe inlet to aboveits critical pressure of
about 73 bar (thisis how commercia CO. pipdineswork). However, when we compress the
inlet CO; to such ahigh pressure, it may result in large pressure drops (tens of bars) at the
discharge point, which can complicate the nozzle design.



Regardless of whether we design for one-phase or two-phase flow, kegping a steady outlet flow
may be difficult. CO, isacompressblefluid, o if we control the flow at theinlet, it is not
necessarily the same flow at the outlet over one km away. While this may not be a problem for
commercia operations, for a controlled experiment we need a steady, measured flow rate. Asa
worst case scenario, oscillatory flow may develop in the pipe with afrequency on the order of
minutes. One way to avoid this problem is to meter the flow &t the outlet (at 800 m under the
sea), but this complicates the equipment design.

Although we envision that anti- backflow vaveswill beingdled immediately upstream of the
nozzle discharge ports to prevent ingress of seawater, and the submerged conduit will befilled
with dry gas during deploymernt, it is possible that some moisture will eventudly intrude into the
system. When CO;, isdispersed in seawater, the hydrate phase typicdly is limited to athin,
often trangent, film at the interface between the two fluids. When seawater is dispersed in COy,
however, complete conversion of the water into a solid, stable hydrate crystal often occurs. In
the present gpplication, this may lead to blockage of the pipdine or nozzle assembly. Procedures
need to be deveoped to minimize the possibility of hydrate blockage during the field

experiment. These procedures may include purging and drying the ingde of the pipdline after
deployment with nitrogen gas and heeting the nozzles when garting and terminating the flow of
CO;. If hydrate blockage does occur, it can be cleared by reducing system pressures by raising
the diffuser assembly.

One fina concern iswhat happens when the pipe israpidly depressurized. 1f the CO, in the pipe
isvented, it will flash into vapor and dry ice. The dry ice will plug the pipe and could take a
substantia time (over aday) to sublimate. Thistype of delay is unacceptable, so procedures
must be worked out to depressurize. Our current idealis to use nitrogen to push the CO, out the
bottom of the pipe, and then depressurize with nitrogen in the pipe.

In summary, some of the design concerns that need to be addressed to assure a steady flow of
CO, of approximately 1 kg/sand 0.1 kg/s are:

Choice of pump

Choice of pressure profile (one vs. two phase flow, pump outlet pressure)

Choice of vaves (anti-back flow, pressure regulation at outlet, flow control mechanism)
Operational issues (Sart-up, shut-down, purging, hydrate avoidance



B. Summary of our input to an inter-model comparison carried out by the project.

CasgMass flow rate | Droplet Radius|Ambient Current|Rise Height | Rise Height | Rise Height | Rise Height
[ka/s] [em] [m/s]* (Sato) [m] | (Alendal) [m] [ (MIT)[m] | (Droplet) [m]

1 01 025 0.04 60 60 100 73

2 01 04 0.04 140 110 202 168

3 03 04 0.04 145 120 213 168

4 10 0.2 0.04 45 101 47

5 10 04 0.04 150 120 244 168

6 10 04 0 120 244 168
*Note: MIT model does not include ambient current effects.
Droplet dissolution height was calculated using the rdation:

M- pzkc,-c) @

where K[L/T] isthe masstransfer coefficient, Cs [M/L3] is the surface concentration (solubility)
of CO,, and ¢[M/L3] isthe concentration of dissolved CO; in the vicinity of the bubble.
(Crounse, MSthesis) Insarting z= U4t into Equation 1 and assuming ¢; = 0 gives

dm, _ - pd,KC,
dz U
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Using Equation 2 and the physica properties as described in the sub-mode standardization
memo, dissolution heights for angle droplets were obtained.

Plume height results between the MIT modd and the CFD models are significantly different.
When these results are compared with a smple droplet mode, it is clear that the CFD modeds
edimate aplume height thet islower than the rise height for asingle bubble, while the MIT
mode predicts a plume rise height higher than that of adroplet. Inthe MIT integrd modd, the
droplets are part of arising inner plume, yidding atota droplet velocity of Us+ Up. Thisis
related, in part, to the assumption that more dense fluid peds off of the outsde of the plume.
However, if this more dense fluid were to descend within the inner core, the droplet velocity
would be reduced.

Additiondly, the MIT modd does not include current effects. It is uncertain what impact they
may have on rise height.

C. Application of a double plume model to compute near field mixing.

The model was developed specificdly to smulate CO, sequestration plumes, and extends the
hybrid double-plume mode of Asaeda & Imberger (1993) by incorporating droplet dynamics



(dissolution, hydrate formation, and phase changes), introducing a self-regulaing detrainment
criterion, and dlowing multiple overlgpping intrusons. The modd is calibrated to data from the
literature and our lab, and applied to predict plumes associated with a proposed CO; fidd study.
Detalls of thismodd can be found in Appendix 1.

D. Evaluation of tracers.

We review sx tracers that have been consdered by participating scientists for measuring the
rates of CO, mixing and dissolution, two processes which are important for determining the
concentrations of excess CO, and associated changesin pH. The comparison considers
dissolved inorganic carbon (or total carbon, Cr), pH, |labeled and natural carbon isotopes (*3C
and 1*C) and two introduced tracers (fluorescent dye and SFs). The tracers are compared with
respect to their ability to trace the injected CO,, the method of measurement, precison and
response time, whether or not the measurement can be performed in situ, and other factors such
as permitting. Details can be found in Appendix 2.

Conclusion

We are on schedule in our technicd preparation to conduct the ocean carbon sequestration field
experiment in the summer of 2002. We have evauated the following key components:

1. Theinfrastructure to deliver a steady and measurable flow of CO; isrequired. We have
developed design criteriafor this system to send out to a contractor for detailed design.

2. Modesare being used to help in the design of specific experiments and measurements.
We have developed plume models to conduct thistask. In addition, our international
collaborators have also developed modds. An inter-model comparison was conducted to
better integrate the model results.

3. Theuseof tracersiscriticd for making field measurements. We analyzed potential
tracersto use in our experiment.

References

None.



Appendices

Appendix A
Application of a Double Plume Model to Compute Near Field M ixin(% for the International
Field Experiment on CO, Ocean Sequestration

ABSTRACT

We describe a numerica model of a steady-dtate plumein a quiescent, dratified, ambient, driven
by a buoyant dispersed phase, such as bubbles or droplets. The modd was devel oped specificaly
to Imulate CO, sequestration plumes, and extends the hybrid double- plume mode of Asaeda &
Imberger (1993) by incorporating droplet dynamics (dissolution, hydrate formation, and phase
changes), introducing a slf-regulating detrainment criterion, and alowing multiple overlapping
intrusons. The modd is cdibrated to data from the literature and our lab, and applied to predict
plumes associated with a proposed CO; field study.

INTRODUCTION

Direct injection of CO, as abuoyant liquid at intermediate ocean depths has been proposed as one
scenario for CO, sequedration. To study this Situation, an internationd field experiment is

planned for the summer of 2001, in which CO, will be released at rates of 0.1 to 1 Kg/s through
various types of nozzlesin water depths of order 800 m (Adams, et d., 1999). The experiment can
be viewed as afull-scale test of one nozzle out of perhaps 100 to 1000 nozzles serving a 500 MW
coal-fired eectric power plant. Here we describe an integral mode applicable to two- phase
plumes in quiescent, dratified environments (Crounse, 2000), present some brief mode

cdibration and sengtivity studies, and show results for the anticipated field study. Further
information can be found in Crounse (2000).

MODEL FORMULATION

The model smulates the rise and dissolution of buoyant CO, dropletsin an upward risng centra
core of the plume, snking of negatively-buoyant CO,-enriched seawater in the annular outer
plume, “peding” of water between the two regions, and intruson of CO,-enriched seawater at
levels of neutral buoyancy. Integral models describe plume flow as one-dimensiond by assuming
that plume profile shapes are independent of height. Although this assumption is not grictly vaid
for two-phase plumesin dratification, smilar modeds have been successfully gpplied to somewhat
ampler flows by Asaeda & Imberger 1993, Wilest et a. 1992, and McDougall 1978. Here, we
follow Asaeda & Imberger (1993) and choose top- hat profiles for both the inner, risng plume of
water and droplets, and the outer, faling annular plume of water only.

The modd isformulated in terms of flux variables. The mass flux of bubbles, W, is given by

ther number flux, Np, their nomind diameter, dy,, and their dengity, r p, yidding
W) = Zpd3@Nyr ()= QT (2

! Proceedings of GHGT -5, Cairns, Australia, August 2000
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The size and density of bubbles are tracked in a bubble sub-modd that accounts for dissolution,
hydrate formation and phase changes. Denoting X as the cross-sectiond fraction of the inner
plume occupied by bubbles, we define the volume flux, Q, of plume water as

Q(2 =i (- X()u(J2rr =ph2y, (2)
where u isthe average water velocity and b is the plume width. The subscript i indicates an inner-

plumevaue. The momentum flux, M, includes the momentum of both the bubbles and the
droplets

M, (D=9 @ X@)u(2r (22prdr +9¢) X(2)(u, (D + Uy (2)?r , 2ordr 3)
where up isthe bubble dip velocity and g is amomentum amplification term, firgt introduced by

Milgram (1983), that accounts for the fact that the modd formulation implicitly ignores turbulent
momentum transport. Because X « 1 and up = O(u;), the second term in (3) can beignored giving

M; = or ipbizuiz =0 iQUi.
The buoyant forces generating the plume result from changesin density. For thismode, density

istracked through changesin inity flux, S, heat flux, J, and the dissolved CO; flux, C. The
salinity flux is defined from the loca plume sdinity, s, such that

S(2=Q@s®- 4

The hest flux of the plumeis defined from the loca water temperature, T, yielding

J(2=Q(2rc,T.(2) 5)

where ¢, isthe heat capacity of the fluid. Findly, the dissolved CO: flux is defined from the local
dissolved CO, concentration, c,

C(2=Q @) (2)- (6)
Thus, Eq. 2-7 define the modd date variables for the inner plume.
The state variables for the outer plume are nearly identical. The primary differenceisthat,

because the outer plume is assumed to be annular, the volume flux of the outer plumesis defined
as

Q,(2=p®:- by, (7)

where the subscript, 0, indicates an outer plume vaue. Defining z as positive upward, and
specifying thet the outer plume flow is downward, the velocity U, IS hegative and u; is positive.
Using Eq. 7 and changing the subscriptsin Egs. 1-6 from i to o yidd the flux equations for the
outer plume.
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The plume deve ops by exchanging fluid with the ambient and by exchanging fluid between the
inner and outer plumes. The entrainment hypothess, introduced by Morton et d. (1956), states
that the entrainment flux across a turbulent shear boundary is proportiond to a characteristic
velocity in the turbulent layer. In this model, we have defined three entrainment fluxes. E;

entrains from the ambient or from the outer plume into the inner plume, E, entrains from the inner
plume into the outer plume, and E, entrains from the ambient into the outer plume. The
entrainment relationship for counterflows is not well known. Here, we adopt the reationship used
by Asaeda & Imberger (1993):

E,(2) = Dba, (u - u,) 8
E,(2) = 2pba,u, ©)
E.(2)=2pba,u, (10)

where the a’s are entrainment coefficients.

The find exchange equation accounts for buoyant detrainment, which has been modded in a
variety of ways. Liro (1992) assumed that afixed fraction of plume fluid was g ected when the net
buoyancy flux across the plume approached zero. Asaeda & Imberger (1993) assumed that dl of
the plume fluid detrained when the net momentum approached zero. Based on experiments,
peeling is better predicted when the net momentum approaches zero. For this model, a sdif-
regulating peding criterion isintroduced. We know that pedling occurs when the drag from the
bubbles can no longer support the negative buoyancy of thefluid. The smplest parameterization
that behaves smilarly to experiments gives the peding flux as

£ () =8B () (11)
A TEF A

where e is anon-dimensond fitting parameter of order 0.01, and B is the buoyancy flux, defined
as

JORPOICREL A (12)

wherer 5 isambient dengity. The form of Eq. 11 makesit possible for outer plumes to overlap and
dlows amulaion of continuous peding (Type 3) plumes, defined by Asaeda and Imberger (1993).

With these definitions, plume conservation equations can be defined, including mass conservation:

_in =E +E, +E, (13)
dz

dQ, =E +E,+E, +E,- (14)
dz
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momentum consearvation:

0" 1

dv, = Q o
L= r. -r.)+pb?(r.-r )=+Er u +Er.u+Er.u
dZ gg(ui+uh)( a b) p |( a |)5 i' o-o pt it

dm
dz

[*]

=-0p (bg - biz)(ra -r 0)+ Eirouo + Eor iU+ Epr iU; +Ear ala

and the conservation of sdt, heat and dissolved CO, flux for the inner plume:

ds,
- = Eiso+ Eo& +Ep%
Z

_ W,
%: ol (BT, +E,T, +EpTi)+—ddzb DH

diss
dc;

—=Ec,+E.,c +E_C

dz i~o o™i pvi

and for the outer plume:

ds
dD :Eiso +E0$ +Ep£"| +Easa
Z

d;; =c,r (BT, +E,T, +E, T, +E,T,)

dc
. = =Ec, +E,¢, +E,C +E,C,
z

The last term in EQ. 18 accounts for energy released by dissolving CO,. Dengtiesr;andr , are
determined by an equation of sate asafunction of s, T, and c. dW/dzis cdculated by the bubble
sub-modd.

The mode begins with integration of the inner plume from the point of release to the point where
the droplets disappear or the water surface isreached. Once the inner plume integration is
complete, the outer plume segments are integrated. The integration of each outer plume section
continues until the momentum flux gpproaches zero. Then, the next outer plume section is
initidized and integrated. This cycle repeets until the solution convergesto a steady result
(typicdly 10 iterations).

MODEL VALIDATION

The modd has been successfully compared againgt measurements in plumes of varying

complexity (Crounse, 2000). In generd, optima agreement requires dight adjustment of model
entrainment coefficients, suggesting some uncertainty in modd formulation, but acceptable
agreement is obtained using congtant values.  Literature datainclude velocities for an air bubble
plume in undtratified surroundings (Milgram 1983), and trgp heights for single phase plumesin

linear dratification (Turner, 1986). For both cases an outer plume does not develop, so only
vauesfor a; could be caibrated. The modd best matched the observed trend and magnitude of
plume veloditiesusing a; = 0.12, and the classical trap height relationship, hr = 3.8(B/IN%)Y*, where
N isthe ambient dratification frequency, was reproduced for a; = 0.11.
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Additiond data for bubble and sediment plumesin dratification were available from Asada and
Imberger (1993), Lemckert and Imberger (1993), Reingold (1994) and Socolofsky et d. (2000).
The measured height of the first pedling event, hr, and the volume flux in the resulting intrusion,

Q, both decrease with the dimensionless dip velocity up, /(BN)Y#. Calibrating to the trap-height
relaionship givesvauesof a; = 0.07, a, = 0.11, and a, = 0.11. Figure 1 shows the modd
predictions for trgp height and intrusion layer flux, compared to experimenta data.

Findly, to amulaerisng CO, droplets in a downward stream of CO,-enriched seawater, we
introduced a stream of air bubbles at the bottom of a water tank, and observed their upward rise
againg afaling stream of dense brine released near the tank surface. The godswere to test the
postualed modd sructure in which plume water and bubbles rise upward in the inner core, and to
compare modeled and observed plume velocities. Injected dye clearly showed the entrained water
risng within the centra core, and Fig. 2 indicates reasonable agreement between measured and
modeled plume velocities in both inner and outer plumes.

MODEL SENSITIVITY

A number of modd sengtivity studies have been performed (Crounse, 2000) using, as a base case,
1 Kg/sof liquid COs, released as 0.5 cm diameter droplets with a dengty of 940 Kg/m3 into linear
sratification (N = 0.0032 s*; characteristic of the W. coast of Hawaii, at 800 m). The droplets act
asif they are solid particles, with a 50% reduction in mass transfer due to hydrates (Hirai, 1996).
Fig. 3 depicts modeled volume flux, CO, flux and buoyancy flux as a function of eevation.

Three sengtivity sudies are presented: the fird, illustrated in Tab. 1 and Fig. 4, isto the ambient
dengity gradient, characterized by N.

Figure 4 shows that afactor of two variation in dtratification causss little change in totd plume
rise height (the droplets dissolve a the same height), but the intrusion levels and fluxes differ.

The volume flux to the intrusion layers decreases with increasing Stratification because their
descent is arrested more quickly in higher dratification, which leads to less cumulative

entrainment and less totd dilution. The mean concentration of excess CO, and the resulting
change in pH in the intrusons are summarized in Table 1. Over the range of buoyancy

frequencies sampled, the concentration of CO» in theintruson layersis nearly proportiond to the
buoyancy frequency. Figure5 shows that plume concentrations are aso a strong function of CO,
discharge rate, suggesting that environmentd effects can be minimized by injecting the CO,
through alarge number of separated discharge ports.

Table 1. Sengitivity to ambient stratification.

Vaidble Decreased Base Case Increased
Stratification Stratification
Buoy. Freg., N 0.0016s~ 0.0032s- 0.0064s"
Intrusion excessCO,  0.03Kg/m® 0.06 Kg/m®  0.13 Kg/n?®
Intruson pH change 11 15 19

14



Figure 6 shows sengtivity to afactor of xxx variaion ininitid droplet diameter, and afactor of
xxx inthe rate of CO, dissolution (the factor labelled xxx represents the base case). Note that
droplet diameter is a design parameter, while the mass transfer rateis amodd parameter,
reflecting uncertainty in, among other things, the effects of hydrates. Maximum dilution is

obtained by dispersng the CO; into aslarge avolume as possible, which means the droplets
should ascend a reasonable height before dissolving. A wide range in plume heights gppearsto be
feasble by designing droplet Size to compensate for the effects of masstransfer. An additiona

run was made with asingle droplet. Figure 7 showstha the full plume dways rises higher than
individua droplets, and by aratio which increases with decreasing droplet size, because droplet
veocity isthe sum of dip velocity plus the upward water velocity in the inner core.
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Appendix B:
Evaluation of Tracersfor Usein the International Fidd Experiment on CO, Ocean
Sequestration’

INTRODUCTION

An internationa field experiment is scheduled to take place off of the west coast of the big idand
of Hawaii during the second haf of 2001 (Adams, et d., 1999; Herzog, et al., 2000). Scientists
representing some dozen inditutions in five countries on four continents are expected to
participate. The experiment will involve severd sub-experimentsin which CO, will be released
at a depth of 800 m as abuoyant liquid at rates of 0.1 to 1.0 kg/s. The releases will each be made
for aduration of about one hour usng nozzles with differing diameters and numbers of ports.
Moored and mobile platforms will be used to measure ambient physicd, chemicd, biological

and sedimentary properties, and the changes in these properties, if any, due to the CO; release
over aspatid scde of about 100 m. The experiment can be viewed as afull-scae test of one
nozzle out of perhaps 100 to 1000 nozzles that could serve a 500 MW coal-fired eectric power
plant whose total CO; flow rate would be of order 100 kg/s.

In this paper we review six tracers that have been considered by participating scientists for
measuring the rates of CO, mixing and dissolution, two processes which are important for
determining the concentrations of excess CO, and associated changesin pH.  The comparison
considers dissolved inorganic carbon (or total carbon, Cr), pH, labeled and natural carbon
isotopes (*3C and 1*C) and two introduced tracers (fluorescent dye and SFs). Thetracersare
compared with respect to their ability to trace the injected CO,, the method of measurement,
precison and response time, whether or not the measurement can be performed in situ, and other
factors such as permitting.

THE TRACERS
When CO, is added to seawater it reacts to form agueous CO, and bicarbonate, carbonate and
hydrogen ions,

CO,+H,00 H,CO, U HCO, +H* U CO,” +2H" (1)

The distribution among the dissociation speciesis governed by equilibrium congtants that depend
on temperature and sainity, as well as ambient carbon chemistry parameters such as Gy and
akdinity (Mord and Hering, 1993). While the kinetics of CO, dissociation in isolation are quite
fast, Zecbe et d. (1999) suggests that the carbon chemistry couples with other chemica systems
in the ocean [e.g., H20O, B(OH)3] such that the time congtant of the CO, dissociation reaction may
be much larger than the time congtant of any single reection in the system. They edimate the
relaxation time for CO, equilibrium a the ocean surface (25°C) is about 16s. While il

relatively quick, thistime-scale approaches that of some plume processes.

2 presented at the First National Conference on Carbon Sequestration, Washington, DC, May 14-17, 2001

16



Following dissociation, the carbon that is actualy discharged can be found in one of four dates,
CO,, H,CO3, HCO3™ and CO3?", the sum of which is termed dissolved inorganic carbon or total
carbon, Cr. Because Cr isconserved, it isafundamenta measure of the perturbation to the
system, and hence alogicd tracer of theinjected CO,. Cr isbest measured in the lab (on board
ghip) using coulometry to a precison of about 1-2 M, which is comparable to ambient
variability (see further discusson below). pCO, sensors are dso available for in situ
measurements, but their response time appears too dow (Walt, 1993).

Along with possibly pCO; itsdlf, pH (the negative log of the H™ concentration) is one of the
important variables determining biologica response of injected CO, (Angel, 1996; Auerbach et
a., 1997). Henceit isdso afundamentd tracer. But unlike Cr, pH can be easily measured in
situ, using, for example, a glass eectrode probe (e.g., SeaBird SB-18) or the solid state ISFET
probe developed recently by CRIEPI. Probe precision is about 0.03 and 0.01 respectively, and
each has a reported time constant of order seconds, though lab experiments by 10S suggest the
response time of the SeaBird probe may be closer to 30 s (C.S. Wong, personal communication).
In situ pH measurements may be complemented by more precise shipboard measurement using
photometric techniques with precision of about 0.001. Like Cr, the accuracy of measured pH
may be limited by ambient variability in carbon chemidry.

Carbon isotopes can also be used as direct measures of injected CO,. **C is a stable isotope
whose concentration, relative to 12C, varies with the source of carbon. The isotopic fraction is
written as

13
C
- e @
or, with relationship to a tandard isotope fraction,
f
d = (— - 1)x1000 €)

std

Whiletheinjected 1*C isinitialy associated with the CO,, it rapidly becomes equilibrated with
the other carbon species, and hence becomes a measure of Cr. Hence by measuring the isotopic
fraction, using mass spectrometry, one can infer the concentration of excess CO,. The precision
in the measurement of delta3C is about 0.1 per mil, smilar to ambient variahility.

Radiocarbon, 14C, can also be used as atracer, and is measured onboard using mass
spectrometry. The concentration of **C in fossil sources of CO; is zero o, like *C,
measurements of natural *4C can be used to trace plume concentrations of Cr. However, the
precision of such measurementsis less than using natural *3C or Cr.  Much greater sengitivity
can be obtained if *4C is added to the discharge by labdling some of the injected CO,. Although
the resulting radioactivity is small compared with ambient radioactivity, eg., from “°K, a
drawback of using labeled 1*C is the public perception of adding radioactivity to the ocean.
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Water- soluble fluorescent dyes such as fluorescein and Rhodamine WT are frequently used as
tracers. llluminated by incident light of a Specified excitation frequency, they re-emit light at a
lower emission frequency. Fuorometers can be used to rapidly measure fluorescent tracersin
situ as part of a sandard instrument package (i.e., dong with temperature, conductivity, pressure,
pH) with aprecison of order 0.1 ppb. If injected passively as a neutraly buoyant solution near
the nozzle, the dye will become entrained in the risng plume, and provide a useful measure of
plume entrainment/dilution. However, the CO, droplets and the entrained seawater eventualy
Sseparate, due to effects of ambient stratification (Asaeda and Imberger, 1993; Socolofsky and
Adams, 2001a) and/or current (Hugi, 1993; Socolofsky and Adams, 2001b). After separation,
the dye will mark the water and not the CO,. Indeed, it can be envisoned that, after a certain
elevation, mogt of the entrained seawater will have detrained (peeled) from the plume, taking the
dye with it, thus leaving much of the CO, dropletsto rise without dye. Thus dye is not agood
measure of CO, fate. However, it can be used as a diagnostic: models that purport to describe
plume behavior must be able to represent phase separation and hence measurements of both dye
and pH (or Cy) are complementary. Injecting dye in the early part of plume ascent (before
peeling) can aso serve to determine the rate of CO, dissolution, by measuring both pH and
fluorescence, as dud tracers. Before peding, the integrated flux of dye should be conserved,
while the integrated flux of excess Cr should increase with eevation, reflecting dissolution of
CO,. The variation of thisratio can be used to measure variation in CO, dissolution with height
and, with the help of models, the rate of dissolution with time. Such an experiment isbeing
planned by researchers from CRIEPI.

Findly, Sk is another introduced tracer. Using gas chromatograph with electron-capture
detection, it can be measured in volumes down to about 10" mole (Ledwell et d., 1998) or in
concentrations about one million times smaller than fluorescent dye. Like dyethereis
essentidly no background concentration. Because of its strong sengitivity, SFe has been used to
measure oceanic mixing over time scaes of ayear or more (Ledwell et d., 1998). However, Sk
must be andyzed on board and hence is not suitable for rgpid plume surveying. Like dye, if
injected into the entrained seawater, it will mark entrained seawater and not excess Ct per <e.
However, because SFg ismore soluble in CO;, than in seawater, it could conceivably be
incorporated into CO, before injection so asto more directly track injected CO, (van Scoy,
1996). In the early phases of our experimenta planning (Adams and Herzog, 1997) it was
envisoned that an SFs experiment would make a nice complementary study of far field mixing
and such astudy would il be useful as part of alater, more comprehensive, fidd survey.

THE CONCEPT OF DILUTION

Because amgor objective of atracer isto measure dilution, we must define dilution. The
dilution S of avolume V, of discharged fluid, mixed with avolume Vy, -V, of ambient fluid, can
be written

S=_M (4)

Assuming consarvative behavior (no reactions or decay), the concentration of mixed fluidisa
weighted average of the discharge concentration and the ambient concentration or
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— CoVo +Ca(vm - Vo)

C 5
. v ©)
Combining with Eq. 4,
g=C -Gy (6a)
Cm - Ca

Eq. 6a can be used directly with Ct, usng gppropriate valuesfor C,, Cr, and C,. Since Co >> C,,
Eg. 6acan be approximated as

> (6b)

Eqgs 6aand 6b would aso pertain to the introduced tracers (dye and SFg), to the extent that these
trace Cr (see above discussion).

Using pH as atracer, the change in measured pH relative to ambient, DpH = pHa-pHm, can be
related to the change in Cr (excess Cr), DCtr = (Cy — Cy), as

DpH =aDC, (7)
S0 that Eq. 6b can be written

aC,
P - ®)

S=

where C, refersto the discharged concentration of Cy.

If C represents the concentration of **C @Cr and fC represents the concentration of *3C or **C
then the fraction of 23C (or **C) in amixture can be expressed

_VO fOCO + (Vm B VO) faCa

9
" TTN.C, TV, - V,)C, ©
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Asauming S>>1, S can be evaluated as

= %(d,-dn)

“c.d,-d,) (0

Vv
S=_m
VO

MAXIMUM DILUTION

The accuracy and sensitivity of the various tracers depends on the accuracy with which the
concentrations/pH/isotopic fraction can be measured, and with the associated ambient variahility
of the concentration/pH/isotope fraction. For example, denoting uncertainty in measured
concentration by s, and variability in ambient concentration by s 5, the maximum dilution which
can be determined to within aprecison of p from measuring Cy, dye or SFg concentration, can
be determined from Eq. 6b as

(11)

s = PS
s 2+s?

When pH is used to measure changes in Cr, the maximum dilution depends on the ambient
varigbility of Cr (denoted by s 5), the accuracy of the pH measurement (denoted by s ppH) and the
uncertainty in the relationship between DpH and D Ct (denoted by s 5), or

= PG, (12)
52 +@Spp)’ +(s ,DpH)’

Smax

Using carbon isotopes, the limiting dilution comes from Eq. 10. Assuming (do - dm) >> (dm - dJ),
the maximum dilution is

S - p(CO/Ca)dO

max
Fist

AMBIENT VARIABILITY

Asindicated above, precision in the measurement of dilution by agiven tracer reflects spatid
and tempord variability in the ambient concentration of the particular tracer. In principle,
tempord variability can be diminated by measuring ambient concentrations during the
experiment. Spatidly, we focus on vertica variability because it is expected to be much more
sgnificant than horizonta varigbility over the respective scaes of the plume. We assume that
the plume may mix over aheight of order 100 m and that the ambient tracer concentration varies
linearly over thisheight. Because of uncertainty regarding the exact vertica distribution of
entrainment into the plume, the associated uncertainty in the average concentration of entrained
seawater istaken as 10-20 percent of the plume height (10-20 m) times the gradient in ambient
concentration. Measurements collected by [0S during the ambient survey of August 1999

(13)
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suggest gradients of ambient Cr concentration of about 0.1uM/m (Miller et d., 2000), while
corresponding gradients of ambient *3C fraction analyzed by NRL were about 0.1 per mil
(Coffin, et d., 1999). The estimated gradient in ambient *C fraction is 2 per mil (K. Grabowski,
persond communication).

COMPARISON

Table 1 uses Egs. (11-13) to estimate Syax for each of the Six tracers, assumingp=0.1. A
number of other tracer attributes are dso summarized, from which we can draw the following
conclusons

While the source strength of fluorescent dye and (particularly) SFg can be adjusted a will to
provide any reasonable level of sensitivity, these tracers monitor the entrained seawater, and not
excess Cr; hence they are not suitable as the primary tracer of the plume. However, by
measuring dye adong with pH, one has a useful field measurement of CO, dissolution, aswell as
a complementary diagnostic of overal plume behavior.

With 10% precision, measurement of excess Cr can resolve dilution up to about 10°. This
corresponds to an estimated average dilution (Eg. 4) in avolume 100m long by 40m wide by
50m high, containing CO, discharged a a“low” volume flow rate of 10*nv/s (0.1kg/s) for a
period of 2000 sin acurrent of 5 cm/s. Thisvolume is consistent with 3D numerica predictions
of CO, plume behavior in a current made (Alendd and Drange, 2001; Sato, 2000). Assuming
the same mixing volumes, the estimated average dilution for a“high” volume flow rate of 10
3mls (1 kg/s) is 10°. Thus 100m downstream from the discharge, Cr could resolve the spatial
features of ahigh flow rate plume, but possibly not alow flow rate plume.

Based on the messured ambient variability and messurement precision of *3C , dightly lower
dilutions (~3x10°) can be resolved using natura *3C. The ambient variability of *C needs to be
checked during the actud survey.

Because the discharge concentration can be adjusted at will (and it traces excess Cr directly) *4C
offers congderably more sengtivity. Using adischarge enrichment factor of 100 yields an order
of magnitude grester sensitivity than that obtained with Cr or with natural **C. However, there
are severd “issues’ associated with the use of 14C: how to introduce it to the tank, permitting,

and public perception concerning use of radioactive materids. *C, **C and Cr can not be
measured in situ, or with red time output, o they must be supplemented with other
messurements.

A pH probe can provide in-situ, red time measurements. With in-place calibration, such probes
can provide accuracy of 0.01 units, yielding smilar dilution sengtivity as obtained with Cr (i.e,,
accuracy will be limited by spetid variability in Cr). The finite response time of the pH probes
could limit spatia resolution somewhat, but any error can be corrected during data andyss.
Shipboard measurements of pH should provide useful calibration, but it appears that ambient
vaiability in Cy will control the sengtivity of pH.

Conggtent with the above discussion, our experiment will include four of the six tracers

discussed herein: Cr, pH, naturd 13C and dye.
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Table 1. Tracer Comparison

Tracer Method In-  Real Disch Amb Precison Ambient Max. Response Cost/
situ? time? Conc Conc Var Dil. S, Time effort
DIC coulometry no  no C, @M C,@w s @-2nv s, @-2mM 1E6 NA moderate
pH SeaBird yes yes NA NA 0.03 relatedto 3E5 15455  low
CRIEP yes yes NA NA 0.01 variability 1E6 <10s  low
photometric  no no NA NA 0.001 inCy 1E6 NA moderate
Nat**Cin MS no no d, @24to d,@ S4q @1 s, @.1 35 NA moderate
Cr -32
Dead **C MS no no  d,@1000 d,@200S4,@0 s, @ BE5 NA moderate
Lab™C MS no  no d,@0® d,@200s4@0 s,@ FE7 NA high
(100x)
Dye fluorometer yes yes adjustable  small .01to.1ppb smal adjustable fast moderate
SFs GC no no adjustable v.smal v.high v. small v. high NA high
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