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Solid physical properties are vital for the design, optimization, and scale-up of gas–liquid–solid multi-
phase reactors. The complex and interactional effects of the solid physical properties, including particle
diameter, density, wettability, and sphericity, on the hydrodynamic behaviors in a new external airlift
loop reactor (EALR) integrating mixing and separation are decoupled in this work. Two semi-empirical
equations are proposed and validated to predict the overall gas holdup and liquid circulating velocity sat-
isfactorily, and then the individual influence of such solid physical properties is further investigated. The
results demonstrate that both the overall gas holdup in the riser and the liquid circulating velocity in the
downcomer increase with the contact angle, but decrease with particle size, density, and sphericity.
Additionally, the impact of the particle size on the liquid circulating velocity is also profoundly revealed
on a micro-level considering the particle size distribution. Moreover, the axial solid concentration distri-
bution is discussed, and the uniformity of the slurry is described by the mixing index of the solid parti-
cles. The results show that a more homogeneous mixture can be achieved by adding finer particles other
than attaining violent turbulence. Therefore, this work lays a foundation for the design, scale-up, and
industrialization of the EALRs.
� 2022 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.
1. Introduction tion [15], biological fermentation [7,16–19], direct coal
Airlift loop reactor (ALR) is an efficient gas–liquid or gas–liquid–
solid multiphase reactor developed from bubble column [1,2].
Compared to the traditional bubble columns, the ALRs have many
advantages, such as unique directional flow, faster flow rate, and
more uniform temperature distribution [3–5]. Moreover, ALRs
have the superiorities of simple structure (no mechanical struc-
ture), low energy consumption (no additional energy input), out-
standing mixing, excellent mass transfer efficiency (excellent
interphase contact), and so on [6–8]. To date, the ALRs have been
widely applied in many fields, such as the Fischer–Tropsch synthe-
sis [9–11], wastewater treatment [12–14], diesel hydrodesulfuriza-
liquefaction [5], cell culture [7,19,20], fine chemical industry [21–
23], and so forth.

The hydrodynamic performance and mixing ability will be sig-
nificantly influenced when solid particles are added to the gas–liq-
uid systems. Many researchers [24–29] found that the transition of
flow patterns, gas volume fraction, liquid circulation velocity,
mass/heat transfer performance, bubble size and distribution, bub-
ble rising velocity, and liquid viscosity in the gas–liquid system
would change dramatically when the solid particles were added.
This is crucial to the scale-up and industrialization of the ALRs
since most of the application cases contain solid phases. Therefore,
a deep understanding of solid particles’ impacts is highly desired
because of the multiple-property nature, and more and more
attention has been attracted to study the effect of solid properties
on the performances of ALRs in recent decades.



Fig. 1. The schematic of the experimental setup (1�liquid tank; 2�water pump;
3�liquid flow meter; 4�gas flow meter; 5�air compressor; 6�computer; 7�elec-
tromagnetic flow meter; 8�riser; 9�separator; 10�downcomer;
11�hydrocyclone).
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The mean diameter of the particles used in most slurry reactors
usually ranges from 20 to 300 lm, and the size distribution always
varies significantly, resulting in substantial differences in the
hydrodynamics. Lakhdissi et al. [30,31] claimed that a bigger mean
diameter of particles would reduce the overall gas holdup. They
also found that the effect of the mean diameter of solid particles
at the micron level on volumetric mass transfer coefficient (kLa)
can be neglected under a relatively low solid volume concentration
(1%–5%), and larger solid particles would lead to a more significant
reduction in the overall gas holdup. Similar conclusions were also
obtained by some other scholars [26,32–35], who also found a neg-
ative impact on the gas holdup with increasing particle diameter.
However, some works showed a negligible influence of particle
size on gas holdup in a relatively wide range of size distributions,
i.e., from 44 to 254 lm [36,37]. Li et al. [38] also stated that the par-
ticle size had little effect on flow regime transition with solid par-
ticle size ranging from 48 to 150 lm, while the flow could be
promoted to a heterogeneous regime when the particle size was
approaching 270 lm. Additionally, Sarhan et al. [39] even observed
that the bubble coalescence was restrained by increasing particle
size from 60 to 150 lm, leading to a higher gas holdup. It is seen
that adequate studies on the influence of particle size on flow
hydrodynamics are still lacking due to controversial conclusions.

Particle density usually plays a significant role in deciding the
reactor type and operating conditions. Though it is verified that
the particle density exerts remarkable influence on the gas holdup,
the degree of coalescence, and the fluidization regime transition
[38,40], some distinct conclusions also need to be concerned about.
For example, Freitas et al. [41] investigated the influence of solid
density on the gas holdup, circulation time, and liquid velocity in
a three-phase external airlift loop reactor (EALR) and found that
it had little influence on riser gas holdup and liquid velocity but
a negative effect on circulation time. While Guo et al. [42] argued
that after adding some solid particles into the gas–liquid two-
phase system, the gas holdup would increase with increasing the
concentration and density of solid particles, though the liquid cir-
culating velocity behaved oppositely. Some opposite phenomena
were also depicted by Jamialahmadi and Müller-Steinhagen [43],
who believed that low-density particles would lead to a higher
gas holdup. It seems that the particle density has a distinct influ-
ence on the flow hydrodynamics, and it would interact with oper-
ating parameters such as superficial gas velocity, temperature, etc.
[38,40].

Besides, the influence of other particle properties on flow char-
acteristics has been investigated, while different conclusions are
drawn. Some researchers [43–46] studied the effect of wettability
on gas holdup, stating that the non-wettable particles would
decrease the gas holdup, while the wettable particles would
increase it. However, some other people [36,47,48] came up with
the opposite conclusion, and they concluded that the addition of
wettable particles would reduce the gas holdup due to the
strengthening bubble coalescence in the gas–liquid–solid systems.

Additionally, the influence of particle shape on the perfor-
mances of such slurry systems should also be a concern due to
the rich and complex variations of particle morphology. Sastaravet
et al. [49] found that the kLa in bubble column reactors and airlift
loop reactors with solid particles of different shapes (ring, sphere,
cylinder, and cube) varied differently. Mena et al. [50] put forward
that when adding solid particles with different surface properties
into the bubble column, solid concentration behaved differently
on kLa. The particle concentration also plays an essential role in
the hydrodynamics of such multiphase reactors and has been stud-
ied extensively [51–54], while investigation concentrating on the
particle physical properties is still lacking. What’s more, the parti-
cle properties aforementioned may have no clear trend on the
hydrodynamics, so it is fundamental to clarify the performances
of such gas–liquid–solid three-phase reactors concerning the
specific operating conditions.

In a word, a deep understanding of the influence of particle
properties needs further verification from comprehensive studies
to design optimum reactors and select optimal operating condi-
tions for the slurry reactors. However, it is still difficult to investi-
gate the individual effects of particle size, density, wettability, and
sphericity on the hydrodynamic characteristics in such gas–liquid–
solid systems due to their mutual dependence. To the best of our
knowledge, there are no publications individually dealing with
all the properties comprehensively and theoretically. Hence, the
individual influence of the solid physical properties (i.e., particle
size, density, wettability, and sphericity) on the hydrodynamic per-
formances in an EALR with broad application prospects [53] was
revealed here for the first time by the unique combination of the
experimental data and theoretical analysis. Three kinds of solid
particles with different densities, mean diameters, contact angles,
and sphericities were elaborately chosen, and their relative effects
on overall gas holdup, liquid circulating velocity were explored.
Moreover, the axial solid concentration distribution and the mixing
characteristics were also analyzed to obtain a deep understanding
of such slurry reactors and improve their performances for indus-
trial production in the future.
2. Materials and Methods

2.1. Experimental setup and materials

The equipment taken in this experiment is a pilot new EALR, the
schematic of which is shown as Fig. 1, and the structure details can
be found in our previous work [53,55].

During the experiment, the gas enters the riser after being dis-
tributed by a sparger. The solid catalyst is automatically recycled
into the riser from the downcomer via the hydrocyclone’s under-
flow, and the clarified liquid products are discharged from the



Fig. 2. The particle size distribution of experimental particles.
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overflow without any external force. The principle and advantages
of the elaborately designed hydrocyclones are also comprehen-
sively explained by Geng et al. [53]. In this work, the wall effects
on the gas holdup can be ignored since the column diameter is
more prominent than 200 mm [2,56,57]. All the experiments are
conducted with a top clearance of 50 mm and a liquid treatment
capacity of 1 m3�h�1. The superficial gas velocities ranging from
0.038 to 0.076 m�s�1 were adopted, and the possible reverse circu-
lation from the downcomer to the riser could be effectively pre-
vented by using such high superficial gas velocities. Then
excellent solid fluidization, liquid circulation, and solid–liquid sep-
aration performances would be achieved in the slurry reactor inte-
grating mixing and separation.

The physical properties of the solid particles employed in this
experiment are shown in Table 1.

The diameter distribution of solid particles was measured by a
laser particle size analyzer BT-9300ST [58]. Each of the three-
particle species was graded into two series with different median
particle sizes (d50), labeled as ‘large-sized particle’ and ‘small-
sized particle’, respectively. The details of the particle size distribu-
tion are exhibited in Fig. 2.

The particle size distribution displays a typical Gaussian distri-
bution as the most common style in industrialization. The contact
angle, formed between the liquid–solid interface and be tangent to
the liquid–gaseous interface, is an indispensable parameter to rep-
resent wettability since a better wettability of solid particles
stands for a smaller contact angle. The contact angle was measured
by a classic HARKE-SPCA contact angle meter. The particle spheric-
ity was measured here by an Ergun equation [59,60] in a fluidized
bed [61]:

DPb

L
¼ 150

ð1� ebÞ2
e3bðud50Þ2

lgug þ 1:75
1� eb
e3bud50

qgu
2
g ð1Þ

where u denotes the sphericity of solid particles, dimensionless; eb
is the porosity of solid particles in the fixed bed, dimensionless; DPb
represents the bed pressure drop when the air flows through the
fixed bed packed with the focusing solid particles, Pa; L is defined
as the height of the fixed bed, m; d50 signifies the mean diameter
of solid particles, m; lg means the viscosity of the fluidizing gas,
Pa�s; qg refers to the density of the fluidizing gas, kg�m�3; ug indi-
cates the superficial gas velocity of the fluidizing gas, m�s�1.

2.2. Measuring methods

2.2.1. Overall gas holdup
The overall gas holdup in the EALR was obtained by an

improved volume expansion method, measuring the difference
between liquid levels with and without aeration. It is not easy to
accurately record the liquid surface’s height as the liquid level in
the gas–liquid separator is violently fluctuated when we measure
the expansion height of the fluid after aeration. An improved vol-
ume expansion method proposed by Guo et al. [6] was also
employed here to measure the overall gas holdup [54,55]. A trans-
parent tube with an inner diameter of 5 mm was fixed to the inner
wall of the gas–liquid separator after adjusting the liquid level to a
Table 1
Physical properties of solid particles

Solid material d50/lm q/kg�m�3

Brown corundum 109.7 (large) 3800
70.97 (small) 3800

Quartz sand 234.3 (large) 2600
170.7 (small) 2600

FCC catalyst 129.9 (large) 2200
84.07 (small) 2200
fixed height without aeration. The end of the transparent tube was
wrapped with a few layers of gauze to prevent the fluctuation of
the liquid expansion level, and a relatively stable hydrostatic
height can be read from the transparent tube through a ruler. Con-
sequently, the experimental error would be considerably reduced
by avoiding the interferences of the bubbles and turbulence on
the readings.

2.2.2. Liquid circulating velocity
A classical response technology was adopted here to measure

the liquid circulating velocity in the downcomer of the slurry reac-
tor. During the experiments, two electromagnetic flowmeters
installed under the two parallel hydrocyclones individually were
taken to measure the slurry circulating flow rate, with the data
being tracked twice per second. 120 slurry circulating flow rate
values were recorded per minute for averaging after the system
ran steadily. The liquid circulating velocity was calculated by
dividing the slurry flowrate, which equals the sum of the under
flowrate and over flowrate in the two hydrocyclones, by the
cross-sectional area of the downcomer [33,53].

2.2.3. Axial distribution of solid particles
In this experiment, the axial concentration distribution of solid

particles was measured by sampling 1 L of slurry through six taps,
which were installed in the riser at different axial positions, i.e.,
0.15, 0.65, 1.15, 1.65, 2.15, 2.65 m above the gas distributor. The
taps were aligned at the position of 40 mm away from the inner
wall of the riser. The mass of solid particles in the sample slurry
can be acquired by filtration and drying.

To minimize the error of experimental data and further improve
the reliability of the experiments, all the results were obtained by
averaging at least three series of experimental data. All the exper-
iments in this work were carried out under ambient conditions.
u h/(�) Diameter range/lm

0.4848 70.90 9.999–334.0
0.6402 90.23 6.449–240.4
0.4092 58.75 21.54–803.0
0.4591 63.16 15.50–719.4
0.4460 25.57 8.961–1000
0.6209 31.41 6.449–299.3



Fig. 3. Influence of the particle size on the overall gas holdup of (a) brown
corundum, (b) FCC catalyst, and (c) quartz sand.
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3. Results and Discussion

3.1. Effect of solid properties on overall gas holdup

The gas holdup in the riser is the governing power source of
fluid circulation between the riser and the downcomer in the EALR,
determining the slurry circulating rate and mixing characteristics
[62]. It is also directly related to the gas–liquid interface area and
mass/heat transfer rate [63,64]. The evolutions of the overall gas
holdup after adding different kinds of solid particles (i.e., brown
corundum, fluid catalytic cracking (FCC) catalyst, and quartz sand)
at a specific solid volume loading (i.e., 1.5%) with the superficial gas
velocity varied from 0.038 to 0.076 m�s�1 are presented in Fig. 3.

It shows in Fig. 3 that for all the particle species, the overall gas
holdup increased nearly logarithmically with the increase of the
superficial gas velocity, with the slope gradually weakening. This
phenomenon was due to the enhancement of bubble coalescence
caused by the larger gas flux, which is analogous to the previous
reports [29,33,53,55]. Compared to the three-phase systems with
the small-sized solid particles, the gas holdup is more sensitive
with large-sized ones when increasing the superficial gas velocity,
as shown in Fig. 3. Specifically, when the superficial gas velocity
increased from 0.038 to 0.076 m�s�1, the growth rates of the overall
gas holdup in these three-phase systems with the small-sized par-
ticles of brown corundum, FCC catalyst, and quartz sand were
39.98%, 36.57%, and 41.01%, respectively. While adding large-
sized particles into the reactor, the corresponding growth rates of
the overall gas holdup increased by 48.06%, 39.85%, and 78.44%.
This is due to the more substantial enhancement effect on the bub-
ble coalescence caused by the large-sized particles, resulting in a
lower initial gas holdup in the riser. Therefore, with a further incre-
ment of the superficial gas velocity, the gas holdup of the large-
sized particle system will increase more dramatically than that of
the small-sized particle system. This can be verified by the slope
of the total gas holdup versus the superficial gas velocity. As
pointed out by Yang and Mao [62], the slope usually shifted from
a sharp linear variation with a value larger than 1.0 s�m�1 (i.e.,
homogeneous regime) to a gradual non-linear change with a value
smaller than 1.0 s�m�1 (i.e., transitional or heterogeneous regime)
when the bubble coalescence became evident. Therefore, more
bubbles would be clustered in the system with large-sized parti-
cles at the same condition compared to the small-sized particle
situation.

It is also noteworthy that the overall gas holdup in the reactor
with the small-sized particles is always higher than that with the
large-sized particles at the same superficial gas velocity, as pre-
sented in Fig. 3. For example, the overall gas holdup in the reactor
with the small-sized particles of brown corundum, FCC catalyst,
and quartz sand are individually 11.04%, 7.80%, and 29.12% higher
than those with the large-sized particles at the superficial gas
velocity of 0.038 m�s�1. The same phenomenon can also be found
throughout the whole experiment when keeping the solid volume
fraction at a constant of 1.5%. It can be concluded that the fine par-
ticles play a critical role in improving bubble breakup or reducing
bubble coalescence and extending its residence time, being consis-
tent with the previous conclusion [28,32,35].

The gas holdup difference between small-sized particle system
and large-sized particle system (Dag) under different superficial
gas velocities is depicted in Fig. 4, which shows that the influence
of particle size on the overall gas holdup is much smaller than that
of the superficial gas velocity, especially when the large particles
are added. For the same kind of particles, the gas holdup difference
between the large-sized and the small-sized particles almost kept
constant when the superficial gas velocity increased, especially for
the solid particles of brown corundum and FCC catalyst. While for
quartz sand, although the overall gas holdup is much smaller than
those with the other two kinds of materials, as shown in Fig. 3, the
gas holdup difference between the large-sized particles and the
small-sized ones exerts a profound decline with the superficial
gas velocity, mainly due to its considerable larger mean diameter



Fig. 4. Influence of particle size on the overall gas holdup difference.

Fig. 5. Influence of particle size on the liquid circulating velocity of (a) brown
corundum, (b) FCC catalyst, and (c) quartz sand.
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than the others. It also can be seen from Fig. 4 that the gap of the
overall gas holdup between large-sized and small-sized particles is
reduced when the superficial gas velocity is relatively high. Taking
the quartz sand as an example, the difference in total gas holdup
between large-sized and small-sized particles in the slurry reactor
decreases from 2.56% to 1.28% when the superficial gas velocity
increases from 0.038 m�s�1 to 0.076 m�s�1.

It can be concluded from Figs. 3 and 4 that compared to the
large-sized particles, the small-sized particles can lead to a higher
overall gas holdup and a more stable three-phase contacting sys-
tem. Compared to the superficial gas velocity, the particle size also
shows a substantial effect on the overall gas holdup, and with the
further increment of superficial gas velocity, the influence of parti-
cle size on the overall gas holdup will be decayed steadily.

3.2. Effect of solid properties on liquid circulating velocity

Liquid circulating velocity (ul) is another paramount parameter
for the design, optimization, and scale-up of ALRs since it affects
the reactants’ mixing characteristics and residence time [65]. The
liquid circulating velocity is controlled by the ratio of the driving
force (i.e., the height of the downcomer and the difference of gas
holdup between the riser and the downcomer) to the friction resis-
tance (i.e., energy dissipation during the flow circulation) in the
slurry reactor. The variation of the liquid circulating velocity
against the superficial gas velocity while keeping the processing
capacity of the clear liquid constant at 1 m3�h�1 is shown in Fig. 5.

It shows in Fig. 5 that the liquid circulating velocity increased
with the increment of the superficial gas velocity for all the parti-
cles in the experiments. For instance, when the superficial gas
velocity increases from 0.038 m�s�1 to 0.076 m�s�1, the individual
liquid circulating velocity in the large-sized particle system of
brown corundum, FCC catalyst, and quartz sand increases by
8.07%, 8.86%, and 15.42%, respectively. However, the corresponding
values in the small-sized particle system were promoted by
10.24%, 10.42%, and 11.55%, respectively. It should be noted that
the variation of the liquid circulating velocity against the superfi-
cial gas velocity is analogous to that of the overall gas holdup,
which varies approximately to a logarithmical curve with a gradual
diminution in slope. The reason lies in that the slurry circulation in
the reactor is governed by two factors: the driven force, which is
determined by the height of the downcomer and the difference
of the overall gas holdup between the riser and the downcomer,
and the flow resistance, which includes the resistance of gas–liq-
uid–solid flow in the riser and that of the slurry flow in the down-
comer and the two parallel hydrocyclones. It is noteworthy that
this conclusion follows our previous investigation [33,53].

The liquid circulating velocity varies distinctly for the same par-
ticle species when the particle size increases markedly. As illus-
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trated in Fig. 5, the small-sized particles will give a faster slurry cir-
culation in all the cases. For example, when the superficial gas
velocity comes to 0.038 m�s�1, the liquid circulating velocities of
brown corundum, FCC catalyst, and quartz sand with small median
diameter are individually 4.53%, 1.66%, and 5.86% higher than
those with the large-sized particle, while the corresponding values
at the superficial gas velocity of 0.076 m�s�1 are 6.62%, 3.11%, and
2.32% higher, respectively. This phenomenon can also be ascribed
to the enhancement of gas holdup in the riser resulting from the
substantial bubble breakup with small particles [66]. In other
words, the circulation driving force, i.e., the gas holdup difference
between the riser and the downcomer, will be strengthened by
the relatively smaller bubbles in the reactor resulting from the
small-sized particles.

In order to reveal the impacts of particle size on the ul more
clearly, the differences in the liquid circulation velocities between
the small-sized particle system and the large-sized particle system
(Dud) versus superficial gas velocity are also plotted here and dis-
played in Fig. 6.

For each particle species, the difference of liquid circulating
velocity between small-sized and large-sized particle systems
can be calculated by:

Dud ¼ ul;sml � ul;lar ¼ 0:296ug þ 1730:871ugh
2
f � 81:134h2

f þ
2:62hf � 58:284ughf � 0:00928

R2 ¼ 0:96 ð2Þ

where ul,sml denotes the liquid circulation velocity of the system
with the small-sized particle, while ul,lar stands for that with the lar-
ger one. hf is the dimensionless particle diameter difference
between the two series of particles and can be described by:

hf ¼
P

f i;lardj;lar

d50;lar
�
P

f i;smldj;sml

d50;sml
ð3Þ

where dj represents the mean particle diameter of each range of the
testing results; fi is the corresponding frequency proportion in each
particle size tested by the laser particle size analyzer. The median
particle diameters of the large and small systems here are defined
as d50,lar and d50,sml, respectively. It is noteworthy that the gaps of
the liquid circulating velocities between the large and fine particles
in the brown corundum and the FCC catalyst systems have a similar
positive correlation with the superficial gas velocity, while there is
an opposite effect for the quartz sand system. This phenomenon is
probably due to the larger span of the mean diameter of the quartz
sand (63.6 lm).
Fig. 6. Influence of particle size on the liquid circulating velocity difference.
3.3. Decoupling the impacts of solid multi-physical properties on
hydrodynamics

3.3.1. Theoretical exploration foundation
The superficial gas velocity, particle density, particle size, con-

tact angle, and sphericity are related to gas holdup and liquid cir-
culating velocity. It has a specific guiding significance in
understanding the influence of the above factors on improving
the hydrodynamic properties in the EALR. However, it is unrealistic
to perform univariate analysis through experiments since it is
impossible to decouple one particular physical property of the
solid particles from many other variations because of the inherent
attribute. A regression decoupling method was proposed here to
overcome the difficulties mentioned above for a profound under-
standing of the effects of the solid particles’ physical properties
on the hydrodynamic behaviors in the new EALR. The experimental
data of three kinds of solid particles with different physical proper-
ties (i.e., contact angle, sphericity, mean diameter, and density)
under the superficial gas velocity ranging from 0.038 m�s�1 to
0.076 m�s�1 were taken to investigate the impacts of the individual
property. It should be noted that an average value of the sphericity
of the particles was employed here to describe the shape factor for
different solid particles. From the analysis aforementioned, it can
be concluded that the gas holdup and liquid circulating velocity
can be expressed as a function of the following parameters:

ag ¼ f ðug;ur;DT;l;r; h;u;q; d50Þ ð4Þ

ul ¼ gðug;ur;DT;l;r; h;u;q;d50Þ ð5Þ
Since only the effects of the superficial gas velocity and the

physical properties of solid particles are investigated here, Eqs.
(4) and (5) can be simplified as follows:

ag ¼ f ðug; h;u;q;d50Þ ð6Þ

ul ¼ gðug; h;u;q; d50Þ ð7Þ
The five parameters mentioned previously are dimensionless to

standardize the two semi-empirical equations. Based on the
impacts of the physical properties of solid particles and superficial
gas velocities on the gas holdup and liquid circulating velocity, the
mathematical models are then put forward using the traditional
non-linear analysis method. The evolution of the overall gas
holdup and the liquid circulating velocity versus the solid physical
properties can be well portrayed, and the semi-empirical equations
are shown as follows:

ag ¼0:01428ln b=pð Þ lnRe
u�1:8962Re�2:0444

s
�547:6408

Re
þ0:2206

b
upRes

� �0:01664

R2 ¼ 0:94

ð8Þ

ul ¼ �0:004506 lnðb=pÞ
u�0:2075Re0:02746s

þ 0:2008
Re0:09921

� 156:3909
Re

þ 0:01252b
puRes

R2 ¼ 0:95
ð9Þ

where Re (Re ¼ DTugql=l) is the Reynolds number in the riser,
dimensionless; b denotes the contact angle for the solid particles
(b ¼ hp=180), dimensionless; u represents the sphericity of the
solid particles, dimensionless; Res means Reynolds number of parti-
cles, which is calculated by Res ¼ d50urqs=l. It should be noted that
the parameters in the above equations are defined as follows: DT is
the diameter of the riser, m; ug means the operating superficial gas
velocity, m�s�1; ql is prescribed as the density of the fluid (i.e., tap
water), kg�m�3; ur designates the liquid superficial velocity in the
riser (i.e., the handling capacity of the slurry reactor), m�s�1; l is
named as the liquid viscosity in the reactor, Pa�s; d50 is specified



Fig. 7. Theoretical effects of the physical properties of (a) mean diameter and
density and (b) sphericity and contact angle on the gas holdup.
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as the mean diameter of the solid particles, m; qs is prescribed as
the density of solid particles, kg�m�3. The scope of these variables
in the two semi-empirical equations is: 0.038 m�s�1 � ug � 0.076
m�s�1; 25��h � 90�; 0.4 � u � 0.8; 2200 kg�m3 � q � 3800 kg�m�3;
70 lm � d50 � 230 lm.

The predicted overall gas holdup and liquid circulating veloci-
ties based on Eqs. (8) and (9) are compared with experimental
results, and the corresponding results are illustrated in Figs. 3
and 5. It is noteworthy that the predicted values of the gas holdup
and the liquid circulating velocity are all in good agreement with
the experimental data, with the maximum relative errors of
11.2% and 2.3%, respectively.

3.3.2. Effect of solid properties on overall gas holdup
Based on the semi-empirical equations, a feasible and straight-

forward control variable method was applied to study the influ-
ence of the individual physical property of solid particles on the
main hydrodynamic properties (gas holdup and liquid circulating
velocity) in the new EALR. Specifically, particle physical properties
such as contact angle, sphericity, mean diameter, or density are
taken as variables, respectively, and 11 values are selected from
the range mentioned above in the arithmetic series for calculation.

The overall gas holdup calculated via the proposed semi-
empirical equations was adopted here to plot the tendency charts
of their evolution against the physical properties of solid particles,
and the corresponding results are illustrated in Fig. 7.

FromFig. 7(a), it canbe seen that the overall gas holdupdecreases
with the increment of the solid density. This conclusion complies
with that of the previous investigation [35,43], originating from
the increase of the local slurry apparent viscosity and slurry density
caused by solid particles, which will increase the tensile ability of
bubbles and the number of big bubbles, and consequently result in
a reduction in the gas holdup [2,67]. Additionally, the bubble coales-
cence can also be promoted by the heavy particles, which will give
rise to a decrease in the overall gas holdup [40,66]. Fig. 7(a) also
showed that the effect of solid density on overall gas holdup is con-
siderable, echoing with the experimental results in Fig. 3. However,
this conclusion is inconsistent with that of Freitas et al. [41], who
supposed that the impact of solid density on the gas holdup is slight.
It is mainly ascribed to the density span of the solid particles they
used being too small (1023 and 1048 kg�m�3 for the low- and
high-density particles). Though the particle density difference is
also small (Lexan, 1170 kg�m�3, PS, 1350 kg�m�3), Guo et al. [42]
observed an opposite phenomenon mainly because they ignored
the influence of particle size (3.0–3.3 mm), which was higher by
an order of magnitude than this work.

The particle size has an indispensable predominance in the gas
volume fraction. As seen from Fig. 7(a), the larger the particle size,
the smaller the overall gas holdup is. The negative contribution of
the solid particle size on the gas holdup was also found by the
majority of the scholars [31–33,54,55,66], while it is in contradic-
tion with some others [36,37,39]. In Kelkar et al. [36], the research-
ers deemed that the particle size only affected the solid
sedimentation velocity, which was an order of magnitude smaller
than the liquid velocity, and the influence of particle size on the
hydrodynamics was ignored. Saxena and Patel [37] employed a
small reactor (ID 0.108 m) but with a much high solid holdup
(10%), fine solid particles (50, 90, and 143 lm), and high superficial
gas velocity (ranging from 0.02 to 0.37 m�s�1), and the impacts of
particle size on the gas holdup might be hidden due to the high
superficial gas velocity, high solid concentration and wall effect
[2]. The CFD predicted results of gas–liquid–solid-froth flow in a
bubble column [39] should be verified further with the experimen-
tal data because of the well-known open question on the closure of
interphase forces, turbulence, and bubble coalescence and break-
up [2]. Finally, as indicated by Kelkar et al. [36], the impacts of solid
particle size on gas holdup can also be attributed to the expansions
of viscosity and density of the continuous phase with the addition
of large solid particles. Additionally, as Mowla et al. [46] indicated,
too large particles could favor the bubble break-up by cutting the
big bubbles into the small ones.

When the contact angle increases, which means that the wetta-
bility of the solid particles will weaken while the hydrophobicity
usually promotes, the overall gas holdup increases gradually, as
indicated in Fig. 7(b). This is because the hydrophobic particles
can have strong adsorption to the bubbles, which can increase
the bubble mass but reduce their rising speed, leading to an
increase in the overall gas holdup [48,68]. This result follows the
phenomenon observed by Bhatia et al. [47] and conclusions
obtained by Kelkar et al. [36].

However, this result is inconsistent with the results of other
researchers [43–46]. In the work of Jamialahmadi and Mullerstein-
hagen [43], they found that the gas holdup with the wettable parti-
cles changed considerably when the regime turned to the slug flow
regime. The bigger particle diameter (0.8–2 mm) and different flow
characteristics resulting from small reactor diameter (0.152 m) and
high superficial gas velocity (>0.05 m�s�1) may be the main reason



Fig. 8. Theoretical effects of the particle physical properties of (a) mean diameter
and density, (b) sphericity and contact angle on the liquid circulating velocity.
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for the opposite conclusion. In the contribution of Kluytmans et al.
[44], only the wettable particles of carbon were investigated, and
hence it demanded more experimental data to verify that the wet-
table particles tended to decrease the rate of bubble coalescence.
Similarly, Sarhan et al. [45] predicted the gas holdup in a small col-
umn (ID of 0.1 m) under lower superficial gas velocities ranging
from 0.0064–0.0267 m�s�1 but at high coal solid concentrations
(10%), and the solid particles may not be fully fluidized. What’s
more, their predicted CFD results also showed a promotion effect
on the gas holdup above a certain height of the column,while a con-
trary trend was observed in their predicted results below that criti-
cal height. Therefore, some experimental data are highly desired.
Such problems can also be found in Mowla et al. [46], in which a
small column (ID of 15.2 cm and height of 220 cm) was used. It
should be noted that the influence of the wettability of particles is
much smaller than other parameters such as superficial gas velocity,
particle density, etc.

The impacts of the solid particle shape on the hydrodynamics in
the slurry reactors still lack essential investigations [66]. From
Fig. 7(b), it also can be seen that the overall gas holdup decreases
with the increment of sphericity, which is similar to the opinion
advocated by Sastaravet et al. [49]. With the increment of the par-
ticle’s sphericity, the particle shape becomes closer to a sphere, and
consequently the fluidization quality will be promoted due to low
flow resistance, while its ability to break up big bubbles will be
impeded by the smooth surface [66]. As pointed out in the litera-
ture [66,69], the sharp surface of low-sphericity particles can
pierce bubbles easily into more small bubbles, giving rise to a
higher gas holdup. That is to say, the more the solid particle shape
is close to the sphere, the lower the gas holdup will be obtained.

From the above discussion, it can be seen that the two equa-
tions can illustrate the influencing degree of each variable on the
overall gas holdup and liquid circulating velocity, providing very
important guidance in choosing proper catalysts for such multi-
phase reactors.

3.3.3. Effect of solid properties on liquid circulating velocity
The evolution of liquid circulating velocity computed by the

semi-empirical equations was similarly investigated in connection
with the physical properties of solid particles. As shown in Fig. 8(a),
increasing particle size will reduce the liquid circulating velocity
due to more energy in the system will be taken to keep the normal
circulation of bigger particles, of which the terminal settling veloc-
ity increases [70]. This result is also consistent with the experi-
mental phenomenon.

Increasing the density of solid particles also has a negative
effect on the liquid circulating velocity because of the decrease of
the overall gas holdup in the reactor as the density can influence
the breakup and coalescence of bubbles. This phenomenon is con-
sistent with the results of the equations proposed by Heijnen et al.
[71] and Trilleros et al. [72].

According to Fig. 8(b), increasing the contact angle of particles
will increase liquid circulating velocity. The reasonable explana-
tion is that there are high polar groups inside the wettable particles
that can be combined with the water, which increases the mass of
the solid particles, leading to an increase in the terminal settling
velocity of the solid particles and a decrease in the liquid circulat-
ing velocity. Increasing the sphericity of particles will decrease the
driving force because of uniform fluidization, resulting in a diminu-
tion of the liquid circulating velocity [73]. Furthermore, the incre-
ment of sphericity of solid particles is favorable to bubble
coalescence and generates many large bubbles that escape quickly
from the system. In addition, the effect of solid particle properties
on the liquid circulating velocity is almost following that on the
overall gas holdup, which acts as the significant power source for
the slurry circulation in the ALRs.
3.4. Axial solid concentration distribution

The axial concentration distribution of the solid particles is an
indispensable parameter to index the mixing extent of multiphase
flow in the ALRs. The non-uniformities of the solid particles are
usually caused by solid sedimentation or the formation of large
bubbles [74], which is critical to the mass/heat transfer in the
slurry reactors. The axial concentration distribution of solid parti-
cles in the riser was investigated with the solid volume fraction
of 1.5% at the superficial gas velocity of 0.038, 0.057, and
0.076 m�s�1, respectively. The experimental values were attained
by averaging at least three measurements, whose error of experi-
mental data for different batches was within 11%, and the corre-
sponding results are depicted in Fig. 9.

It can be seen from Fig. 9 that for all the solid particles investi-
gated in this work, the uniformity of the axial solid concentration
along the riser increased with the increase of superficial gas veloc-
ity, which was similar to the previous conclusion [53]. This can be
ascribed to the decrease of solid deposition in the inclined tube,
hidden dead zone, and corner areas of the connection between
the hydrocyclones and the riser. However, the solid concentration
increment becomes less when the superficial gas velocity increases
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Fig. 9. Axial solid concentration distribution of different solid particles: brown corundum (a1, a2); FCC catalyst (b1, b2); quartz sand (c1, c2).
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from 0.057 to 0.076 m�s than that from 0.038 to 0.057 m�s .
That is to say, the solid concentration curves under the ug of
0.057 m�s�1 and 0.076 m�s�1 were very close, which is mainly
due to the effect of superficial gas velocity reaching its limits to
play the leading role, indicating that there is an optimal superficial
gas velocity for the mixing of the slurry reactors.

Interestingly, when the particle size increases, the variation of
the solid concentration was more prominent with the small-
sized particle system than that with the large-sized ones, as seen
in Fig. 9. It can be inferred that the fluidization quality of the
small-sized particle system is much better, which could benefit
the uniform distribution of the solid catalysts. Quartz sand showed
a remarkably higher solid concentration at the bottom of the riser
than that of the top, which is quite different from FCC catalyst and
brown corundum. This phenomenon is due to the increase in par-
ticle settling velocity with the bigger particles, being consistent
with the results of Zhang [51].

It should be noted that for different particle species, as seen in
Fig. 9, the solid concentration spans are quite different, expressing
a significant variation of the local solid concentration distribution.
Therefore, the mixing index of solid particles in the riser in such a
three-phase system can be quantitatively defined as Da, which can
be depicted as:
Da ¼ s;max s;min

as;max
¼ 1� s;min

as;max
ð10Þ
where as,max and as,min are the maximum and the minimum solid
concentration in the riser, respectively. Correspondingly, the value
of Da at each superficial gas velocity was calculated and illustrated
in Fig. 10.

Obviously, Da increased with the superficial gas velocity accord-
ing to Fig. 10, resulting from the increasingly violent mixing caused
by the big bubbles. So Da can reflect the turbulent flow in the riser
since the bigger the Da is, the fiercer mixing appears. It should be
noted that for the brown corundum and the FCC catalyst, the Da
is much smaller than that of quartz sand (shown in Fig. 10), but
the solid concentration distribution along the riser exhibited more
uniform as Fig. 9 expressed. It is due to the decrease of the solid
concentration differential (i.e., the term of as;min=as;max approaching
1), originating from the strong disturbance when gas flux
increases. Hence, the Da can also reflect the uniformity of the slurry
in the riser. Though it has been verified that the dispersion coeffi-
cient of the solid particles would be promoted by increasing super-
ficial gas velocity [51], it can be deduced from the above discussion
that the violent mixing does not guarantee good dispersity, which



Fig. 10. The effect of solid particle size and density on mixing index (Da) at different superficial gas velocities.
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is very important for the optimal design and efficient operation of
such slurry reactors.

As for the same particle species, Da decreases with reducing
particles size, as shown in Fig. 10, which is due to the diminution
of solid settling velocity [50] and reduction of bubble coalescence
[35]. Furthermore, by comparing the axial concentration distribu-
tion of FCC catalyst and brown corundum, whose mean diameters
(i.e., 129.9 and 109.7 lm) are close but particle densities (i.e., 2200
and 3800 kg�m�3) are remarkably different, it can be deemed that
decreasing the density of the solid particles resulted in an incre-
ment of the uniformity in the axial concentration distribution.
4. Conclusions

The complex influences of particle physical properties, includ-
ing particle size, density, wettability, and sphericity, on the hydro-
dynamic performances and axial solids concentration distribution
in the new EALR integrated mixing and separation had been thor-
oughly investigated. Experimental results demonstrated that the
solid physical properties had a substantial impact on the hydrody-
namics behaviors, and two semi-empirical equations were pro-
posed and validated to be in good agreement with the
experimental data. Further investigation was theoretically con-
ducted, and the individual influence of such particle properties
was decoupled in macro- and micro-scale.

The overall gas holdup decreased with the increase of particle
size, density, and sphericity due to a more significant bubble
breakup, but increased with contact angle due to the promoting
absorption of particles onto the bubble surface. The liquid circulat-
ing velocity was influenced similarly to the overall gas holdup,
which acted as its fundamental driving force.

The influence of particle size distribution on the liquid circulat-
ing velocity was investigated for the first time, and a correlation is
proposed by defining the dimensionless particle diameter differ-
ence (hf). The axial solid concentration distribution along the riser
was promoted by increasing the superficial gas velocity, resulting
in a strengthened mixing degree of the slurry. The mixing index
showed that the dispersion of solids could be intensified when
smaller or less dense particles were added into such systems,
and more uniform mixtures could be obtained. This work provides
essential guidance for the design, optimization, and scale-up of the
new EALR.
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