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Abstract. The present work studies the effects of the orientation of gas injection nozzles on the global and local properties
of vertical liquid crossflows. Experiments are carried out to investigate the effects of gas injection in counter-current
(negative angle), orthogonal and co-current (positive angle) flow geometries. Different liquid (4) and gas (4) flow rates
are combined to generate flow patterns with distinct physical effects. The flow properties are characterized through
Particle Image Velocimetry and Shadow Sizing. Special hold up valves are used to estimate the gravitational component
of pressure drop. This term is compared with the pressure gradient due to three additional effects: wall frictional, energy
dissipation due to bubble agitation and acceleration.
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1. INTRODUCTION

The injection of mass into a pipe through a perforation on the wall finds its way in many industrial applications. Of
course, the problem parameters of interest are many: (i) the shape of the perforation is of major influence on the flow
properties; so are (ii) the rate between the injection velocity and the cross flow velocity, (iii) the physical and chemical
properties of the injected fluid, (iv) the inclination of the pipe through which fluid is injected.

Here, we study the effects of gas injection in liquid flows in vertical pipes at different angles of incidence. Different
liquid (main flow) and gas injection rates are combined to result in distinct flow configurations. The purpose is to ana-
lyze the effects of gas injection on the total pressure drop, comparing the beneficial effects of pressure decrease due to
gravitational effects with the detrimental effects of friction and acceleration increase.

1.1 Motivation

The injection of chemical additives into a gas or liquid pipe flow is normally performed through a wall perforation.
This is a known problem, that has been studied for horizontal and vertical pipes. For most applications the key engineering
parameter is the mixing coefficient that is shown to depend strongly on the injection rate F = Vj /Vm, where Vj is the jet
nozzle velocity and Vm is the mean flow velocity. In any case, in most applications the densities of the two fluids –
injected and main flow – are normally close so that the momentum flux is the leading parameter for problem modeling.

When gas is injected into a fluid of much higher density, the situation is completely different since buoyancy effects
become the leading factor. The great decrease in gravitational pressure in a vertical liquid column due to the injection of
gas is the basis for conventional artificial lift methods in oil production. The principle is simple: gas injected at selected
points of the vertical production pipe reduces the weight of the liquid in the column and thus the bottom hole pressure.
The resulting increase in the pressure difference between the reservoir and the bottom hole improves oil production.

Actually, the liquid flow rate observed in a producing well depends on the combined flow resistance in the reservoir
and in the pipe. The flow resistance in the reservoir is modeled with relations based on Darcy’s law. The flow resistance
in the pipe system depends on several factors, with contributions due to gravity, shear stress at the wall, turbulent agitation
and acceleration.

Of course, its desired that the production of oil is maximized, and for that to happen the optimum injection gas rate
needs to be determined. That is to say, the several factors that contribute to the flow resistance in the vertical pipe must
be combined in order to furnish the smallest possible value. Note that an increase in the injection of gas always decreases
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the gravity term, but increases all other three terms, the wall shear stress and energy losses due to turbulent agitation and
acceleration.

1.2 Problem definition

Several authors have reported a strong dependence of the gas-lift technique on a variety of factors. Global factors
include the main features of the reservoir and well: rock porosity, type of gravel pack, length and diameter of the pipes,
flow composition and pattern. Local factors – those related to the way in which the bubbles are generated – can be
classified into continuous or discrete injection.

Continuous injection is obtained with the help of porous surfaces so that uniform small bubbles are generated. Con-
tinuous injectors can be vertical or horizontal, annular, detached or flush with the wall.

Discrete injection is achieved through a single large nozzle inlet. In this geometry, bubbles may be injected in the flow
at different angles, in particular, in the upstream (co-current flow) or downstream (counter-current flow) directions. In
discrete injection, multiple nozzles with different spatial configurations can be used.

The injectors currently used in industry are of the discrete type and normally inject gas through a single nozzle in the
counter-current flow configuration. The present work studies the flow properties resulting from a single nozzle injector
that is arranged at three different angles α = − 45o (counter-current flow), 0o (orthogonal) and 45o (co-current flow).
Different liquid and gas flow rates are tested so that different flow patterns can be investigated. Results illustrate the
effects of gas injection (at different angles) on pressure drop and flow pattern, including data on the continuous phase
velocity field.

The mechanical design of industrial gas mandrels is based on constrains dictated by maintenance requirements. Pro-
cedures and working tools are developed to fit into position and extract the injection unit from its tail. The head contains
the perforations, which may vary in number and size according to the application. Thus, the choice of the injection angle
currently used does not result from fluid mechanics considerations, but from practical purposes. In fact, the study of
the fluid dynamics of the interaction processes between the main flow and the injected gas is deficiently addressed in
literature. Even the basic physics of the problem has been poorly discussed.

1.3 Comments on some previous works

Studies on vertical two-phase flows are abundant in literature. They deal with different aspects of the problem, under
different perspectives. The early work of Serizawa et al. (1975) studied the microstructure in an upward air-water two-
phase bubbly flow in a vertical pipe. Various local parameters and some of the turbulence characteristics of co-current
air-water two-phase bubbly flow in a vertical circular pipe were assessed. The results showed that over a large portion
of the flow cross section, most of the local parameters are uniformly distributed in the radial direction. In addition, the
authors concluded that the uniform distributions of the local parameters were due to the intense turbulent transport of the
transferable quantities. Also, the flow conditions resulted in a maximum of local void fraction near to the wall.

Another early relevant work is the study of Liu and Bankoff (1993). These authors investigated experimentally the
liquid-phase turbulent structure of an air-water, bubbly upward flow. The local velocities and turbulent stresses of the
liquid-phase were measured through laser Doppler velocimetry. The results showed that increasing the gas flow rate at
constant liquid flow rate increases all the turbulent intensities. On the other hand, an increase of the liquid flow at a
constant gas flow rate reduces the liquid phase turbulence in the core region, but increases the turbulence in the wall
region.

The fundamental works were followed fairly recently by few studies focused on gas lift applications. The effects of
gas injection on the fluid mechanical aspects of gas-lift techniques were discussed by Guet and Ooms (2006). This review
paper is based on the PhD thesis of Guet (2004), where four different types of gas injection are studied. The general
conclusions of Guet (2004) are that: (i) the concentration distribution of generated bubbles have a strong influence on the
transition of flow regime, from bubbly to slug, (ii) the reduction of bubble size improves the efficiency of gas injection
since the lower small velocities result in a larger average void fraction.

The work of Saepudin et al. (2007) mentions that excessive gas injection may increase the bottom hole pressure, thus
reducing the oil production rate. The authors argue that high gas rates increase the slip velocity so that less liquid is
dragged up resulting in a higher hydrostatic pressure. Their mechanical energy balance equation includes terms due to
gravity, friction and acceleration effects. The relative velocity between the gas bubbles and the surrounding liquid is the
result of a competition between the gravity and drag forces (Clift et al. (1978)). Indeed, gravity is the dominant force for
large bubbles so that the terminal velocity can be considered to increase with the bubble spherical equivalent diameter.

More applied words by Palke (1996) and Wang and Litvak (2004) have discussed gas-lift optimization for reservoir
simulations. The optimization problem, of course, depends on the multiphase simulation of compositional fluid flow in
the reservoir, the pipeline network and separation equipments. The purpose here is to show that models for the description
of the gas lift injection need much further consideration since the very complex physics may yield unexpected results.
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1.4 The decomposition of the tubing pressure

The pressure gradient in a vertical pipe as a result of gas injection in a liquid flow can be split into four main contribu-
tions:
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where the subscripts stand respectively for gravity, wall friction, turbulent agitation and fluid acceleration.
The gravitational part is given by
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where α is the void fraction and the subscripts g and l indicate the phases, gas or liquid and m a mixture property.
The wall friction term is normally estimated with the help of single-phase correlations of the form
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with Um = mixture velocity.
The contribution of the acceleration term is frequently neglected since ρg << ρl (Guet and Ooms (2006), Saepudin

et al. (2007)). This term is normally shown in literature as
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For non-orthogonal gas injection, the pressure drop is further affected by the additional acceleration term,

[∆P ]a = ρgUgxUg(d/D)2. (5)

where Ug is the gas injection velocity, d is the diameter of the nozzle and Ugx is the horizontal component of the gas
injection velocity (which may be positive or negative depending on the injection angle).

Since ρg and d normally attain small values, the local pressure term shown above is often not considered in the
analyses.

The pressure losses due to turbulent agitation are very difficult to estimate. The complex interaction between the
injected gas and the oncoming liquid leads to bubble break up and coalescence, the formation of wakes and vortical
systems that enhance the turbulent kinetic energy dissipation in the continuous phase. The observed complexity – as we
shall see next – leads to a coupling of the last three terms of Eq. (1) that is difficult to be separated.

In fact, all the terms of Eq. (1) are affected by the direction of gas injection. The gravitational term is always reduced
with the increase in gas injection. In steady state conditions, the manner in which bubbles are generated does not affect
the reduction in hydrostatic pressure. The weight of the column depends only on the gas flow rate. In the initial stages of
development, small bubbles present a high residence time, resulting in a larger average void fraction.

All other three terms increase with the increase in gas flow rate. In particular, provided the gas injection rate is high
enough, the combined losses provoked by the last three terms of Eq. (1) may locally balance the beneficial effect obtained
with a reduction of the gravitational term. For example, in the counter-current gas injection configuration, the residence
time of the gas into the pipe is the highest for a given set of liquid and gas flow rates. This effect reduces the gravitational
pressure head but increases the losses due to friction, turbulent and acceleration effects; the resulting competition between
the different effects determines then pressure difference across the neighbourhood of the injector.

2. EXPERIMENTAL SET UP

2.1 Experimental Facility and Procedure

The experiments were performed in a Plexiglass vertical pipe, 10 m in length and with a 44 mm inner diameter. A
schematic diagram of the experimental apparatus is shown in Figure 1. The pipe is part of a closed circuit that begins
with a 4000 liter storage water tank. A progressive cavity pump moves the water from the storage tank to the test section.
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The gas fluid is provided by a compressor with a dryer to remove humidity. The liquid and gas flow rates are controlled
by an electromagnetic flow meter and a calibrated rotameter. The differential pressure was measured with a differential
transducer. At the top of the circuit, a gravitational separator diverts the collected water to the storage tank and releases
the air to the atmosphere.

Figure 1. Schematic diagram of the experimental set up.

The test section is located at a height of 2.9 m from the ground floor. The measurements resorted to two optical
techniques: Shadow Sizing (SS) and Particle Image Velocimetry (PIV). For the PIV and SS measurements a transparent
box filled with water is used to eliminate optical distortions. In the interior of the box and flush to the wall, a nozzle
with 2 mm internal diameter is installed for the gas injection. The nozzle can be placed in three different configurations
at directions + 45o (co-current), − 45o (counter-current) and 0o (orthogonal) relative to the main flow. Four fast-closing
valves were used to estimate the gas holdup. Once the gas supply valve (V4) is closed, valves at the two ends (V1 and V3)
of the test section are simultaneously closed. A forth valve (V2) opens the by-pass section to ensure a constant liquid flow
through the system. The position of the valves, pressure taps and gas injection point are shown in Fig. 1.

To characterize the pressure changes with different liquid and gas flow rates at different injection angles, seven pressure
taps were distributed below and above the gas injection point. Measurements were initiated once all valves in the main
circuit were open and the water pump and air injection system furnished a steady flow.

Liquid flow rate (m3h−1) 2 3 4 5
Gas flow rate (m3h−1) 0.54 ± 0.02 1.38 ± 0.03 2.15 ± 0.07 2.26 ± 0.08

Table 1. Experimental flow rates.
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2.2 Particle Image Velocimetry

PIV is a technique specially developed to measure instantaneous velocity fields by recording images of suspended
particles in flows at successive instants of time. Fluid velocity information in an interrogation region is obtained from
clusters of tracer particles. The technique is based on particles that act as fluid tracers that are seeded into a flow. A pulsed
light source is used to generate a thin light plane that illuminates a cross-section of the seeded flow field and reveals the
images of the individual particles. Perpendicular to the light sheet is set a camera to acquire global and sequential images
of the flow. The laser pulsing is synchronized with the camera’s frame rate timing sequence, such that each image is
singly exposed. The technique requires a data acquisition system to record the sequential images captured by the camera.
Particle displacements are assessed from the acquired images using a cross-correlation algorithm. The results obtained in
pixels are converted to the physical spatial domain through a calibration procedure.

2.3 Shadow Sizing Technique

This technique is based on the capture of high-resolution images with pulsed background illumination. The objects to
be identified – in the present application bubbles – must be placed between a diffusive light source and a digital camera.
The acquired images are processed with an advanced algorithm to detect of the contours of the bubble and to extract the
desired information on identified objects. The high-resolution acquired images can be used to extract information on the
shape, position and velocities of particles.

In the present work, the software used for image processing was the Dantec DynamicTM . The computational program
was configured to acquire sets of 6500 images at a frequency of 2800 Hz for each one of the 48 operational conditions.

3. RESULTS AND DISCUSSIONS

This section starts with comments on the global behavior of the flow, in particular, on the distribution of pressure. The
pressure differences are measured in the test section, defined as the pipe portion limited by the two hold up valves, V1 and
V3. The pressure taps were installed flush to the pipe at the top of valve V1 and bottom of valve V3. The distance between
the two valves was 2 m. The arrangement described above resulted in a distance of 1.685 m between the pressure taps
(Fig. 1).

3.1 Pressure results

The gravitational pressure component (∆Pg) was directly measured through the holdup system. A series of corrections
were applied to the directly measured gas and liquid hold ups to account for the mismatch between the total length where
the mixture was imprisoned by the valves and where the pressure measurements were taken (Fig. 1).

Figures 2 and 3 show the behavior of ∆Pg for different liquid (Ql) and gas (Qg) flow rates for the three injection
angles (α). One evident result is that as Qg increases for a given Ql the value of ∆Pg decreases. One second evident
result is that as α increases from the negative angle (−45o) to the positive angle (45o), the pressure difference increases.
This trend is particularly notable for the very high injection rates, over 2 m3h−1. For the lower injection rates (below 1.3
m3h−1) a reduction in ∆Pg is also noticed but is much less pronounced.
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Figure 2. Gravitational pressure drop for Ql = 2 m3h−1 and 3 m3h−1.

To estimate the frictional pressure drop, Eq. (3) was used. Typical results are shown in Figures 4.
The pressure differences due to the turbulent and acceleration effects combined are shown in Figs. 5 and 6. For the

highest values of Qg (= 2.26 m3h−1), the pressure losses are visible; the upstream injection provokes an appreciable
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Figure 3. Gravitational pressure drop for Ql = 4 m3h−1 and 5 m3h−1.
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Figure 4. Friction pressure drop for 2 m3h−1 and 3 m3h−1 liquid flow rates.

increase in pressure loss for all liquid flow rates but the highest, Ql = 5 m3h−1. Although, even for Ql = 5 m3h−1 the
agitation effects are clearly noticed.

For Qg = 2.15 m3h−1, the turbulent and accelerations effects are still noticed for Ql up to 4 m3h−1. The two low
injections of Qg (1.38 and 0.54 m3h−1) the changes in pressure for liquid flow rates over 3 m3h−1 are almost unnoticed.
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Figure 5. Turbulent and acceleration pressure drop for 2 m3h−1 and 3 m3h−1 liquid flow rates.

The combined effects of all pressure drop terms is shown in Figs. 7 and 8. The apparent implication is that the
beneficial (gravity) and detrimental effects (friction, turbulent agitation and acceleration) tend to cancel each other out
yielding equivalent results. In fact, for the highest gas injection rate, it is clear that the upstream injection furnishes the
highest pressure losses. However, the differences are small. Over the whole range of tested conditions, the injection in all
three directions gave almost equivalent results.
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Figure 6. Turbulent and acceleration pressure drop for 4 m3h−1 and 5 m3h−1 liquid flow rates.
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Figure 7. Total pressure difference for 2 m3h−1 and 3 m3h−1 liquid flow rates.
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Figure 8. Total pressure difference for 4 m3h−1 and 5 m3h−1 liquid flow rate.

3.2 Liquid phase velocity and bubble size distribution

We have shown above that the pressure losses are approximately equivalent for all three different types of injection
angle for the conditions studied in the present work. The purpose of this section is to discuss the influence of the injection
angle on the properties of the continuous and separated phases.

The general flow patterns for all three different angle configurations for Ql = 3 m3h−1 and Qg
∼= 0.54, 1.38 and 2.26

m3h−1 are illustrated in Fig. 9. For the lowest gas fractions (Qg = 0.54 m3h−1), the flow interaction tends to originate
relatively large bubbles for all three angles of incidence. In particular, it has been observed the the counter-current flow
geometry produces the largest bubbles. For the intermediate Qg , large bubbles are dominantly observed for the inclined
angles −45o and 45o. The direct impingement of the gas jet onto the opposite wall appears to induce bubble break up.
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This process also appears to be further enhanced by the instabilities of jet flow near to the nozzle resulting from the
interaction with the cross-flow. For the highest Qg , the gas is observed to penetrate deep into the upstream flow for α =
−45o (about one pipe diameter), before the momentum of the oncoming flow pushes it upward. For Qg = 2.26 m3h−1,
the jet is always observed to hit the opposite wall, for all different angles.

Figure 9 illustrates well the flow complexities. Depending on the injection angle, for some conditions of Ql and Qg , it
was observed that just the jet in the orthogonal configuration hit the opposite wall. In that case, the highest total pressure
loss was observed for the orthogonal geometry.

Figure 9. Different flow patterns for the three injection angles, Ql = 3 m3h−1 and Qg
∼= 0.54, 1.38 and 2.26 m3h−1. The

injection angles are −45o, 0o and 45o from left to right.

The above discussion receives additional evidence from Fig. 10. The flow patterns on the left are the average of 4.000
instantaneous images. The grayscale distribution, of course, represent the void fraction in the flow. The darker the region,
the higher is the presence of the gas phase. The very low liquid flow rate (Ql = 2 m3h−1) and very high gas flow rate
(Qg = 2.26 m3h−1) imply that for all three injection angles, the bubbles hit the opposite wall. The mean velocity profiles
indicate that the degree of turbulent agitation is very high for the counter-current flow injection configuration, and that this
agitation decreases progressively as the injection angle changes to 0 and 45o, respectively. Thus the pressure losses due
to turbulent kinetic energy dissipation are highest for − 45o. On the other hand, it is also very clear that the gravitational
pressure gradient must be the lowest for the negative angle. In fact, the large gas penetration upstream the flow reduces
∆Pg to the lowest value (Fig. 2). The consequence is that the combined effects of the decrease in the gravitational
pressure term and the increase in the turbulent pressure term result in a total pressure loss that is nearly the same for all
three flow configurations (Fig. 7).

Figure 10. Flow patterns. Left: illustration of the void fraction. Right: mean velocity of the continuous phase. Ql = 2
m3h−1, Qg = 2.26 m3h−1.

Of course, for higher values of Qg , the bubbles tend to impact on the opposite wall and move upwards close to it.
Under this circumstance, the bubbles do not move immediately to the central part of the pipe where coalescence should
be easier to occur due to the formation of low pressure wakes. In fact, the lack of symmetry was observed to extend over
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a large distance downstream.
Figures 11, 12 and 13 show the mean liquid velocity profiles for all three injection angles and Ql = 2 m3h−1 and Qg

= 1.38 m3h−1. The profiles are shown at stations 14 mm upstream the injection point, 28 and 70 mm downstream the
injection point. The coordinate system rests on the injection wall, thus zero corresponds to the wall where the injection
occurs and 55 mm corresponds to the opposite wall.

The mean liquid phase velocity profiles are shown in Fig. 11. In the central region of the pipe, the velocity profiles
are nearly symmetrical. In the near wall regions (near and far from the injection point), however, the lack of symmetry is
evident for all three angles. For α = − 45o, the flow experiences an acceleration near the injection point and a deceleration
on the opposite side. The deceleration results from the losses due to the acceleration of the bubbles in the downstream
direction. For α = 45o, the flow on the near side suffers the blockage effects of the jet, with a reduction in the mean
velocity.

Figure 11. Mean liquid velocity profiles at position 14 mm upstream of the injection point. Ql = 2 m3h−1 and Qg = 1.38
m3h−1. (◦), α = 45o (co-current); (N), α = 0o (orthogonal); (×), α = −45o (counter-current).

At position 28 mm (Fig. 12), the flow configuration for α = 45o, indicates a peak in the mean liquid velocity at 22 mm.
This is evidently provoked by the motion of the large bubbles. The other two flow configurations yield similar profiles.
The peaks of maximum velocity for both cases nearly coincide at 42 mm.

At position 70 mm, the picture changes significantly. The peak of maximum velocity in the co-current flow configu-
ration moves to position 30 mm with a smooth distribution. Clearly, the large bubbles present at position 28 mm break
into smaller bubbles that are flush to the right. The mean velocity profiles for the angles α = 0o and −45o present very
distinct shapes, with different peaks of velocity. The higher velocities for the angle of −45o indicate that larger bubbles
result from the jet interaction with the cross flow. The orthogonal injection provokes the appearance of smaller bubbles
that rise at with a lower terminal velocity. The near wall peak of maximum velocity is also indication that smaller bubbles
are produced, as, indeed, discussed in the previous section.

4. FINAL REMARKS

The present work discussed the properties of inclined gas injection onto a vertical liquid column. Three angles were
examined at different gas and liquid flow rates.

The work shows that counter-current flow configurations produce a lower pressure gradient (lighter liquid column),
but largely increases the turbulent energy dissipation. In particular, for the tested flow rates, the two effects tended to
cancel out each other resulting in about the same pressure gradient for all three configurations.

In respect to the diameter distribution of the bubbles, the orthogonal configuration was observed to result in the smallest
bubble sizes.
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Figure 12. Mean liquid velocity profiles at position 28 mm downstream of the injection point.Ql = 2 m3h−1 and Qg =
1.38 m3h−1. (◦), α = 45o (co-current); (N), α = 0o (orthogonal); (×), α = −45o (counter-current).

Figure 13. Mean liquid velocity profiles at position 70 mm downstream of the injection point. Ql = 2 m3h−1 and Qg =
1.38 m3h−1. (◦), α = 45o (co-current); (N), α = 0o (orthogonal); (×), α = −45o (counter-current).
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