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Abstract
This paper represents a review of the recent researches that investigate the
behavior of the gas turbulent flow laden with solid particles. The significant
parameters that influence the interactions between the both phases, such as
particle size, loading ratio and the gas velocity, have been extensively reviewed. Those parameters are presented in dimensionless numbers in which
the applicability of studying its effect in terms of all circumstances of the gas
turbulent channel flow at different condition is possible. The represented results show that the turbulence degree is proportional to the particle size. It was
found that at the most flow conditions even at low mass ratio, the particle
shape, density and size significantly alter the turbulence characteristics. However, the results demonstrate that the particle Reynolds number is a vital sign:
the turbulence field becomes weaker if particle Reynolds number is lower than
the critical limit and vies verse. The gas velocity has a strong effect on the particles settling along the channel flow and as a result, the pressure drop will be
affected.
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1. Introduction
The multiphase flow associated with turbulence is involved into many industrial
applications, such as pneumatic conveying [1] and transportation of the pulverized fuel particles in a pipeline [2] [3]. The interactions between the turbulent
flow and the chaotically moving particles generate a flow of complex pattern [4]
[5]. These interactions are not completely clear. The mutual interactions beDOI: 10.4236/epe.2016.812032
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tween the phases in gas-solid are influential as they affect the performance of the
industrial applications that involve multiphase flow. Many researchers have investigated these interactions experimentally [6] by mean of CFD codes [7] [8].
Generally multiphase flow is classified into two categories: first is the dispersed
multiphase flow in which the main phase carries the dispersed phase that is distributed among the carrier phase [9], such as particles suspended in the air
stream. The second is the separated flow where the phases are separated but in
contact at a thin line without any mixing process during the flow, such as the
annular flow in which a gaseous core flow is separated from the pipe wall by a
liquid layer [10]. Multiphase modelling for fluid/particles interaction might be
classified according to the degree of the phase coupling [11]. If one of the phases
has an effect on the other phase but not vice versa, this flow is called one-way
coupling [10]. In the two-way coupling, both of the two phases exchange the effects with each other [12]. In the four-way coupling, the effect of particles collisions is incorporated [13] [14]. The particles motion might be classified according to the mechanisms which govern the particles motion. In the first category
which is the dilute phase in, the particles are suspended and their motion is governed by the fluid dynamics forces [10] [15]. The second category is the dense
phase and the collision between the particles is the dominant factor [16].
The response of the particle motion to the carrier phase motion disturbance is
expressed by different dimensionless parameters. The first dimensionless relation is defined as the ratio between the response time of the particle momentum
change and the time apart from the particles collisions [10]. For the dilute phase,
this ratio is less than unity and means that there is a sufficient time available for
the particles to respond to the carrier phase dynamic forces. The second effective
dimensionless number which is known as the particle Reynolds number Rep, is
defined as representing in Equation (1):

Rep = (uf − u p ) dp υ

(1)

in which, this number represents the ratio of fluid inertia to fluid viscosity near
the particle’s surface [4]. Where uf and up indicate to the fluid and the particle
velocity, respectively. The higher particle Reynolds number is, the higher turbulent intensity will be [17]. The degree of phase coupling is proportional to the
particle Reynolds number. Increasing the particles Reynolds number develops
the wakes behind the particles and causes that the carrier phase turbulence will
be affected [10].
Similar behavior is observed as the mass loading ratio increases and the particles concentration along the pipe cross section will be increased [10] [11]. The
flow patterns are affected by solid loading ratio and air mass flow rate as illustrated in Figure 1. The solid loading ratio is the ratio of dispersed phase mass
flux to that of the continuous phase. As can be seen from Figure 1, the curves A,
B, and C represent the zero, intermediate and highest mass loading ratio, respectively. During the reduction of the air mass flow rate at a fixed loading, the phase
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Figure 1. Flow modes diagram [15].

experiences three stages [15]. First, in the dilute phase, a reduction in the pressure is observed due to the settling of the particles in the lower half of the pipe
line [18]. The settling is a consequence of the dominant gravity effect and particles inertia that is leading to the particles separation [19]. The pressure reduction
continues until it reaches a minimum pressure point which is corresponding to
saltation velocity of the carrier phase. The saltation velocity is the point where
the drag and lift forces are unable to keep the particles suspended [10] [20].
Second, the settled particles are transported in layers. Then the transition from
the dilute phase to unsteady slug phase takes place [21]. In this stage, the settled
particles increase and form a stationary layer (plugs) that is transported along
the lower section of the pipeline and produce a high-pressure gradient [18]. The
final stage is the steady dense phase where the particles move in a gentle and
quiet pattern. Operating at higher loading ratio generates a substantial increasing in pressure drop as a result of the additional resistance which is offered by
the high concentrated particles [22]. The additional pressure drop leads to raising the base speed required to transport to particles. The dilute loading where
the carrier phase flow controls the particles motion and the inter-particles interaction can be ignored [19] as well as the particles-wall interaction [12]. At the
same time, the particles strongly affect the carrier phase flow even with low solid
volume fraction [12]. The momentum exchange between the two phases takes
place [11]. Therefore, in many cases, it might be appropriate to regard the dilute
phase as two-way coupled flow. The mutual interaction associated with the particles and the carrier phases represents the cornerstone in predicting the performance of the multiphase industrial applications.
The aim of the present work is regarding the dilute phase turbulent flow. The
dominant mechanisms which govern the particles dispersion such as, gravita369
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tional settling, drag force and the lift force, will be reviewed. Then the turbulence
modulation mechanisms such as kinetic energy exchange, the dissipation rate
and the secondary motion induced by the particles, will be reviewed. The
two-way coupling flow, in which the turbulence affects the particles motion and
vice versa, many parameters such as, particle size, particle shape and mass loading ratio, will influence the particles and the carrier phase interaction. In the
context of seeking, to identify the interactions between phases and the dominant
parameters, some dimensionless numbers will be illustrated. In the present
work, the important results will be presented and divided into two main sections. First one is concerned with the particles dispersion and the second section
will describe the turbulent modulation. We believe that, the physical reasoning
of the results is essential to achieve a development in the modelling and further
analysis for multiphase flow applications.

2. Particles Dispersion
The effect of the flow turbulence on the particles motion is called turbulent dispersion. The degree of mixing between the phases, the particles behavior and the
cross-sectional distribution are strongly related to the particles dispersion effect
[10]. The particles dispersion significantly affected by the particles-gas time ratio
which represented by the Stokes number [10] [11]. Stokes number is an indication of the response degree of the particle to the motion alterations produced by
the carrier phase turbulence [4]. The dimensionless stokes number can be defined by Equation (2).

St = τp τg

(2)

where τp is known as the required time for the particle to accelerate from rest to
63% of the carrier flow velocity [4] and τg is the carrier phase characteristic time
scale. When St  1 , the response time of the particles is less than carrier phase
time scale, by another word the particle has enough time to respond to the velocity of the carrier phase, as a result the particles just follow the carrier phase
velocity field [10]. This phenomenon is known as the characteristic of dilute
mode [15], which associated with sufficient particles momentum to avoid the
settlement [16]. If St  1 , the particle does not have enough time to respond to
the carrier phase velocity change [10]. However, the particle will experience a
late response to the velocity changes due to the higher inertial effect of the particle [23]. As a result, the particle tends to separate from the flow [4]. In this case,
the particles are subjected to inter-particles collision even at low volume fractions [11]. When St ≈ 1, the particles inertia is a vital parameter as well as the
particles-turbulent interactions [6].
Whatever, during the transportation of the particles by mean of turbulence or
drag force, the particles exhibit changes, such as, settlement and re-suspension,
along with the flow that might be clearly predicted using cross-sectional distribution [15]. The settling effects interfere with the transportation of the particles
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and they will be presented separately in order to illustrate incomprehensible
manner the effective parameters.

2.1. Transport of the Particles
The particles behavior during the transportation of the glass beads with a diameter less than 110 µm through a long glass horizontal pipe with the inner diameter of 75 mm has been presented. The air velocity was 12 m/s with the solid
loading of 1.6% [23]. The obtained results show that the air axial velocity profile
was annular with the maximum air velocity of 12.5 m/s at the pipe center which
is constant at various sections along the pipe. The obtained results illustrated in
Figure 2 and show that the particles axial velocity exhibit an annular behavior
with maximum speed that increases from 13.5 m/s at x = 300 mm to 15 m/s at x
= 200 mm. A probable reason is that the large particles have been settled by
gravitational settling effect, but the smaller particles still suspended within the
fastest region. Since the smaller particles with lower inertial effect, however, they
still seek to accelerate along the flow. As appeared in Figure 2, the settled large
particles in the base of the pipe don’t show a speed variety along the x direction.
This is because of that, the large particles less sensitive the aerodynamic effects
of the carrier flow and their motion dominantly driven by the collisions between
them and collisions with the walls.
Another experiment was done by three glass beads with the diameter of 0 - 50
µm, 0 - 110 µm and 180 - 300 µm at the section of x = 300 mm along the pipe
flow [23]. The first diameter range shows an ability to follow the carrier phase
with an axial velocity at the pipe center that is similar to the carrier phase
maximum velocity. Increasing the particles size raises the difference between the
particles axial velocity and the air velocity. The third diameter range in which is
associated with large St Number, the particles retain their initial velocity. As a
consequence, the maximum velocity of the particles at the pipe center is higher
than the local air velocity. Exhibit a greater velocity difference in between the
particles and the carrier phase than the other two types.

Figure 2. Contours of the axial particle velocity at sections x = 300 mm (left), x = 250 mm (middle) and x = 200 mm (right), x is
decreasing in the stream wise direction [23].
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In a simulation process of horizontal flow in a pipe with the inner diameter of
30.5 mm [13], the results were observed at a section corresponding to a fully developed pattern. The dispersed phase was plastic pellets with the density of 1020
kg/m3 and two different diameters of 200 µm and 50 µm. With the gas velocity of
10 m/s and mass loading ratio that is ηo = 2.2%. The particles are injected with
the mean velocity that is the same as the gas mean velocity. The following has
been observed, the maximum mean axial velocity of the large particles is located
at the pipe center. This is a consequence of the homogeneous distribution of the
particles across the pipe cross section. In contrast, for smaller particles, the beak
of the mean axial velocity of both phases is displaced little above the pipe center.
The explanation is that the particles-wall collision frequency at the upper surface
of the pipe is smaller than that at the pipe lower surface. This is a result of the
high particles concentration near the bottom surface of the pipe.
The drag force has been studied experimentally with pulverized coal particles
with the diameter of 125 - 150 µm [24]. A horizontal dilute flow along a pipe
with 16 mm inner diameter and the results were observed at a section that is far
from the pipe entrance by 4.3 m. The results show the difference between particles velocities across the pipe cross section. The particles that occupy the upper
half of the pipe are faster than that occupy the lower half at a given superficial
gas velocity and a solid feeding rate. The velocity difference, between the upper
half and lower half particles, decreases with increasing the gas velocity. The differences become almost constant when the gas velocity is being greater than 11
m/s, due to the uniformity of the particles distribution associated with increasing
the gas velocity. For constant gas velocity, as the solid feeding rate increases, the
velocity differences increase. As the carrier phase would not be able to
re-suspend most of the particles that are settled by the gravity action.
The flow along a horizontal rectangular cross section channel at Reynolds
number of 6826 corresponding to the gas velocity of 6.603 m/s has been examined experimentally [25]. The cross section dimensions are 3 cm (height) × 30
cm (width) and 600 mm (length). The flow is laden by two groups of polythene
beads. The first group is characterized by a diameter of 60 µm with particle
Reynolds number of 1.5. The second group has characterized a diameter of 110
µm with particle Reynolds number of 5.5. The particle density around 1030
kg/m3 with mass loading ratio varied from 0.05% to 4%. Therefore, the distance
between particles is large enough to weaken the inter-particles collision effect.
The low level of particles Reynolds number makes the effect of the vortex shading on turbulence is insignificant. As shown in Figure 3, the lag between the
carrier phase and the particles is maximum in the core region of the flow and
decreases near to the wall. The particles axial velocity decreases with increasing
the mass loading. The axial particles fluctuations are always greater than the carrier phase axial fluctuations. The high gradient of the axial particles fluctuations
in the vicinity of the wall is considerable. Might be explained as, particles-wall
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Figure 3. Particles mean axial velocity (left figure) and particles axial fluctuation velocity
(right figure), particles diameter = 110 µm [25].

collisions, which are lead to the radial motion of the particles, alter the axial particles fluctuations. For the larger particles, the variation is disordered, as the
mass loading increases the fluctuations decrease and then increase at the highest
mass loading. However, for small particles, the fluctuations are almost unchanged as the mass loading is varied.
The radial particles fluctuations level directly proportional to the solid mass
loading and the particles size [25]. Confirm that, the small particles tend to keep
track of the carrier phase motion under the turbulence effect. In contrast to the
large particles, those are in which the inertial effect prevails the particles motion.
As the particles are transported horizontally they experience a gravitational
force, as a result, they tend to settle. After the collision with the bottom surface
the large particles, which contain enough inertial momentum, will return bake to
the main flow again. The large particles fluctuations are stronger than those of
the carrier phase. While the smaller particles, those contain small momentum,
will not travel in the transverse direction and retained near the walls. As a result,
the transversal particles fluctuations are weaker than those of the carrier phase.
The particles shape effect is examined at lower mass loading ratios using the
horizontal jet that is laden with rod-shaped nylon fibers with dimensions that
are the length of 320 µm and diameter of 24 µm [6]. The dispersed phase density
is 1.13 - 1.15 g/cm3. The mass loading ratios were 0.002% and 0.006%. At Reynolds number of 9000. The jet extends from a circular pipe with the diameter
(D) 2.2 cm under fully developed turbulent conditions. The axial variation of the
mean velocity states that the average axial velocity of the carrier phase is higher
than the particles. The velocity difference is attenuated as the jet grows toward
the axial direction. The radial variation of the mean velocity as in Figure 4,
states that at x/D = 5 the velocity of the particles approach the carrier phase velocity for the inner region of the jet. This is due to that the particles maintain
their speed for larger axial distance (x) than the carrier fluid. As the jet grows
toward the axial direction the dispersed phase velocity gets closer to the carrier
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Figure 4. Radial variation of the mean axial velocity of the particles two downstream positions, x/D = 1 and x/D = 5; C1 = 0.002%, C2 = 0.006% [6].

phase velocity. The particles exhibit a higher velocity than the carrier phase, this
behavior is confined to the shear layer out of the jet core region and near to the
jet boundaries where the interaction between the jet and ambient has occurred.
A parameter that is called the Particle sphericity (ф) is incorporated in a
simulation study [19]. This parameter reflects how the spherical particle’s surface is similar to the non-spherical particle’s surface of the same volume.
Non-spherical isometric quartz particles of 185 µm diameter are used, with constant air velocity and low mass loading ratio. This modeling regards only the
drag force is the only dominator on the particles motion. And show that, as the
particles sphericity decreases, the drag coefficient increases. As a result, the particles mean velocity resembles the gas velocity. The vertical component of the
particle velocity fluctuations, indicates to the collision frequency and the local
momentum transfer, is proportional to the particle sphericity. When the lift effect is involved in the modeling process, the velocity of the lower half particles is
increased.
Another experimental study was performed. Non-spherical quartz particles of
150 µm mean diameter are injected at high Reynolds number [26]. The flow exhibits a wider range than the corresponding flow of spherical particles of the
same size. The quartz particles exposed to higher drag force than the spherical
particles. As a consequence, the mean and the fluctuating velocity of the quartz
particles are higher and closer to the carrier phase velocity [27].
The volume fraction is defined as the ratio between the space volume occupied by the particles and the volume occupied by particles and carrier phase. The
particles interactions are dominantly affected by the volume fraction. In which
for spherical particles the interaction has been categorized according to the
volume fractions [11]. When the volume fraction is larger than 10E−3, the interparticles interactions have a dominant effect which known as four-way coupling.
And four-way coupling is the consequence.
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The degree of the coupling that is regarded in the modeling process has its influence on the flow configuration and velocity of the particles. A numerical
simulation based on both the two-way and four-way coupling is performed [13].
In the two-way modeling, the particles local mean velocity is higher than the
corresponding in the four-way coupling. This effect results from regarding the
effect of the in-between particles collision.

2.2. The Particles Settling
The gravitational settling influences the particles to cross-sectional concentration. The mean axial velocity of both phases will be influenced by the gravitational settling. In the pre-mentioned investigation [23], the particles number
concentration has been investigated. As a result of the gravity, the particles
number increases in the negative y direction. The settling rate increases in the
streetwise direction from 1400 at x = 300 mm to 1600 at x = 200 mm as can be
shown in Figure 5. The particles injection condition has its effect on the settling.
As the particles are injected from the right side of the pipe (positive z-direction)
and travel across the pipe cross section, they retain some of their initial momenta. Due to the inertial behavior of the particles they are settling in the opposite direction (negative z-axis).
The particles size effect on the settling is shown in Figure 6. Since the larger
size particles inertia is higher, their motion is almost completely under the control of collision effect while the turbulence weakly affects the particles [13]. As a
result, the particles are homogeneously diffused through the cross section. In
contrast, the smaller particles are dominantly influenced by the gas turbulence
and the gravitational settling. As a result, they concentrate in the lower section of
the pipe.
Another result was observed, as the mass loading ratio increases, the particles
concentration near to the bottom surface of the pipe decreases. This effect is a
consequence of the enhancement of the inter-particles collisions rate.

Figure 5. Contours of particle number rate at sections x = 300 mm (left), x = 250 mm (middle) and x = 200 mm (right), x is decreasing in the stream wise direction [23].
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Experimental work was performed to illustrate the air pressure drop along the
flow that is generated by the settling effect [22]. Horizontal flow through a pipe
with a diameter of 117 mm and length of 2.7 m has been used. The flow is laden
by Polystyrene particles of cylindrical shape with 3.2 mm diameter and density
of 1.050 kg/m3. The mass loading ratio is varied from 0.06 to 0.11 kg particles/kg
gas. And the solid mass flow rate varied from 0.085 to 0.17 kg/s. The air velocity
ranges from 5 to 35 m/s. The higher mass loading the higher pressure drop and
higher air speed corresponding to minimum pressure drop as illustrated in Figure 7. This effect is a result of that, the high resistance offered by the high concentration particles that are associated with the higher mass loading. Another
appropriate explanation is, increasing the mass loading leads up to the higher
rate of particles-wall collisions and consequently, the particle momentum got
lost [28]. At a fixed loading ratio, the pressure drop is directly proportional to
the carrier phase velocity due to the frictional effect and flow disturbance. As the
carrier phase, velocity decreases the pressure drop decreases until reaches the
lowest pressure drop. A reflexion point is observed where the pressure drop

Figure 6. Particles mass concentration, with particles diameter of Dp = 200 µm (left figure) and Dp = 50 µm (right figure) and mass loading ratio ηo = 2.2. Four-way coupling
[13].

Figure 7. Air pressure drop variation with the air velocity and the mass loading [22].
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starts to increase again as a result of the particles settling in the vicinity of the
lower surface of the pipe. The particles settlement is a consequence of that, as the
air velocity is reduced its ability to suspend the particles is consequently reduced.
The results of another study show the pressure drop along a horizontal flow of
4 mm particles with air velocity ranges from 15 to 30 m/s and loading ratio
ranges from 0.5 to 2.5 [28]. A similar curve of the pressure drop was observed.
Explained as, the collision of the particles creates a difference between the air
and the particles axial velocity consequently the particles exhibit a higher drag
force. Although the operating conditions extend to low mass loading and high
air velocity, considerable particles concentration in the lower half of the pipe
[22].

3. Turbulent Modulation
The presence of the discrete phase alters the carrier phase turbulence; this effect
is called the turbulent modulation. Such as that the mean velocity of the carrier
phase is affected by the particles hence the turbulence production rate and the
mean strain rate will be changed [10]. As the mean, relative velocity between the
particles and the carrier phases increases, the energy begins to transfer to the
smaller scales velocity fluctuations of the continuum main flow stream. The
turbulence modulation is associated with many mechanisms, such as turbulent
kinetic energy transfer, turbulent dissipation rate (turbulence attenuation by
particles) and the secondary motion induced by the particles. Such mechanisms
are dependent on parameters such as particle size and shape, mass loading and
the carrier phase velocity.

3.1. The Inertia Effect
The classification of the interaction between the phases is examined [11]. As
shown in Figure 8, when the volume fraction (ф) is located between 10E−6 and
10E−3, the consequence is the two-way coupling. Whereas that the turbulence
structure is strongly influenced by the particles due to the momentum exchange
between the particles and the carrier phase. The particles inertial effect might be
appropriately expressed using a dimensionless number that represents the particle response time τp to Kolmogorov time scale τk. For the two-way coupling
range represented by zone A, which is characterized by Rep ≤ 1 and τp/τk ≤ 10,
the particles influence on the turbulence is dependent on τp/τk. For the microparticles that are characterized by τp/τk ≤ 0.1 the turbulent kinetic energy
and the dissipation rate are greater relative to the corresponding in the single
phase flow. The ghost particles where 0.1 ≤ τp/τk ≤ 0.5 the turbulent kinetic energy is still as it is without change but the dissipation rate is greater than the
corresponding in the single phase flow. The critical particles where τp/τk ≈ 1,
the turbulent kinetic energy is reduced but the dissipation rate is still as it is
without change. The large particles with τp/τk ≥ 1 the turbulent kinetic energy
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Figure 8. Classification map of particle-laden turbulent flows [11].

and the dissipation rate are reduced relative to the corresponding in the single
phase flow. For zone B that is characterized by higher Rep associated with the
further increase of τp by increasing the particles size.
At Rep ≥ 400, vortex shading appears. These wakes which are generated behind
the particles begin to grow at high particle Reynolds number [10]. Lead to
transform some of the particles kinetic energy into turbulence [4]. Thus, enhance the turbulent energy production. The particle Reynolds number is might
be used to express the carrier phase inertia effect around the particles. The turbulence field of the carrier phase is reduced if the particle Reynolds number is
low and vice versa [29]. A study that is used spherical particles as dispersed
phase and shows that. For Rep < 200, the turbulent intensity exhibits reduction
whereas for Rep > 400 the turbulent intensity increases [30].
The appearance of the vortex that is induced by the particles observed at Rep ≈
270. Another investigation shows that for spherical particles the vortex shading
appears at Rep > 400 [31].
A characteristic length ratio has been used to express the turbulent modulation [32]. This ratio defined as the ratio between the particle diameter and the
length scale of the eddy. And found that when this ratio is greater than 0.1 the
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turbulence intensity increased while when it is lower than 0.1 the turbulence is
decreased.
As mentioned previously, the larger particles are subjected to the higher inertial effect [23]. Thus, they are not perfect tracker to the eddies motion of smaller
scales [33].
For turbulent jet flow laden by particles of different sizes [7], the distance that
extends from the orifice to the point that is corresponding to the velocity of the
maximum particles represents the particles developing the region. In this region,
the TKE continues in decreasing and the velocity of the particles increases, due
to the high drag force that exerted by the gas on the particles. After the particles
developing region the TKE increases, in a relatively steep manner, as well as the
flow velocity decreases. This is a consequence of that, the surrounding air sweeps
along in the jet center. Finally, the TKE is decreased in a relatively steep manner.
The large particles enhance the carrier phase turbulence where the small particles reduce the turbulence [34]. An explanation is that the large particles will
transfer its stored potential and kinetic energy to the adjacent fluid. Another
supporter reason is that, the vortex that is induced by the large particles. In the
other hand, the large particles need the greater amount of energy to be forced to
move along the flow direction [4]. The small particles forced to go after the turbulent eddies under the effect of the drag force. As a result, the small particles
extract some energy from eddies. While the wakes, which are generated by the
small particles, are not large enough to compensate the extracted energy and the
turbulence is attenuated.
The carrier phase exhibits a higher mean axial velocity when it is laden by
particles [6]. This observed clearly at the axial distance from the jet outlet that is
x/D > 2 where D is the outlet diameter. Radial variation of the mean axial velocity of the carrier phase shows that; at x/D = 1 the laden velocity is higher than
unleaded; this difference is confined in the shear layer. While for x/D = 5 the
difference is maximized at the jet axis and is decreased toward the radial direction.
At the jet outlet, the following were observed; the mean velocity is decreasing
along the streamwise while the turbulence is developing [6]. The axial fluctuations velocity level of the carrier phases is enhanced in the laden case as compared with the unladed case. The maximum increasing of the turbulence intensity occurs at the jet core.
Gas jet turbulent flow laden with solid was studied using direct numerical
simulation with high Reynolds number [35]. In the case of particles with stokes
number of 0.01 and 50 the appearance of large scale vortex is advanced and the
level of the turbulence intensity becomes lower. However, for stokes number
equals to unity the appearance of large scale vortex is delayed.
The turbulent modification is strongly influenced by the particles concentration within the cross section [25]. The non-uniform particles concentration is
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observed, especially for the large particles due to the dominant inertial effect.
The mean axial velocity of the carrier phase is decreased as the particle size increases. The carrier phase axial velocity near the wall is greater in the case of the
laden flow than the unloaded flow. This is a consequence of the drag force applied by the particles on the flow at the wall region. The velocity gradient of the
carrier phases in the vicinity of the walls is greater in the case of laded flow. This
is an appropriate condition to generate the turbulence. The carrier phase axial
fluctuation velocity is enhanced when the flow is laded. For the small particles,
the turbulence intensity variation is completely influenced by the interactions
between phases. In the case of 60 µm particles, the intensities decrease in a steep
manner at the wall region .Then the intensities attenuating rate is decreasing until it reaches to the point of inversion located at the center line. In the case, if 110
µm the variation is clearer and the turbulent intensities are proportional to the
mass loading.
The particles size effect has been examined by using the horizontal flow of
plastic particles through a 30 mm pipe [36]. The particles with diameters of 3.4
mm and 0.2 mm at Rep = 470. As shown in Figure 9, the large particles with a
diameter of 3.4 mm enhance the turbulence intensities of the carrier phase. The
asymmetrical radial variation of the turbulence intensity confirms that, the particles distribution is not symmetrical. This is expected since the gravitational
force influences the particles concentration. While the turbulence intensities are
reduced in the case of small particles of 0.2 mm.
At Rep = 25 the effect of particles size is investigated by the downward jet of air
that laden with particles of different sizes [37]. The axial velocity fluctuations of
air are plotted as a radial distribution at x/D = 20 as in Figure 10. The turbulence level that is corresponding to the large particles of 850 - 1200 µm (A) is
higher than that of small particles of 180 - 250 µm (E).
The axial variation of the turbulence intensity at the jet centreline has been
plotted in Figure 11 [38]. The case of small particles the intensity level has been

Figure 9. Carrier phase turbulence intensity, 3.4 mm (left figure); 0.2 mm (right figure)
particles [36].
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Figure 10. Radial variation of air turbulence intensity in an axial jet laden with particles
of different sizes [37].

Figure 11. Axial variation of the air turbulence intensity at the jet centreline [38].

decreased. For the large particles, the turbulence intensity is enhanced. This is
observed clearly as x/D varies from 5 to 10.
The secondary motion induced by the unbalanced forces which are induced
by the particles that are suspended in the core of dilute horizontal flow. The
strength of secondary motion, which in form of circulation cells, is proportional
to the pipe wall roughness [13]. The influence of the wall roughness appears as
the re-suspension of the particles which tend to settle in the lower section of the
pipe. However, this effect is associated with increasing the collision frequency
[19]. As a result of the local high momentum transfers to the gas at the bottom
of pipe cross section. The pre-mentioned simulation process that is performed
for the fully developed flow of gas with the velocity of 10 m/s and mass loading
ratio of ηo = 2.2. With the retention of the same initial velocity condition for
381

A. E. Kabeel et al.

both air and particles, as shown in Figure 12, four recirculation cells are formed
in the case large particles, as consequence of the dominant collision effect. And
the gas maximum axial velocity is located at pipe center due to the homogeneous
distribution of the particles. In the case of the small particles, the gas maximum
axial velocity is displaced little above the pipe center. Since, as mentioned previously, the small particles concentrate in the lower section of the pipe. The higher
solid mass concentration in the bottom is augmenting the local inter-particles
and particles-wall collision frequency. As a result, high local momentum transfer
to the carrier phase has occurred at the bottom of the pipe. While a weak probability of particle collisions at the top section of the pipe. As a result, two recirculation cells are formed near to the bottom surface of the pipe.
As the particle mass increases, with the large value of St, the particles are lagging to respond to the carrier phase fluctuations. As a result, there is a relative
motion is generated between the carrier phase and the particles that are dominantly generated by the fluctuations of the carrier phase [11]. The particles have
a large inertia that forces the particle to resist the carrier phase fluctuations; as a
result, some of the turbulence of the carrier phase is transferred into the particles
and raise irregularly their kinetic energy.
An experimental study illustrates the effect of the particles shape on the turbulence modulation [39]. The interactions between the particles and the carrier
phases are more complicated in the case of the non-spherical particles than the
corresponding to the spherical particles [40]. Two shapes were used, prolate ellipsoidal and spherical particles. The observed result was that the spherical particles cause more reduction of the turbulence kinetic energy. As a consequence of
that, the lower amount of energy losses associated with the non-spherical particles as well as the higher amount of turbulent kinetic energy that is transferred
to the smaller scales [4]. The particles motions, which in turn affect secondary
flow pattern, are dominantly influenced by the Reynolds number and the particles shape.

Figure 12. The secondary flow and gas mean axial velocity, with particles diameter of Dp
= 200 µm (left figure) and Dp = 50 µm (right figure). Four-way coupling [13].
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Another experimental study was performed and found that for the spherical
particles the turbulence intensity is enhanced at the core region of the pipe and
while near the pipe wall the turbulence intensity is attenuated [41].

3.2. The Particles Intensity Effect
The mass loading is defined as the ratio between the dispersed phase mass flow
rates to the corresponding of the carrier phase [10]. In the pre-mentioned study
of the particle laden jet, the loading effect is incorporated [7]. For a fixed size of
particles, as the solid loading increase the turbulence energy attenuates.
The turbulence is influenced by the particles even at the low mass ratio of
0.05% [25]. The mean axial velocity of the carrier phase is decreased as the mass
loading increases. As shown in Figure 13, the carrier phase radial intensities are
enhanced when the flow is laded [25]. In the case of large particles, the radial intensities are enhanced as the mass loading increases. However, near to the upper
wall, the radial intensities decrease with increasing the mass loading. In the case
of 60 µm particles, the radial intensities are enhanced as the mass loading increases. However, in the case of mass loading 0.4%, the intensities are closer to
the unloaded flow. For the highest mass loading ratio, the turbulence intensity in
the lower section of the channel is lower than that in the upper section. This effect is as result of the higher particles concentration in the lower section of the
channel.
The effect of small mass loading ratio has been investigated [42]. The turbulence is decreased within the whole of the cross section of the pipe. It is Associated with a momentum transfers from the core region of the flow to the boundaries.
A result that was observed during the simulation process of the secondary
motion pattern is affected by the mass ratio [13]. The inter-particles collisions
rate hence the sharpness of the secondary flow is proportional to the solid mass
loading ratio. As shown in Figure 14, a primary recirculation cell is generated

Figure 13. Carrier phase radial fluctuation velocity for particles of 60 μm (left figure); 110
μm (right figure) diameter [25].
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Figure 14. The secondary flow and gas mean axial velocity, with particles diameter of Dp
= 50 µm, at η = ηo (left figure), η = 2ηo (middle figure) and η = 4ηo (right figure).
Four-way coupling [13].

near to the upper half of the pipe due to the high local momentum which is
transferred to the gas. However, the particles concentration near to the bottom
surface of the pipe is inversely proportional to the mass loading ratio. As a result, more particles will be attended in the core of the flow. This will enhance the
collision at the upper half of the pipe and high local momentum is transferred to
the gas.
When the volume fraction is located between 10E−6 and 10E−3, the consequence is the two-way coupling [11]. However, the turbulence structure is
strongly affected by the particles due to the momentum exchange between the
particles and the carrier phase. For very small particles at low volume fractions,
the turbulence is generated in a similar manner of single phase flow [4].

4. Conclusions
The aim of the paper is to review of the recent researches that investigate the
behavior of the gas turbulent flow laden with solid particles. The significant parameters that influence the interactions between the both phases, such as particle
size, loading ratio and the gas velocity, have been extensively reviewed. Those
parameters are presented in dimensionless numbers in which the applicability of
studying its effect in terms of all circumstances of the gas turbulent channel flow
at different condition is possible. The investigations of multiphase flow using the
CFD means to show a good validation to the experimental results, thus promise
a further development for the analysis of the interactions between phases.
The presented results show that the lag between the carrier phase and the particles is maximum in the core region of the flow and decreases near to the wall.
The particles size is an important parameter. Increasing the particles size raises
the difference between the particles and the air velocity. The large particles are
able to retain their initial velocity through the flow. Furthermore, the maximum
velocity of large particles which are located at the pipe center is higher than the
local air velocity. The small particles tend to follow the carrier phase motion
under the turbulence effect. And the beak of the mean axial velocity of both
phases is displaced little above the pipe center. The particles that occupy the up384
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per half of the pipe are faster than those occupy the lower half at a given superficial gas velocity and solid feeding rate. The velocity difference between the upper
half and lower half particles, decreases with increasing the gas velocity. For constant gas velocity, as the solid mass loading increases, the velocity differences increase. As the carrier phase would not be able to re-suspend most of the particles
that are settled by the gravity action. The pressure drop along the flow is proportional to the carrier phase velocity and the solid mass loading. The higher mass
loading leads to that the particles concentration near to the bottom surface of the
pipe decreases. The non-spherical particles are exposed to higher drag force and
their velocity resembles the carrier phase velocity.
The particle Reynolds number might be used to express the carrier phase inertia effect around the particles. The turbulence field of the carrier phase is reduced if the particle Reynolds number is low and vice versa. The large particles
enhance the carrier phase turbulence where the small particles reduce the turbulence. The strength of secondary flow in form of circulation cells is proportional
to particles size. In the case of the large particles, four recirculation cells are
formed. Two recirculation cells are formed for the small particles. The mean axial velocity of the carrier phase is decreased as the mass loading increases. Carrier phase radial fluctuation velocity is enhanced with the increasing of the mass
loading as well as the secondary flow intensity.
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