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convection of miscible fluids due to the density
difference in a packed bed
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Abstract

Understanding of natural convection of miscible two phases in porous media is
of great importance to problems of geological storage of carbon dioxide. We
consider saltwater—freshwater fingering instabilities in a saturated porous
medium. Plastic resin particles with an average diameter of 320 um or 440 pm
were packed 50 mm in height in a tube with the inter diameter of 32 mm.
Development of the fingering due to instabilities and natural convection of
freshwater and saltwater in porous media have been imaged by means of micro-
focused X-ray computer tomography (CT) every three minutes. At early stages
of convective mixing, ripples appear on the contour surface of the concentration
of sodium iodine and grow to be fingers which extend vertically downwards with
time. As fingers proceed downwards, the concentration of sodium iodine in
fingers are reduced. As a result the convective mixing is rapidly suppressed.
With an increase in the density difference and the permeability, the development
of the natural convection occurs more quickly. The standard deviation of CT
values in the particle pack was used to evaluate the critical time and the mixing
time of natural convection. The estimated critical time is in the range between
200 s and 600 s. The mixing time estimated in present work agrees well with the
linear stability analysis. Convective mixing processes are modeled with a one-
dimensional diffusion equation with an apparent diffusion coefficient, of which
order is in the range from 107 to 10~ m?%s.

Keywords: natural convection, X-ray imaging, fingering, Rayleigh—Darcy
number.
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1 Introduction

Carbon dioxide (CO;) is the most important anthropogenic greenhouse gas. The
global atmospheric concentration of CO, has increased from a pre-industrial
value of approximately 280 ppm to 379 ppm in 2005. The warming of the
climate system is unequivocal, as is now evident from observations of increasing
global average air and ocean temperatures, widespread melting of snow and ice
and rising global average sea level [1]. To stabilize the concentration of CO; in
the atmosphere, emissions need to peak and then decline thereafter. For lower
stabilization targets, scenarios put more emphasis on the use of low-carbon
energy sources, such as renewable energy and nuclear power, and the use of CO,
capture and storage (CCS) [2, 3].

The safety of geologic storage of CO, is obviously a central concern in
planning carbon sequestration on a large scale. The current concept of geologic
storage involves the injection of CO, into deep formations, which typically
contain brine. CO; is supercritical at temperatures and pressures above the
critical values of 304 K and 7.38 MPa. In typical geologic formations, the critical
condition of CO, is reached at a depth of approximately 740 m. Because of
geologic pressure, the density of CO, dramatically increases with depth; however,
the density of CO, is approximately 0.9 times that of water, so when CO, is
injected into the subsurface, buoyancy tends to bring CO, upward in geologic
formations. On the other hand, CO, will be retained by physical and geochemical
mechanisms, such as physical trapping [4], capillary trapping [5—11], solubility
trapping [12—17] and mineralization [18].

Weir et al. [19] pointed out that all of the gas injected into deep reservoirs
dissolves into the water, and the resulting dense fluid settles in the aquifer over
several thousand years in the most favourable case. Lindeberg and Wessel-Berg
[12] analytically discussed the stability criteria for convectional vertical flow.
Ennis-King et al. [20] studied to estimate the time required for the instability to
occur using linear stability analysis. Reservoir simulations provide an insight
into the development of convective mixing due to density difference [21-26]
including for heterogeneous aquifers [27-29]. Macminn et al. [30] developed
semi-analytical models to study the competition between capillary and solubility
trapping.

Most of these works used numerical simulation techniques and/or analytical
models, but there are few experimental studies which verify these works. Recent
development on X-ray CT scanning or magnetic resonance imaging [31] allows
us to three-dimensionally visualize the convective mixing in a porous medium.

This paper describes experimental research on natural convection due to the
density difference between the sodium iodine solution and pure water in porous
media. The development of fingers and the convective mixing processes were
visualized by using an X-ray CT scanner. We discuss the development of natural
convection and effect of density difference and permeability to them. Next, the
critical time and the mixing time are evaluated from the experimental results and
are compared with the analytical results. Finally, the convective mixing
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processes are modelled with a one-dimensional diffusion equation with an
apparent diffusion coefficient.

2 Experimental procedure and analytical parameters

2.1 Experimental setup and procedure

We used packed beds of melamine resin particles as a porous medium as shown
in Fig. 1. Particles were packed in the 50 mm high pipe with inner diameter of
32 mm. We used two kinds of particle; one diameter in the range between
230 pm and 410 pm with an average diameter of 320 pm (Ube Sand Engineering
Co. Ltd., XH40/60), and the other has a diameter in the range between 380 um
and 580 um with an average diameter of 480 um (XH30/40).
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Figure 1:  Experimental apparatus.

Pure water and water doped with sodium iodine with four concentrations
were used as miscible fluids. Sodium iodine solutions are feasible to evaluate
concentration from CT images, because of high attenuation coefficient of sodium
iodine against X-ray as mentioned later. Experimental conditions are
summarized in Table 1. The absolute permeability of particle packs is estimated
with the Kozeney—Carman equation

d2 ¢3
= (1)
180 (1-¢)

All experiments were performed at a room temperature of 25°C. First, a
particle pack was filled with distilled water by using a vacuum chamber. The
difference in weight between before and after water filling shows that the
porosity of the particle packs is 0.365. Second, sodium iodine solution was
injected into the vertically aligned particle pack from the bottom to avoid
instability of displacing interface. When quarter of the pack was filled with
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sodium iodine solution, injection was stopped and tubes to inject and drain fluids
were carefully disconnected. The pack is put in an X-ray CT scanner
(Comscantechno Co. Ltd., ScanXmate-G100S110) for measurements of
concentration of sodium iodine in solution prior to the natural convection
experiments. The ratio of height of sodium iodine to that of the particle pack was
0.18 on average.

Table 1: Experimental conditions.

Initial .
Average Absolute concentration . Rayleigh
beads . . Density Darcy
Run # . permeability, of sodium .
diameter, 0 3 S Ratio number,
A um k=10 m iodine Rax 10
> J Co, wt %
Run 1-1 7.5 1.07 0.776
Run 2-1 320 0.686 15 1.14 1.55
Run 3-1 | (230-410) ' 30 1.29 3.10
Run 4-1 40 1.41 4.14
Run 1-2 7.5 1.07 1.74
Run 2-2 480 | 54 15 1.14 3.48
Run 3-2 | (380-580) ’ 30 1.29 6.97
Run 4-2 40 1.41 9.29

Immediately after the particle pack is turned upside down, natural convection
due to the density difference is caused in the pack. The pack was scanned every
3.0 minutes, because it took approximately two minutes to perform a single scan.
The time at the beginning of the scan is assigned as time of the scan. The scan
was continued for 45 minutes.

The X-ray scanner is set at a 119 pA current and 74 kV voltage with a flame
rate of 6 flame/sec. Reconstructed three-dimensional images which covers a
whole domain of the particle pack consist of 608 x 608 x 495 pixels at a
resolution of 167.0 pm/pixel. Each pixel has a CT value proportional to the
concentration of sodium iodine in water. The CT values scanned prior to start
natural convection provide two sets of known concentration for calibration.

2.2 Analytical parameters

The Rayleigh—Darcy number:
Ra — ngBckHCO

0D

is a dimensionless parameter which governs the density-driven natural
convection in porous media [32].
The critical time at which instability occurs should scale as:

_ B0 ’
tc - CID(Apng (3)

where Ap = pofcCo and c¢; is a dimensionless constant [20, 30, 32]. The critical
wavelength A is estimated as:

2)
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£y = M )
Apgk
where the constant parameter ¢, = 96.23 [32].
The time required to mix in the particle pack can be estimated as:
b = 5)

because a characteristic convective (Darcy) velocity is expressed as Apgk/p., [33].

3 Experimental results and discussion

3.1 Characteristics of convective mixing

Development of natural convection in the particle pack is shown in Fig. 2 for the
Run 1-1. Top and bottom sides and left and right sides of images are sleeves and
a tube of a packed bed. Because the image resolution of 167.0 pm/pixel is
approximately half of the mean particle diameter of 320 um, the brightness of
each pixel represents an X-ray attenuation coefficient averaged over the domain
which contains a few pores and particles. The brightness for various sodium
iodine concentrations shown in Table 1 shows that it is proportional to the
concentration for both particle packs.

At 270 s a finger develops along the region on the wall with high permeability
because of sorting of particles. Several fingers appear on the interface at 450 s
and grow with time. The fingers have a diameter of approximately 3-5 mm,
which is an order of magnitude larger than the particle diameter. The finger
diameter is 5-9 times larger than the critical wavelength of 6.20 x 10* m
estimated by Equation (4). After 990 s, the mixing of two fluids slows down
rapidly. The concentration of sodium iodine in fingers is reduced by mixing with
pure water which previously occupies the pores. At r = 2790 s, the interface of
fingers blurred.

Fig. 3 shows the contour surfaces of sodium iodine concentration for the Run
1-1 and Run 2-1 at early stages of convective mixing. The contour surfaces were
already rippled at = 90 s (Figs. 3(a) and 3(d)). This perturbation on the interface
was caused during the injection process of sodium iodine solution into a water
filled particle pack. As time progresses, ripples due to the density difference
instability appear on the contour surfaces and grow downwards. The
development of the fingers is faster for higher density ratio. The linear stability
analysis shows the critical wavelength is inversely proportional to the density
difference as Equation (4), but the fingers of Run 1-1 and Run 2-1 have same
diameters.

3.2 Critical time and mixing time

For the sake of evaluation of the critical time and mixing time based on X-ray
CT images, we estimated the standard deviation of CT value within the particle
pack as shown in Fig. 4. The standard deviation is normalized with these before
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a turnover of the particle pack and at ¢ = 2,790 s for each experimental run. The
mixing becomes faster with increasing density ratio and with increasing
permeability.

(a) 90 s (b) 270 s (c)450s (d) 630 s (e) 810s

() 990 s (2)1170's ()350s (i) 1530 s (]')27903.

Figure 2: Vertical cross-sectional X-ray CT images for the Run 1-1. Brightness
is proportional to the concentration of sodium iodine. (a) The region
where top 18 % of the particle pack in height is filled with the sodium
iodine solution at the concentration of 7.5 w% and the rest region
were filled with pure water. Images (a)—(i) were scanned every three
minutes, but the interval between (i) and (j) is 21 minutes.

(a) (b) © () (© ®
Run 1-1,1=90 s 270s 450s Run 2-1,90 s 270 s 450 s

Figure 3: A view from below shows the development of fingers on the boundary
for Run 1-1 ((a)—(c)) and Run 2-1 ((d)—(f)). The surface corresponds
to a concentration of an approximately half value of initial
concentration.

The critical time and the mixing time were evaluated as follows. Three points
centered with the inflection point were fitted with a straight line. The critical
time was evaluated from the distance from the point + = 0 to the point of
intersection of the regression line and & =1. The mixing time was evaluated by
subtracting the critical time from the time when the normalized standard
deviation reduces to e..
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Figure 4: Change in the normalized standard deviation with time for the average
particle diameter of (a) d,, = 320 um and (b) 480um.

Fig. 5 shows the critical time plotted against the scaling parameter in
Equation (3). The estimated critical time is in the range between 200 s and 600 s.
Because the interval of the scans was 180 s, the estimated critical time has a
large error especially for short cases. The lines represent the critical time
estimated by Equation (3) with a dimensionless coefficient of ¢; = 10,000 and
100,000. Pau et al. [22] found that ¢; = 3,670 by numerical simulations. To
evaluate the dimensionless constant from the experimental results, we should
reduce the interval of scanning. However, the dimensionless coefficient is
estimated as ¢;~10% - 10°,

Fig. 6 shows the relation between the mixing time of present experiments and
the analytical results expressed by Equation (5). All experimental results agree
well with Equation (5). The tendency that the experimental results are longer
than Equation (5) is due to the definition of the mixing time to estimate it from
Fig. 4.
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Figure 5: Relation  between  the Figure 6: Relation between the
critical time obtained from mixing time obtained
the experiments and the from the experiments and
scaling parameter in the analytical results
Equation (3). expressed in Equation (5).
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3.3 Apparent diffusion coefficient

Convective mixing process can be modeled as a one-dimensional unsteady
classical diffusion problem with Fick’s law. Assuming a constant diffusion
coefficient, the homogeneous Neumann problem is formulated as:
ocC o’C
o e ©
where D, denotes the apparent diffusion coefficient. The boundary and initial
conditions are:

oC oC

—(0,t)=—(H,t)=0, t>0; 7

o (0.1)=—(H.1) > ™
C(z,0)=f(z) 0<z<H, (8)

respectively. The solution of Equation (1) with these boundary and initial

conditions are:

C(z,t) = é)An cos(%j . exp(— (%jDatJ 9

and the A4, are the Fourier cosine series coefficients of f{z), so that
2 H nmnz
A =— z)cos) — |dz, n=>1; 10
= 1) ( m j (10)
and for n =0,

1
AO:EIO f(z)dz. (11)

Comparing the deviation of the solution 6 with that of experimental results,
we can evaluate the apparent diffusion coefficient. Because the analytical
derivation of the deviation is a complicated problem, we solved numerically the
diffusion Equation (6) with the initial conditions:

flz)=¢C,, 0<z<0.18H, (12)

f(z)=0, 0.18H<z<H, (13)

where C is the initial concentration of sodium iodine, the value of which is
independent of the normalized deviation of a solution.

Fig. 7 shows the standard deviation of the concentration plotted against
(D4t)"?. Numerical simulation results for various apparent diffusion coefficients
fall on the same line. The fraction of height of sodium iodine to that of the
particle pack affects the profile of the standard deviation. The linear
approximation for the profile at early stages 0 < (D.)"? < 0.01 gives the
correlation equation. If the standard deviation of experimental results shown in
Fig. 4 is plotted against "2, the gradient equals 54.58-D,"?. We evaluated the
apparent diffusion coefficient as this manner.

Fig. 8 shows the obtained apparent diffusion coefficient plotted against
Rayleigh—Darcy number. The order of the effective diffusion coefficient is in the
range from 107 to 10 m?%/s, which is three or four orders of magnitude larger
than the molecular diffusion coefficient. The apparent diffusion coefficient
increases with the Rayleigh—Darcy number for each particle diameter.
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4 Conclusions

This paper describes experimental research on natural convection due to the
density difference between the sodium iodine solution and pure water in porous
media. The development of fingers and the convective mixing processes were
visualized by using an X-ray CT scanner.

At early stages of convective mixing, ripples appear on the contour surface of
the concentration of sodium iodine and grow to be fingers which extend
vertically downwards with time. At the condition of the initial concentration of
sodium iodine of 7.5 wt% and the particle diameter of 320 pum, the fingers have a
diameter of approximately 3—5 mm, which is 5-9 times larger than the critical
wavelength estimated by the linear stability analysis. As fingers proceed
downwards, the concentration of sodium iodine in fingers are reduced. As a
result the convective mixing is rapidly suppressed. With an increase in the
density difference and the permeability, the development of the natural
convection occurs more quickly.

The standard deviation of CT values in the particle pack was used to evaluate
the critical time and the mixing time of natural convection. The estimated critical
time is in the range between 200 s and 600 s, which contains a large error,
because the scanning interval is 180 s. However, the dimensionless coefficient is
estimated as ¢;~10* — 10°. The mixing time estimated in present work agrees well
with the linear stability analysis.

Convective mixing processes are modeled with a one-dimensional diffusion
equation with an apparent diffusion coefficient. The apparent diffusion
coefficient increases with the Rayleigh—Darcy number for each particle diameter.
The order of the effective diffusion coefficient is in the range from 10 to
10 m%s.
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Nomenclature
C concentration of sodium iodine, kg/m?
Co initial concentration of sodium iodine, kg/m?
c1,C dimensionless constant
D molecular diffusion coefficient, m*/s
D, apparent diffusion coefficient, m?/s
dn average particle diameter, m
g gravitational acceleration, m/s?
H height of particle pack, m
k absolute permeability, m?
Ra Rayleigh—Darcy number
t time, s
t. critical time for instability to develop, s
Lmix time for mixing to occur, s
z vertical coordinate, m
Be expansion coefficient, m3/kg
Ap density difference, kg/m?
he critical wavelength, m
Ly viscosity of water, Pa‘s
Po density of pure water, kg/m®
o porosity
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