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1. Abstract 

This paper describes a numerical model of a steady-state plume in linear stratification driven by a 
buoyant dispersed phase, such as bubbles or droplets. The model was developed specifically to 
simulate COz sequestration plumes. It extends the hybrid double-plume model of Asaeda & Im- 
berger (1993) by incorporating droplet dynamics (dissolution, hydrate formation, and phase 
changes), by introducing a self-regulating detrainment criterion, and by allowing multiple intru- 
sions to overlap. The model is calibrated to data from the literature and is applied to study the 
sensitivity of a C02  plume to ambient stratification. 

2. Introduction 

Several techniques for transferring C 0 2  to the deep Ocean have been proposed; buoyant droplet 
plumes injected around IO00 m depth are the simplest and least costly (Adams & Herzog 1996). 
Although the oceans and atmosphere will eventually equilibrate (on the order of 1000 years), the 
intent of such a sequestration strategy is to minimize atmospheric C02 concentrations over the next 
few hundred years, by which point C02 emissions will have significantly decreased (Adams & 
Herzog 1996). This paper examines the design of such a C02injection. 

This paper presents a numerical model for a two-phase plume in stratification that extends the 
hybrid double-plume model of Asaeda & lmberger (1993). The model currently neglects the 
effects of a crossflow in order to minimize the number of dynamic processes involved. This is 
deemed acceptable since the nwurrent case probably represents a worstcase scenario in terms of 
dilution of the dissolved C02. Because the dissolution of C02 increases the density of the seawater. 
there is a feedback on the plume dynamics. After presenting the model, this paper explores the 
relative importance of stratification and COz dissolution for controlling the resultant plume struc- 
ture. 

3. Model Formulation 

The spatial evolution of a two-phase plume in stratification is controlled by four primary processes: 
buoyant forces acting upon the droplets and plume water, dissolution of the droplets, turbulent 
entrainment of ambient water into the plume, and buoyant detrainment, called peeling. Qualitative 
two-phase plume behavior depends on the values of the droplet buoyancy flux, B, droplet slip 
velocity, us, and the strength of the ambient density stratification, N. Asaeda & Imberger (1993) 
and Socolofsky (in prep.) have identified four classes of two-phase plumes in stratification, illus- 
trated in Figure I .  Type 1 plumes act like plumes in unstratified surroundings, flowing to the water 
surface without interruption. Type 2 plumes exhibit one or more intermediate peeling events, 
where plume water is stripped from the rising droplets by buoyant forces. The peeled water de- 
scends until it becomes forms a neutrally buoyant intrusion flow. Type l* is a variant of Type 2 
where the droplet slip velocity is low enough that the droplets partially peel along with the plume 
water. A Type 3 plume occurs when the droplet slip velocity is very high, so that the droplet core 
does not effectively transport ambient fluid. The progression from Type I *  to Type 3 can be 
correlated with the dimensionless slip velocity (Socolofsky, in prep.), 
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The vertical evolution of plume structure. can be predicted with an integral model. lntegral models 
describe the plume flow as a onedimensional problem by assuming a profile shape independent of 
height for each variable describing a plume property. Although this similarity assumption is not 
strictly valid for a two-phase plume in stratification, models based on similarity have been success- 
ful (Asaeda & lmberger 1993, Wiiest et al. 1992. Turner 1986, McDougall 1978). Here, we choose 
topheight profiles (variables are assumed constant over the plume width) for both the inner, rising 
plume of water and droplets, and for the outer, falling annular plume of water only. Asaeda & 
lmberger (1993) introduced this type of double plume. 

We formulate the model in terms of the governing flux variables. The mass flux of bubbles, wb, is 
given by their number flux, Nb. their nominal diameter, db, and their density, pbr yielding 

(2) 1 
wb(Z) =a": (Z)N,p,(Z) = Q b ( Z ) P b ( Z )  ' 
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Figure 1. Schematic of characteristic two-phase plume behavior in stratification. 

The size and density of bubbles are tracked in a bubble sub-model that accounts for dissolution, 
hydrate formation and phase changes. Denoting Xas the cross-sectional fraction of the inner plume 
occupied by bubbles, we define the volume flux, Q, of plume water as 

where u is the average water velocity and b is the plume width. The subscript i indicates an inner- 
plume value. The momentum flux, M, includes the momentum of both the bubbles and the droplets 

M i  ( 2 )  = ylf' (1- X ( z ) ) ~ , ' ( z ) p ,  ( z ) b d r +  y r  X(z ) (u f  (z )+ub(z) ) 'pb 2mdr (4) 

where ub is the bubble slip velocity and y i s  a momentum amplification term, first introduced by 
Milgrarn (1983). that accounts for the fact that the model formulation implicitly ignores turbulent 
momentum transport. Because X u 1 and u( = qu,), the second term in (4) can be ignored giving 
M,= p,%b,'u,?= ~ Q , u , .  

The buoyant forces generating the plume result from changes in density. For this model, density is 
tracked through changes in salinity flux, S, heat flux, J ,  and the dissolved COz flux, C. The salinity 
flux is defined from the local plume salinity, s, such that 

S, ( z )  = Qi (z)s, (z). (5)  

J , ( z )  = Q,(z)p,c,(z)T,(z) (6) 

where cp is the heat capacity of the fluid. Finally, the dissolved COz flux is defined from the local 
dissolved C02 concentration, c, 

The heat flux of the plume is defined from the local water temperature, T, yielding 

Ci ( z )  =Q, ( z )c , ( z ) .  (7) 

Thus, (2) through (7) define the model state variables for the inner plume. 

The state variables for the outer plume are nearly identical. I Ie  primary difference is that, because 
the outer plume is assumed to be annular, the volume flux of the outer plumes is defined as 

Q,W - b,')~,  ( 8 )  

where the subscript, 0. indicates an outer plume value. Defining z as the upward spatial coordinate 
and specifying that the outer plume flow downward, the velocity u, is negative and ui is positive. 
Using ( 8 )  and changing thq subscripts in (2) to (7) from i to o yield the flux equations for the outer 
plume. 

The plume develops by exchanging fluid with the ambient and by exchanging fluid between the 
inner and outer plumes. The entrainment hypothesis, introduced by Morton et at. (1956), states that 
the entrainment flux across a turbulent shear boundary is proportional to a characteristic velocity in 
the turbulent layer. In this model, we have defined three entrainment fluxes: Ei entrains from the 
ambient or from the outer plume. into the inner plume, E, entlains 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 relationship used by Asaeda & Imberger 
( 1993): 

I ,  

f ,  

where the ds are entrainment coefficients. 
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The final exchange equation accounts for buoyant detrainment, which has been modeled in a 
variety Of ways. Liro (1992) assumed that a fixed fraction of plume fluid was ejected when the net 
buoyancy flux across the plume approached zero. Asaeda & lmberger (1993) assumed that all of 
the Plume fluid detrained when the net momentum approached zero. Based on experiments. peel- 
ing is better predicted when the net momentum approaches zero. For this model, a self-regulating 
Peeling criterion is introduced. We know that peeling occurs when the drag from the bubbles can 
no longer support the negative buoyancy of the fluid. The simplest parameterization that behaves 
similarly to experiments gives the peeling flux as 

where E is a non-dimensional fitting parameter of order 0.01, and B is the buoyancy flux, defined as 

B , ( z ) = g Q J z )  P" ( z )  - P/(Z) (1 3) 

where pa is the ambient density. The relationship in (12) makes it easier for outer plumes to over- 
lap and makes it possible to simulate the continuous peeling nature of Type 3 plumes, which were 
first defined by Asaeda and lmberger (1993). 

With these. definitions, the plume conservation equations can be readily defined. From mass 
conservation, we have: 

Pr 

-= E, + E o  + E ,  (14) 
dz  

da.= E, + E ,  + E ,  + E , .  (15) 

Momentum conservation states that the momentum changes in response to the applied forces, 
which giyes the following equations 

d z  

!!% = -ga(b: - b;)(p, - p,,) + E,p.u, + E,p,u, + E,p,u,  + E.Ppa.  (I7) 

The conservation of salt, heat and dissolved C02 flux follow from the mass conservation equation, 
yielding for the inner plume: 

~ = E , s , + E , s , + E , s ,  (18) 
dz 

d z  

5 = E,c, + E,c, + E,c, 
d z  

and for the outer plume: 

-= dsO Elso + E,si + E , s ,  +Ens , ,  
d z  

(22) 

(23) 

The last term in (19) accounts for the energy released by dissolving C02. 'Ihe densities pi d p , ,  
are determined by an equation of state which is a function of s, T, and c. dW/& is calculated by 
the bubble sub-model. 

The model begins with integration of the inner plume from the point of release to the point where 
the droplets disappear or the water surface is reached. Once the inner plume integration is wm- 
plete, the outer plume segments are integrated. The integration of each outer plume section contin- 
ues until the momentum flux approaches zero. Then, the next outer plume section is initialized and 
integrated. This cycle repeats until the solution converges to a steady result (typically IO itera- 
tions). 

4. Results 

dJ 
L = c p p , ( E i T o  + E J I  + E p q  + E,T,) 
d z  
- dC, E,c, + E,c, + E,c, + E,c, 
dZ 

Literature data were available for an unstratified bubble plume and for a single-phase plume (u&) 
in stratification. For both these cases the outer plume did not develop, so only values for q could 
be calibrated. Data for the unstratified w e  were from Milgram (1983) for a 50 rn deep spring. 
The model matched the trend and magnitude of the measured plume velocities for a value of a;. = 
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(a) Trap Height (b) Intrusion Layer Flux 

Case 
Decreased stratification 

Base case 
Increased stratification 

0 
0 1 2 3 4 0 1 2 3 4 

0 

U, = Us / U, = us / 

Intrusion excess C02 
0.03 Kglm' 
0.06Kg/m3 . 
0.13 Kgm' 

Figure 2. Model predicted (a) trap height and (b) intrusion layer volume flux versus experi- 
mental data. Up and down triangles are from Reingold (1994). open circles are from Asaeda 
and lmberger (1993). right-pointing triangles are from Lemckert and Imberger (1993). and 
squares are from experimenrs described in Socolofsky (in prep.). Model predictions are repre- 
sented by the filled circles. 

0.12. In the stratified case, the trap height relationship hr= 3.8(B/N3)'" was tested. The model 
reproduced the scaledependence of hr on B and N for q = 0.1 1. 

Additional calibration data for twephase plumes in stratification were available from Socolofsky 
(in prep.). The height of the first peeling event, hr, and the volume flux in the resulting intrusion, 
Qi, can be correlated with (IN. Calibrating to the trap-height relationship gives values of q = 0.07, 
q, = 0.1 I, and = 0.1 1. Figure 2 shows the model predictions for trap height and intrusion layer 
flux, compared to experimental data. 

The ambient density gradient, characterized by the buoyancy frequency, varies somewhat with 
geographic location and strongly with depth. To investigate the model sensitivity to stratification, a 
basecase C02 injection scenario was defined. Table I summatizes the base case along with 
scenarios featuring decreased and increased stratification. 

Table I .  Simulation scenarios for COz sequestration sensitivity analysis. 

Figure 3 shows the model results for the three sequestration scenarios in Table 1 .  Although the 
total plume rise heights are about the same (the bubbles completely dissolve at the same height), 
the intrusion levels and fluxes differ. The volume flux to the intrusion layers decreases with in- 
creasing stratification because their descent is arrested more quickly in higher stratification, which 
leads to less cumulative entrainment and less total dilution. The mean concentration of excess C 0 2  
and the resulting change in pH in the intrusions are summarized in Table 2. 

Table 2. Intrusion excess C02concentration and change in pH for the three cases simulated. 

, The near-field dilution of the CO2 reported in Table 2 is controlled by the competition between the 
stratification and the solution density effect of the C02. Over the range of buoyancy frequencies 
sampled. the concentration of C02 in the intrusion layers is nearly proportional to the buoyancy 
frequency. 
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