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Abstract In this study we describe the important features of the process of steam injection through non-
consolidated porous media made of sand. We have analyzed the resulting fluid flow patterns through normal
and infrared visualization by varying the injection pressure into a horizontal cylindrical pipe and a circular
cell on a vertical position. Such configurations mimic those occurring under the steam assisted gravity
drainage (SAGD) in tertiary recovery from oilfields and geothermal reservoirs. We describe some char-
acteristics of the ubiquitous condensation front in both experimental arrays. In the first case, a glass pipe
filled with sand was subjected to steam injection at different pressures. In the second case, a circular cell on
a vertical position brimful of sand cell was subjected to similar processes. For each case, the existence of
several types of condensation fronts, depending on the injection pressure, has been evidenced by means of
digital and infrared visualization which gives mutually complementary information.

Keywords Flow Trough Porous Media � Flow visualization and imaging � Experimental aspects

1 Introduction

Geothermal systems are located in the upper part of the earth’s crust for about 10 km and consist of
permeable rock with temperatures up to 573–673 K and pressures from 1013 to 4060 kPa (Grant et al.
1982). These systems are typically saturated with steam and liquid and present plenty of different fluid flow
phenomena. There is a considerable interest in the knowledge of thermal and spatial evolution of steam and
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its condensate within the geothermal systems. These phenomena have some features in common with water
and steam injection into the oil reservoirs (Yortsos 1984).

All of these systems can be properly studied at laboratory scale by means of a representative number of
variables which can be combined to obtain dimensional groups (Geertsma et al. 1956).

The main purpose of this study is to describe the motion of steam and its fluid condensate within a non-
consolidated porous medium, taking into account the forced convective heat transfer associated with fluid
injection. To reach our goals in the next Section, we describe the main experimental configurations here
studied. Then in Sect. 3.1 the initial experiment, characterized by an infrared image of a free steam jet
emerging to the atmosphere is presented. Such case will be interesting for the study of the displacement of
the condensate front during the steam injection in a porous medium of tubular geometry at different
pressures and temperatures. To our knowledge, the use of infrared thermograpy has scarcely been employed
to characterize two-phase flows in porous media (Astarita and Carlomagno 2013). Nevertheless, this non
invasive technique gives noteworthy clues for heat transport.

The temperature and injection pressure affect the displacement pattern of the condensation front within
the unconsolidated porous medium. During the steam injection, the temperature across the cell changes and
the mobility (M ¼ knl), which is defined as the ratio of rock permeability k to apparent fluid viscosity l
(Speight 2016) is enhanced (Yun 2008), since the viscosity decreases and consequently, the mobility rises.
In Sect. 3.2 the first geometry considered was a horizontal cylinder, filled with dry Ottawa sand, in which
steam is injected at different pressures, to visualize the formation of the condensation front that goes from a
nose-like to a piston-like shape. In Sect. 4, we studied the movement of a condensate front during the steam
injection into a radial porous cell where the effect of the gravity becomes significant. Using both geometries
it is evident that when the steam is injected a complex condensation front is formed. It is strongly related to
the value of the injection pressure and the gravity. Finally in Sect. 5, the conclusions of this work are given.

2 Experiments

2.1 Experimental setup

Three different experiments were conducted to visualize the steam and condensate front behavior in three
different configurations, they are described as the emerging jet, the horizontal porous cell and the porous
radial cell.

For the emerging jet configuration (Fig. 1), steam is suddenly discharged through an empty tempered
glass tube 0.42 m length, 0.039 m internal diameter and 0.003 m wall thickness. For all the experiments the
steam was injected by means of a hose of 0.0127 m connected at the centre of the inlet screwed cap. The
steam emerges to the atmosphere from an horizontal nozzle which was made with an array of five holes
0.003 m radius that were drilled in a DURAN GL45 screw cap which was screwed at the rear end of the
tube. A frontal view of the nozzle can be seen in the inset of Fig. 1a. In this experiment, the saturated steam
was delivered by a steam generator at a pressure of 98.1 kPa. For the steam injection through a horizontal
porous cell, we used a non-consolidated porous medium made of Ottawa silica sand (20–30 mesh) under
ASTM C778 standard. We assume approximate values reported elsewhere, thus the porosity / of 0.5 and a
permeability of k = 2.0 E - 7 m2 (Nield and Bejan 2006). The silica sand was poured into the tube and
manually compacted by means of vibration. Under this specific configuration, experiments at three different
injection pressures are reported to visualize the steam injection process. A cap with orifices was also
screwed at the rear end of the tube, which allowed the fluid to flow but not the sand to go out. Therefore, the
steam injection in the tube obeys a pressure gradient between the injection and the atmospheric pressure. A
scheme of this array can be observed in Fig. 2.

Finally, for the porous radial cell, steam was injected into a radial configuration, vertically oriented as to
observe the behavior of the injection process in a similar array as that of Butler (1991). In this case, the
porous matrix was contained by placing two circular plates of tempered glass 0.0127 m thick in a parallel
array, conforming a radial cell with a diameter /glass ¼ 0.40 m and a thickness of the sand layer
esand ¼ 0.056 m. The steam injection port was located 0.086 m far from the bottom of the cell. The cell
perimeter was hermetically sealed to avoid the exit of fluids. At the upper part of the cell there was an
exhaust hole since steam pushes the air to the outside. The experimental scheme can be observed in Fig. 7.

All experiments were recorded with two different cameras. For the infrared measurements, a digital
FLIR camera (ThermaCAM SC660) with a maximum resolution of 640 � 480 pixels and a spatial
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sensitivity (ie., a measure of the size of the details which can be resolved (McHugh 1991) of
0.65 mrad. This camera has a measuring range of 233.15–1773.15 K, with a thermal sensitivity of
30 � 10�3 K and a measurement error of 1.0 %. It is able to reach infrared sequences every 10 s. To record
the advance of the condensates, a conventional reflex camera Nikkon D5100 with a resolution of 16.1
megapixel. Both cameras were placed pointing towards the center of the test section at approximately 1 m
distance. All the set of experiments were carried out at room temperature (T 1 = 299 K) and at atmospheric
pressure.

3 Steam injection into an horizontal tubular matrix

3.1 Jet

For this experiment and to show the advantages of the infrared thermography technique (IRT), in Fig. 1a we
started by showing an infrared image of a turbulent steam jet emerging to the atmosphere from an horizontal

Fig. 1 a Infrared image of a steam jet emerging to the atmosphere. In inset A we depict a scheme of the nozzle with its
injection orifices (black dots). b Plot of the temperature distribution as a function of the vertical distance along the y-axis. The
plotted data were obtained from the steam jet along the lines L1 to L6

Fig. 2 General scheme of the horizontal porous cell. The direction of the flow is observed to be on the (x) axis
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nozzle. In this experiment, steam is discharged and travels within an empty tempered glass tube. Instan-
taneously, the steam reaches the rear end of the tube and is discharged to the atmosphere as a jet by the
nozzle. A drawing of the frontal face of the nozzle is shown at the left upper corner of Fig. 1a inset A. With
the aid of the camera software in Fig. 1b the temperature distribution along six equally spaced vertical lines
(L1 to L6) is plotted as a function of the vertical distance (y).

3.2 Horizontal porous cell

This second set of experiments were intended to show how steam and the condensates front migrate within a
dry non-consolidated porous medium. It is important to be aware that close to the side walls, the porosity of
the porous medium is slightly higher respect to the porosity in the core (Bejan 2013), Chen (1996). As a
consequence of this condition, the mechanical contact among the grains within the container is enhanced
and the thermal contact is improved. The general scheme of the experiment can be seen in Fig. 2.

During the injection processes, saturated steam passes trough the host porous medium which is initially
at room temperature (T 1 = 299 K), due to the imminent heat exchange, part of the steam condenses and
moves as a condensate front (Woods 2012). This condensate front, as reported in literature, may adopt
several shapes that go from a nose at low pressures to a fully developed piston-like flow Dudfield and
Woods (2012). These patterns of condensate fronts will be discussed later on.

The characterization of the condensate front velocity inside the porous matrix is essential to understand
the role of pressures and temperatures in its shape.

In this manner, the condensate front was visualized moving through the porous medium at three different
initial injection pressures: Pi = 24.5, 49.1 and 98.0 kPa. The main parameters of this set of experiments are
shown in Table 1.

The Froude number Fr, that represents the ratio of inertial forces to the gravity forces, will help us to
characterize the shape of the condensation front during the steam injection. For a porous medium, the
(dimensionless) Froude number can be introduced as follows:

Fr ¼ Q2

/2A2gD
; ð1Þ

where Q is the flow rate in m3/s, A is the cross sectional area of the pipe in m2, g is the gravity acceleration
in m/s2, D is the internal diameter of the tube in m and / is the porosity.

For the first experiment, the magnitude of the Froude number is Fr = 0.0056\\1, which gives a sub-
critical fluid flow i.e., for such conditions the gravity forces dominate over the inertial forces during the
phenomenon, hence the advancing of the condensate front adopts a shape that can be seen in Fig. 3a. We
note that gravity has an important role at Fr values because the shape of the condensate has a small
protuberance at its lower part, which is maintained along the flow of the entire pipe, resulting in a nose flow
(Dudfield and Woods 2012).

In the second experiment, the Froude number Fr = 0.019\ 1, so the shape of the condensate front is
flatter with respect to the first case, as shown in Fig. 3b, resulting also in a sub-critical flow.

For the last experiment, the Froude number was Fr = 0.3\ 1, which once again corresponds to a sub-
critical flow. But in this case, it is shown that the condensate front reaches the piston-like flat flow. The
shape of the condensate front is shown in Fig. 3c.

The corresponding displacement of the condensate front was plotted, as a function of time and is
presented in Fig. 4. Notice that for high pressures the front advances almost nearly, as a function of time,
but for lower pressures the motion of the front deviates.

The last part of this experimental section is devoted to visualize the temperature distribution on the tube
surface during the steam injection with the aid of the infrared camera. It is comment worthy that the
effective thermal conductivity is enhanced by two new factors, the increasing internal pressure (Yun and

Table 1 General parameters used in the experiments

Experiment Injection pressure (kPa) Flow rate (m3/s) Froude number (Fr)

1 24.5 Q = 0.0000278 Fr = 0.0056
2 49.1 Q = 0.0000516 Fr = 0.019
3 98.0 Q = 0.0001030 Fr = 0.3
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Santamarina 2008) and the condensate. A representative thermography sequence is shown in Fig. 5 to
visualize the temperature behavior. This sequence corresponds to the case of an initial injection pressure
Pi = 24.5 kPa. The surface temperature measured by the IR Camera is approximately the actual temper-
ature in the porous medium, close to the wall, but with a delay due to the wall thickness of the glass tube,
which imposes a diffusive process of heat transfer from the inner tube wall to the outer wall, and therefore,
there is a diffusion time that is defined as follows td ¼ d2=a where d ¼ 0.006 m is the side wall thickness of
the glass wall and a ¼ 6.6 � 10�7 m2/s is the thermal diffusivity of the glass, in this way the delay time is
approximately of td = 54.54 s.

The maximum speed reached on the other by the condensate water front by comparing only experiments
1 and 2 was 0.1 m/s. On the other hand in experiment 2, the minimum velocity of the condensate front
presents values of less than 0.04 m/s. A comparative plot of the velocity of the fronts (obtained from the
data of Fig. 3) at an initial pressure Pi of 24.5 and 49.0 kPa respectively, is shown in Fig. 6.

Fig. 3 Snapshots showing the condensation front at three different injection pressures. In A at Pi = 24.5 kpa, in B at Pi =
49.1 kPa and in C at Pi = 98.0 kPa

Fig. 4 Plots of the displacement of the steam front as a function of time, for the three different values of the initial injection
pressure (Pi)
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In the estimation of velocities, these could be theoretically estimated accurately by means of Darcy’s
equation, introduced by Nield and Bejan (2013). As it can be seen in Eq. (2).

v ¼ � k

l
DP
L

: ð2Þ

This last equation can be expressed as:

x ¼ � k

l
DP t

L
: ð3Þ

Fig. 5 Infrared snapshots of the condensate flow at an injection pressure (Pi = 24.5 kPa). The inset placed at the top of each
snapshot shows the respective visual images of the condensate fronts at the same time
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The linear behavior of x vs. t in Eq. 3 was expected, but as it can be clearly seen in Fig. 6 the speed of the
condensate front is not constant. Notice that perhaps Capillary effects plays an important role due to the
presence of the condensate front, or the changes in the viscosity of the steam when it interchanges heat with
the host medium resulting in a nonlinear movement of the condensate front due to the viscosity l is a
function of the temperature.

4 Steam injection into a porous circular vertical cell

In this series of experiments, we injected saturated steam at different pressures into a radial configuration,
vertically oriented, to observe the behavior of the condensate front. We found that for this case the
condensate front grows radially from the injection port until the boundaries of the cell are reached.

The asymmetric location of the injection hole mimics, for instance, the pipes array used in tertiary oil
recovery method known as steam assisted gravity drainage (SAGD). In such process, the steam injection
piping crosses horizontally the reservoir and produces radial steam within it (Butler 1991). In this particular
array, gravity plays an important role, specially if the oil viscosity is low and the porous medium has a high
permeability (Shreve et al. 1956). The scheme of the experiment is shown in Fig. 7. In this case, the
diffusion time across the sidewalls was td = 244.37 s because the thickness of sidewalls is d = 0.0127 m.
For these series of experiments the temperature and pressure of the steam were kept constant.

The Froude number Fr was introduced in Sect. 3.2 and we slightly modified it for the circular porous cell
array, this time by replacing D with the diameter of the porous vertical circular cell.

To observe the shape of the condensate front inside the radial porous cell, experiments with three
different injection pressures, Pi = 49.1, 245.1 and 14.7 kPa, were carried out. The main parameters of this
set of experiments are shown in Table 2.

In the first experiment, steam was injected into the porous radial matrix at an initial pressure of
Pi = 49.1 kPa. We found that the saturated matrix reached a maximum temperature of T = 357.45 K, which
was measured with the Infrared camera. The condensate was displaced radially due to the magnitude of the
injection pressure into the homogeneous matrix, a sequence of the radial advance or the condensate front can
be seen in Fig. 8.

Plots, obtained from experiments of steam injection into the porous cell of silica sand, are given in Fig. 9.
Steam was injected at an initial pressure of Pi = 49.1 kPa. In Fig. 9a we show the radial displacements of
condensed water in the cell. Meanwhile in Fig. 9b we can observe the temperature evolution at different
instants of time.

In the sequence of thermal images of Fig. 10, a radial temperature distribution can be observed. In
addition, this temperature field evolves with time, the first image shows the radial system instants after the
steam injection begins, as the steam injection continues, we observe in subsequent images a change in the

Fig. 6 Plot of velocity of the condensate front as a function of time at two different initial injection pressures of Pi = 24.5 kPa
and Pi = 49.0 kPa
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color from deep blue (that represents room temperature) to yellow, which represents the highest tempera-
ture, the steam motion allows the heating of the porous matrix so a circular shape can be observed.

The fifth experiment shows the displacement of the condensate front at an initial steam pressure
Pi = 245.1 kPa. The radial cell has attained an injection temperature during the steam injection of
Ti = 411.68 K. Under such conditions, condensates are displaced radially due to the injection pressure
within a homogeneous matrix, making a radial condensate profile that could only be seen with the reflex
camera, since the time for the condensate front to reach the boundary is much faster than the diffusion time,
as it can be observed in Fig. 11. It could not be recorded by the IFT camera.

For the last series of experiments, we compare qualitatively results that were obtained through a
commercial simulator SMG STARS, see Yang and Gates (2009) and the experiments which were carried out
by ourselves. In our experiment, steam was injected at Pi = 14.7 kPa. We found that gravity forces had to be
taken into account. We could also see the effects of steam injection into the porous media near the point of
injection. The comparison can be observed in Fig. 12.

5 Conclusions

In this work, thermographic and digital visualization techniques were used to show the evolution of the
condensates fronts developed in two different kinds of configurations. Digital visualization allowed us to
follow and visualize the resulting condensate fronts and estimate its speed. Meanwhile, the thermographic
visualization technique permitted us to track the resulting thermal gradients due to the heat exchange
between the porous medium and the steam.

In Sect. 3, the experiments of steam injection in cylindrical tubes exhibited different behaviors when the
injection pressure was varied, in which the resulting advance of condensate fronts within the non-consol-
idate matrix showed different patterns that goes from noses to a fully developed flow within a porous
medium (piston-like).

For the second series of experiments reported in Sect. 4, the geometry consisted of a radial porous cell.
The shape adopted by the condensed steam depended strongly upon the injection pressure as a consequence
of the area increase. For this specific case, the movement of steam or the condensates were mainly radial,
depending on the pressure of the steam injection. Low pressures only allowed the steam to move radially.
On the other hand, at high pressures, the condensates front moved radially and in front of the steam.

Table 2 General parameters used in the experiments

Experiment Injection pressure (kPa) Flow rate (m3/s) Froude number (Fr)

4 49.1 Q = 9.980 E�7 Fr = 0.0016
5 245.1 Q = 1.022 E�5 Fr = 0.1036
6 14.7 Q = 2.114 E�7 Fr = 4.42� 10�5

Fig. 7 Experimental array of the steam injection into the radial porous cell
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Since our purpose is to scale the laboratory results to an actual size oil field, some properties of the steam
injection process will be discussed based on laboratory scale results and existing theoretical models. For the
cylindrical tube that resembles the vertical injection of a fluid in a Geothermal reservoir, the gravity has
influence on the motion of the condensates since it changes the shape of the front of condensate, as it was
shown in Sect. 3.2. The shape of the condensate front was strongly influenced by the magnitude of the
Froude Fr number. For the porous radial cell, that mimics the configuration of a real steam injection in a
steam assisted gravity drainage (SAGD) process, gravity acts in a different manner. The magnitude of the

Fig. 8 Snapshots of the advance of the condensate front (darker zones) and steam front for (clear zones behind the darker
ones) different injection pressures of a Pi = 14.7 KPa (left-hand-column), b Pi = 49.1 KPa (middle-column) and c
Pi = 245.1 KPa (right-hand-column)
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Fig. 9 Plots of the condensate front obtained for an injection pressure Pi = 49.1 kPa. a Plot of the displacement of the
condensate front as a function of time. b Plot of the temperature profile as a function of time

Fig. 10 Sequence of the IR pictures that show the evolution of the temperature distribution at an initial injection pressure of
Pi = 49.1 kPa.
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pressure, and the value of the Froude Fr number will tell us whether only one fluid moves radially, i.e.,, at
low injection pressures the steam moves radially but the condensates only reach the bottom of the cell. At
high pressures, both the steam and the condensates move radially, but the condensates advance at the front.

This study could be important for Geothermal and Petroleum applications, because it shows the behavior
of steam in non-homogeneous porous medium with two critical arrangements. As we can see, the movement
of the fluids into the reservoir can be taken from laboratory to operation scale and be optimized by
estimating the value of the Froude Fr number.
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