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ABSTRACT

Tracer responses in gas-liquid, two-phase flow through a fractured
layer are discussed. Experiments were carried out using a glass
bead bed in a cylinder. In the results, over a wide range of flow
conditions of particle size, fluids-flow velocity, and water
saturation (Sw), one of three types of liquid- and gas-flow pattern
was obtained: a single-phase (water) flow with entrapped gases, a
bubble flow, and a channel flow. Tracer tests were performed for
each flow type in the bed to obtain breakthrough curves for the
water phase, which determined the hydrodynamic dispersion
coefficient (Dh) being compared with the numerical model
described by a one-dimensional advection-dispersion equation. In
a relationship between the dispersion coefficient and water
saturation, critical water saturation was observed, which
depended on whether or not the gas phase in the bed is mobile.
Above the critical saturation, there was a single-phase (water)
flow with entrapped gases, and the dispersion coefficient linearly
increased as Sw decreased. Below the critical saturation, water-
and gas-phase flow (channel flow) appeared. The relationship was
characterized by a steep increase in Dh as Sw decreases. In the
bubble flow, gases flow unsteadily in porous media as bubbles, so
flow paths of water become more complex. However, the
dispersion coefficients obtained by tracer experiments show that
the bubble flow and unsteady fluids paths do not have serious
effects on hydrodynamic dispersion.

1.INTRODUCTION

Tracer testing is an important technique for estimating interaction
between two or more wells in a geothermal reservoir. By
analyzing the tracer responses, we can obtain the permeability of
fast flow-paths in a reservoir and the mean fluid residence time.
Recently, studies under the condition of two-phase flow have been
discussed (e.g., Gelhar et al., 1992; Niibori et al., 1996; Chen et al.,
1996; Tokunaga and Wan, 1997). However, the fluid-flow is very
complex in a reservoir and it is difficult to interpret tracer test
results.

A tracer, which is a chemical compound, generally moves through
some processes. Among them, advection and hydrodynamic
dispersion are primary physical processes. These processes
through porous or fractured layer are focused in many diverse

fields of science and engineering. In general, advection describes
mass transport due to the bulk movement of fluids. Hydrodynamic
dispersion also plays an important role in a reservoir because,
hydrodynamic dispersion determines the shape of the
breakthrough curve (peak height or spread).  This in turn provides
some insights to the behavior of fluid flow in the reservoir, i.e., the
degree of mechanical mixing through the connected flow-paths
multiply with each other.

In two-phase flow condition, breakthrough curves have an eary
peak and long tailing (Bond and Philips, 1990; Bond and
Wierenga, 1990; Smedt and Wierenga, 1978, 1979a, 1979b, and
1984). The breakthrough curves are different from that observed
under a condition of single-phase flow, however, effects of
hydrodynamic dispersion on a breakthrough curve under a
condition of two-phase flow have not been sufficiently
investigated. It remains difficult to understand differences of
values of hydrodynamic dispersion coefficient between single-
phase flow and two-phase flow.

In single-phase flow, Levenspiel (1972) showed that the
dispersion intensity was nearly proportional to the mean axial
velocity and the particle size, by introducing an intensity of
dispersion in saturated packed beds based on various experiments.
Two-phase flow through porous media or fractured layer has
several types of fluids-flow pattern. Haga et al. (1999) showed the
effect of gas flow pattern on hydrodynamic dispersion. However,
hydrodynamic dispersion coefficients for the two-phase flow has
not been sufficiently investigated, e.g., effect of particle size was
not discussed in Haga et al. (1999). In addition, little is known
about hydrodynamic dispersion under a condition of bubble flow
that appeared in the bed when using a relatively large scale of
particle diameter.

The purpose of this study was to understand key features of
hydrodynamic dispersion in unsaturated porous media. To
determine the hydrodynamic dispersion coefficients, the
experimental responses were compared with the numerical results
of a one-dimensional advection-dispersion equation.

2. EXPERIMENTS

2.1 Experimental Apparatus

Figure 1 shows schematic diagram of experimental apparatus. All
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experiments were carried out using methods closely similar to
those described by Haga et al. (1999). A few parts of the apparatus
were modified in this study. Over flow of gas was removed. Gas
flow rates were adjusted using a needle bulb. Real-time processes
using a personal computer measured tracer concentration.

An ideal medium, i.e., a cylinder filled with glass beads was used
in the experiments. Pure water was injected continuously into the
bed from the bottom at a constant flow rate using a roller pump.
The packed bed was made from an acrylic cylinder 52.0 cm long
and with an inside diameter of 4.1 cm. Glass beads were packed
into the column. The average diameter of glass beads used in this
study was 0.2 cm, 0.1 cm, or 0.06 cm.

2.2 Experimental Procedure

The tracer used in experiments was 5.0 ml of KCl solution (0.05
mol/l). The tracer was injected with a syringe within 5% of a
space-time of a packed bed. The space-time was estimated by
water-filled pore volume and water flow rate. The injection point
was at the silicon tube that was connected to the bed at the inlet.
The actual concentration of the tracer at the inlet was calculated,
based on the water flow rate, the concentration of the tracer in the
syringe and the injection time. At the outlet, an electrical
conductivity meter (TOA Electronics, CM40V) measured the
electrical conductivity of water and a personal computer
calculated the concentration of KCl solution by real-time
processes. After the tracer test, water saturation was determined
by weighing.

2.3 Fluids Flow Conditions

In this study, tracer experiments were performed in order to
examine the effects of the non-wetting fluids flow pattern on the
solute transport in the wetting fluid. The tracer experiments were
carried out under the following four flow conditions: single-phase
flow, single-phase flow with entrapped gas, bubble flow, and
channel flow. Figure 2 shows a schematic illustration of these
fluid flow patterns of water and gas, as wetting and non-wetting
fluids, respectively.

Figure 2(a) shows schematic illustrations of the single-phase flow
condition. In this condition, only water flows continuously
through the bed that is completely saturated with water. Figure
2(b) shows the condition of the single-phase flow with entrapped
gases. When a liquid wets a porous medium, without previously
evacuating the pore space, gases are entrapped in the porous
medium as shown in figure 2(b). The gases are called the
entrapped gases. The maximum wetted-phase saturation, i.e.
residual water saturation, is always less than 1.0, mostly near 0.8.
In this condition, water flows continuously through the bed with
partially entrapped gases. Figure 2(c) shows bubble flow
condition, where almost all gases exist as mobile gases. The gases
flow through the bed as bubbles, while water flows continuously
in the bed. Figure 2(d) shows channel flow condition, where water
and gas flow continuously through the bed.

3. MATHEMATICAL MODEL

3.1 Governing Equations

The governing equation modeling the flow of a non-reactive
tracer through a uniform porous medium for steady-state flow is
the well-known advection-dispersion equation, which can be
written in one-dimensional form as follows:
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where cw is the solute concentration in the water(mol/m3), Sw is the
water saturation(m3/m3), ε is the porosity of the porous
medium(m3/m3), uw is the Darcy flux(m/s) of the water, Dhw is the
hydrodynamic dispersion coefficient (m2/s) of the solute in the
water phase, t is time(s), and z is the space coordinate(m). The
dimensionless form of equation (1) is
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where Z=z/L, Cw=(cw-cb)/(cw0-cb), T=t/t* and ζ=dp/L. cb is the
background concentration, t* is the space time(=LεSw/uw), ζ  is the
ratio of dp to L, dp is the particle diameter (m), and L is the length
of the column(m). Pe is the Peclet number defined by
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where θw is the volumetric fraction of the water phase. In this
study, equation (2) is used to describe the advection and
dispersion of KCl solution through an unsaturated porous
medium.

3.2 Initial and Boundary Conditions

The initial conditions and tracer injection are described by

T=0, Cw=0, in 0<Z<1 (4)

0<T<Tin, Cw-=1, at Z=0 (5)

T<0, Tin<T, Cw-=0, at Z=0 (6)

where Tin is the injection time of the tracer.

The boundary conditions are
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where Cw- and Cw+ are the tracer concentration at Z=0- and Z=0+,
respectively. Equation (7) is the so-called “closed-vessel
boundary condition”, which is applicable to a system which has a
larger back-mixing magnitude than the surroundings, e.g. at the
inlet of the column (Wehner and Wilhelm, 1956; Levenspiel,
1972).

3.3 Numerical Method and Parameter Estimation

The equations of (2), and (4)-(8) were solved using a forward-time
central-space finite difference method. It is well known that the
use of standard numerical techniques can lead to numerical
oscillations in the advective-dominant system. The experimental
condition in this study is a relatively advective-dominant case of
the solute transport. To prevent the numerical oscillations, the
third-order upwind difference method was applied in numerical
calculation (Haga et al., 1999).

The unknown parameter in the governing equations is only Peclet
number, Pe, in the equation (2). This study selected the value of Pe

on the basis of several trials to fit data, using the SIMPLEX
method (Haga et al., 1998). Sum of the residual mean square of
concentration at each time was used as an objective function. The
parameter was fitted so as to decrease the value of the function by
the SIMPLEX method.

4. RESULTS AND DISCUSSION

4.1 Fluid Flow Patterns in Porous Media

Effects of the non-wetting fluids flow pattern on the solute
transport in the wetting fluid were determined in this study. One of
four types of fluids flow patterns appeared in the packed bed over
a wide range of conditions of particle diameter and water
saturation (Sw). Table 1 shows the observed flow patterns of fluids
and experimental conditions.

In the experiments, three sizes of the particle diameter are applied.
For particle diameters of 0.10 cm and 0.06 cm, single-phase flow
was observed at Sw=1. Also, single-phase flow with entrapped
gases was observed when water was injected into a porous
medium without previously evacuating gases in the pore space.
The gases were entrapped in the porous medium. The water
saturation was more than 0.73 in this study. Channel flow
appeared when water and gas were injected continuously from the
bottom of the packed bed. For particle diameter of 0.20 cm,
another flow pattern, i.e. bubble flow, appeared in addition to the
three flow patterns. Two fluid flow patterns, i.e., the bubble flow
(at relatively high water saturation, Sw=0.8 and 0.76) and channel
flow (at low water saturation, Sw<0.7), were obtained when water
and gas were injected in case of 0.20 cm particle diameter.

A critical factor affecting the flow pattern at a given location,

whether the bubble flow is appeared or not, is the grain size of the
porous medium (Brooks et al, 1997). A change in the flow pattern
occurs around 0.1 to 0.2 cm grain diameters, with air channels
occurring below the transition size and bubbles above. Brooks et
al. (1997) suggested that for a given gas-liquid-solid system, there
is a critical scale which dictates the dominant force, and the
dominant force will in turn dictate the flow pattern. In this study,
both the bubble flow and the channel flow appeared at dp=0.2.
This matches the results of Brooks et al. (1997). Our results show
that the water saturation is also the critical factor that divides the
two flow patterns (Fig.4). However, it is beyond of the scope of
this paper to further evaluate  these factors.

4.2 Experimental and Numerical Breakthrough Curves

Figure 3 compares the experimental and numerical results in case
of dp=0.2.  The longitudinal axis and the horizontal axis show the
normalized concentration of the KCl solution and normalized time,
respectively. Each area of the normalized responses is 1. The
value of Darcy flux, uw, is 3.79×10-4 m/s. In this figure, the values
of Sw are 1.0, 0.94, 0.82, and 0.73 for the conditions of the
single-phase flow, single-phase flow with entrapped gases, bubble
flow, and channel flow, respectively. When the flow condition is
an advective-dominant stage, a breakthrough curve becomes
sharp and has a high peak. On the other hand, a breakthrough
curve becomes broad and has a low peak in case of the
dispersion-dominant stage. Thus, in the single-phase flow, as
shown in Fig.3, the intensity of dispersion is lowest of the four
types of flow patterns. Further, intensity of dispersion is highest in
the channel flow.

In order to estimate the intensity of the hydrodynamic dispersion
for each flow pattern, the experimental responses are fitted with
the numerical responses by the mathematical model. The
parameters in the equations are Pe, ζ, and Tin. Based on the
experimental conditions, the values of ζ and Tin are calculated.  Pe

is the unknown parameter in the mathematical model. The Peclet
number defines the  ratio of the two intensities, i.e. advection and
hydrodynamic dispersion, of driven force when a solute moves
through the bed. Figure 3 shows good agreement when the Pe is
0.81, 0.74, 0.62 and 0.30 for the flow conditions single-phase flow,
single-phase flow with entrapped gases, bubble flow, and channel
flow, respectively. These results show that Pe decreases as Sw

decreases. To determine the effect of Sw on Pe, additional tracer
experiments were conducted for different values of Sw.

4.3 Hydrodynamic dispersion in porous media

In this study tracer experiments were conducted for bubble flow in
addition to the three flow conditions applied in Haga et al. (1999)
for the four flow conditions. The results of Haga et al. (1999) for
dp=0.1 are also shown in this figure. Haga et al. (1999) showed
that the value of Pe takes a constant value in the range of 0.75 to
0.87 for single-phase flow condition. For the condition of single-
phase flow with entrapped gases, Pe decreases linearly as Sw
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decreases. For channel-flow condition, the rate of the decrease in
Pe is different from that in the single-phase flow with entrapped
gases. Pe declines sharply at Sw values of 0.83 to 0.75, but declines
gradually as Sw decreases at Sw values of 0.75 to 0.41.

Since gases flow bubbly and unsteadily through the bed in bubble
flow, flow paths of water, i.e. channels, dynamically change.
Figure 5 shows a mechanism of gas-flowing as bubble or slug. In a
case of being packed with particles with a relatively large scale of
the diameter, the intensity of capillary force decreases. That is, a
volume of water held in pores among particles decreases. A
gravity force easily affects water that is not held in pores as shown
in Figure 5(b). Finally, the water divides air channels in the bed.
When this phenomenon occurs here and there in the packed bed,
gases flow like bubbles.  It is considered that, at same value of Sw,
an intensity of the hydrodynamic dispersion in bubble flow is
higher than that in channel flow, since dynamic changes of water
saturation locally occur in the bed. The bubble gases cause the
dynamic and local changes of water saturation. However, the
values of Pe take nearly the same values as those of channel flow
in dp=0.1.  It follows from this that the dynamic change of water
channels has no effect of emphasizing the hydrodynamic
dispersion.

Breakthrough curves for dp=0.06 disagree with the curves
obtained by the advection-dispersion as shown in Figure 6. Haga
et al. (1998) showed that this is due to a local distribution of water
saturation in packed beds. The distribution of water saturation in
packed beds may be microscopically heterogeneous even if water
saturation is macroscopically homogeneous. It is considered that
the hydrodynamic dispersion is strongly affected by the local
distribution of saturation.

5. CONCLUSION

Tracer experiments in gas-liquid, two-phase flow through a
porous media were carried out. The tracer tests were conducted
under the following four flow conditions: single-phase flow,
single-phase flow with entrapped gas, bubble flow, and channel
flow. In each condition, the hydrodynamic dispersion coefficient
(Dh) was obtained by being compared with the numerical model
described by a one-dimensional advection-dispersion equation. In
the relationship between the dispersion coefficient and water
saturation, critical water saturation was observed and depended on
whether or not the gas phase in the bed is mobile. Above the
critical saturation, there was a single-phase (water) flow with
entrapped gases and the dispersion coefficient linearly increased
as Sw decreased. Below the critical saturation, water- and gas-
phase flow (channel flow) appeared. The relationship was
characterized by a steep increase in Dh as Sw decreases.

The bubble flow was observed when the particle diameter is
relatively larger (dp=0.2) in the experimental conditions of this
study. Gases flow unsteadily in porous media as bubbles, so
flow-paths of water dynamically change and become more
complex. However, the dispersion coefficients show that the

values for the bubble flow were nearly same as the value for the
channel flow. It is found that the dynamic change of flow paths of
water in bubble flow does not have serious effects on
hydrodynamic dispersion.

Breakthrough curves for the relatively smaller diameter of glass
beads (dp=0.06) disagree with the curves obtained by the
advection-dispersion. This is due to a local distribution of water
saturation in packed beds. This study shows that the intensity of
the effect of the local distribution of saturation is much higher
than that of the effect of the dynamical change of the flow paths of
water.
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Figure 1.  Schematic diagram of experimental apparatus.
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Figure 3. Experimental and numerical breakthrough curves

Table 1. Observed flow patterns of fluids and experimental
conditions.

Particle diameter,
dp [cm]

Water saturation,
Sw

Flow pattern
(In figurer 2)

0.20

Sw =0.68
Sw =0.75,0.78,0.77
Sw =0.87
Sw =1

Fig. 2 (d)
Fig. 2 (c)
Fig. 2 (b)
Fig. 2 (a)

0.10
Sw <0.75
0.73< Sw <1.00
Sw =1

Fig. 2 (d)
Fig. 2 (b)
Fig. 2 (a)

0.06
Sw <0.73
0.71< Sw <1.00
Sw =1

Fig. 2 (d)
Fig. 2 (b)
Fig. 2 (a)

-

Figure 4. Relation ship between Pe and Sw.
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Figure 6. Experimental and numerical breakthrough curves at dp=0.06.
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