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Modeling and experiment of gas desorption of bubble column
with an external loop in the heterogeneous flow regime
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Abstract—This work introduces an external loop to a bubble column and presents enhanced gas exchange in the het-
erogeneous flow regime. Gas exchange experiments under the same amount of gas input were carried out with vary-
ing gas velocity to understand the difference of bubble characteristic between the bubble column (BCR) and the bubble
column with an external loop (BCR-EL). The observation of rise and descending velocity of bubbles in the BCR-EL
showed that the fraction of bubbles passing the downcomer continuously increases with the incremental superficial gas
velocity. A gas molecule in the liquid phase is desorbed by another gas molecule, and this gas exchange was assumed to
be a phenomenon that a reactant in the liquid phase is converted to a product. To test the validity of the assumed gas
exchange as a reaction in the experiments with the BCR-EL, a modeling study was performed using Fisher-Tropsch
synthesis. It prevailed that the syngas conversion was higher in the BCR at the homogeneous flow regime, while the
BCR-EL at the heterogeneous flow regime (above 0.08 m/s) had higher syngas conversion than the BCR due to higher
gas recycle to the downcomer.
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INTRODUCTION

A bubble column reactor (BCR) [1-4], which is a multiphase
reactor such as the fixed bed [5-9], moving bed [10], gas-liquid-lig-
uid reactor [11], and fluidized bed reactor [12-14], has attracted
interest in many industrial fields due to its simple operation, good
gas-liquid mass transfer, and low operating cost. It has a cylindrical
main body and a gas sparger at the bottom of the column. Through
the sparger, gas is distributed and gas-liquid flow is developed. In
the bubble column operation, there are two types of flow regimes:
homogeneous and heterogeneous [15,16]. The homogeneous regime
is observed at a low superficial gas velocity. At this regime, a uni-
form size distribution of bubble is obtained. Each bubble has a uni-
form rise velocity, and limited frequencies of bubble coalescence
occur [17]. At a typical superficial gas velocity higher than 0.05 m/s,
the flow property changes to the heterogeneous regime (or churn-
turbulent) [18]. A large input of gas phase results in the creation of
large bubbles in this regime. Turbulent motion and vigorous mix-
ing of the gas bubbles induce frequent bubble breakup and coales-
cence [19]. Thus, a broad distribution of bubble size can be obtained.

An airlift reactor is a specific type of the BCR [20], and named
after that a liquid circulation is lifted by air input. It is divided into
two separate zones: the riser and the downcomer. The riser is where
the gas sparger is normally installed. Thus, gas is distributed at the
riser; and the downcomer is where the moving direction of liquid
is downward by the liquid circulation. Each separated zone has a
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different condition in the gas holdup, liquid-phase mass transfer
coefficient, and circulation velocity. The airlift reactor has an inter-
nal loop or external loop [21]. For the internal loop airlift reactor,
an internal wall separates the riser and the downcomer. The exter-
nal loop airlift reactor has an additional circulation path horizon-
tally attached to the main body column at the top and the bottom.
This external loop airlift reactor has the same design with the bub-
ble column reactor with an external loop (BCR-EL).

Although the BCR-EL has a structure similar to the BCR, difter-
ent hydrodynamics and flow patterns can be observed due to the
external loop [22,23]. In BCR, the riser and the downcomer exist
in a single cylindrical column; however, both of them are separated
in the BCR-EL. Because the position of riser and downcomer has
an important role in the internal liquid circulation, the circulation
velocity is crucial in understanding the hydrodynamics of the BCR-
EL. The two types of column were compared in terms of both inter-
nal liquid circulation velocity and mass transfer parameters [22,24,
25]. The performance of the BCR-EL was analyzed with respect to
the cross-sectional area ratio of downcomer to riser (A,/A,). In case
of the mass transfer parameter, it was reported that the gas holdup
and the volumetric mass transfer coefficient of the BCR-EL (A,/
A,>0) were smaller than the bare BCR (A,/A,=0). When it comes
to the liquid circulation velocity, the increase in A,/A, can increase
the liquid circulation velocity [22,23]. Details of the reaction pro-
file can be obtained using these empirical hydrodynamic parame-
ters in the reactor modeling.

Modeling analyses of the BCR were carried out in many previ-
ous literatures [26-28] using Fischer-Tropsch synthesis and glycerol
hydrochlorination, while direct chlorination of ethylene was inves-
tigated in the BCR-EL [29]. The reactor modelling connected the
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flow behaviors with the mass and energy balances of the multi-
phase system. They used an axial dispersion model to interpret
the BCR. The axial dispersion model employed a given empirical
parameter (axial dispersion coefficient) to predict gas-liquid hydrau-
lics and there are many case studies for the BCR [26-29]. However,
the modelling study of the BCR-EL and the understanding of its
performance relative to the bare BCR case have been very limited.

Thus, the main purpose of this work was to elucidate the com-
parative performance between BCR and BCR-EL through a mod-
eling study by considering the same liquid phase volume in the two
systems. The gas holdup was experimentally determined for each
system and the final dissolved oxygen concentration was meas-
ured with the variation of the superficial gas velocity for the fixed
total gas input. It was demonstrated that through steady-state dis-
solved oxygen (DO) measurements, the reaction conversion could
increase with the rising superficial gas velocity, even in the hetero-
geneous regime if we assume that the oxygen depletion is equiva-
lent to its consumption in the reaction. The bubble rise velocity
was also measured to determine how many bubbles can pass over
the external loop. After the experimental analysis, modeling of both
BCR and BCR-EL was carried out to compare the performance
between the two systems.

METHOD

1. Bubble Column Set Up

A detailed scheme of the bubble column experiment is illustrated
in Fig. 1. The riser part of the bubble column is an acrylic column
that has 0.2 m diameter and 1.8 m height. For the downcomer part,
the body of the column has 0.1 m diameter and 1.2 m height. For
the connection part between the riser and the downcomer, the
length is 0.2m and the diameter is 0.1 m. At the bottom of the
riser column, a ring sparger with 54 holes with 0.001 m in diame-
ter was installed to provide a consistent distribution of the gas phase.
The gas sparger is made of 3/8” stainless steel pipe and has a
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Fig. 1. Schematic diagram of the BCR-EL.

0.12 m diameter. A mass flow controller (MFC-Korea, TSCD245,
Korea) was used to provide the gas phase. The superficial gas
velocity was set to more than 0.01 m/s to avoid gas weeping near
the sparger. To cover both homogeneous and heterogeneous flow
regime, the superficial gas velocity was varied up to 0.133 m/s. To
detect a pressure during the experiment, six pressure sensors (Sen-
sys, PHPG 0003BCTG, Korea) that offer +0.035% precision under
the range of 0-3 bars were installed at different axial positions.
Dynamic MFC and pressure signals were continuously recorded
and the data were delivered to the PC.
2. Measurement Method

For the liquid phase, tap water and pure oxygen/nitrogen were
used as gas and liquid phases. All experiments were at atmospheric
pressure and room temperature. The liquid phase was filled before
the experiment and the gas phase was injected through the sparger
by the MFC. In this work, the batch operation of the bubble col-
umn was carried out. The pressure difference (Ap) between the two
levels of the column, measured by pressure probes mounted with
the wall, yields the mean gas holdup between these levels:

Ap=(1-&)pgAz 9]

The pressure indicators were installed at the bottom and the top
of both riser and downcomer for the accurate measurement of the
gas holdup. A polarographic dissolved oxygen (DO) probe (Hanna
Instruments, HI98193, USA) was used for measuring gas desorp-
tion. Oxygen gas was initially saturated in the liquid phase and then
nitrogen was supplied to measure the remaining DO concentration.

The bubble velocity was measured by a stopwatch. For the rise
bubble velocity; the exact time recording began once the bubble was
released above the gas sparger. Then, the elapsed time was taken
until the bubble passed a specific destination (axial position H/
D=5). Because it is difficult to differentiate which bubble is being
measured exactly, the first released bubble upon operation was ob-
served. For the downcomer bubble velocity, the elapsed time was
recorded until the bubble passed from the top to the bottom of the
downcomer.

RESULTS AND DISCUSSION

1. Gas Holdup Observation

While some previous literatures compare between the BCR and
the BCR-EL with the same liquid height but different liquid phase
volumes, we compared the gas holdup between them using the same
volume of the liquid phase [24,30,31], because the reactor size or
liquid holdup matters for the exact comparison of gas holdup regard-
less of the reactor geometry. The aspect ratio (H/D) of experiment
employing the BCR-EL was 5.3. For the bare BCR experiment, the
aspect ratio was equal to 7.0, which makes the same liquid volume
between the two. The observation of the gas holdup is displayed in
Fig. 2. The riser gas holdup in the BCR-EL was smaller than the gas
holdup of the bubble column. The result was in line with the result
of the previous study where the column height had almost no effect
on the gas holdup if the aspect ratio was larger than 5 [32].
2. Gas Desorption Experiments

To provide more detailed comprehension, the degree of gas de-
sorption was determined. The pre-dissolved oxygen gas in the col-
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Fig. 2. Investigation of the gas holdup in the BCR and the BCR-EL
(riser and downcomer).

umn will be desorbed if another gas is distributed to the gas sparger.
This desorption event that the dissolved gas is replaced by the input
gas was assumed as a reaction that a reactant in the liquid is replaced
by a reaction product. In this manner, the amount of depletion of
dissolved gas, or the difference of the initial and final dissolved gas
concentration, can be interpreted as how far the reaction has pro-
gressed. This experiment was to understand how the gas concen-
tration would change when the total volume of the gas was fixed
and the superficial gas velocity was varied.

The oxygen gas was provided enough to the column before the
experiment and the saturated concentration of the oxygen was 40
mg/L. Then, the nitrogen gas was distributed to the sparger and the
variation of DO was measured. The added volume of the nitrogen
was 47 L at the standard condition. In this experiment, the lower
final DO means higher reaction conversion. The experimental result
is shown in Fig. 3. The BCR with an aspect ratio of 5.3 was also
investigated because the gas-liquid mixture overflowed at the high
superficial gas velocity with an aspect ratio of 7.0. Both in the bare
BCR and the BCR-EL, the final DO concentration decreased up
to the superficial gas velocity of 0.041-0.048 m/s and then started
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Fig. 3. Oxygen gas desorption investigation with fixed nitrogen input.
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to increase with the increasing superficial gas velocity. If we assume
the oxygen desorption from the liquid phase as the reactant deple-
tion from the liquid phase in a reaction, the increasing reaction
conversion trend can be expected until the superficial gas velocity
reaches this value, and the decreasing reaction conversion trend
would be observed after 0.048 m/s. The transition point can be
inferred as the position of the transition regime since the bubble
hydrodynamic is suddenly changed.

However, in the experiment using the BCR-EL, the trend was
different. From 0.048 to 0.082m/s, the final DO concentration
tended to increase. Above a superficial gas velocity of 0.082 m/s, the
final DO concentration decreased while the continuous rising trend
of the final DO concentration was obtained in the bare BCR. This
means that the reaction conversion can grow even in the high super-
ficial gas velocity using the BCR-EL. Experiments covering super-
ficial gas velocity above 0.133 m/s could not be carried out because
the gas-liquid mixture overflowed.

3. Determination of Bubble Rise and Descending Velocity

Both bubble rise and descending velocity were measured to
determine whether the final DO concentration had lower values in
the BCR-EL than the BCR at the heterogeneous regime. As shown
in Fig. 4, the bubble velocity was smaller in the downcomer than
the riser in all the range of superficial gas velocity. All the bubble
velocity was continuously growing with the increasing superficial
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Fig. 4. (a) Bubble rise (riser) and descending (downcomer) velocity
in the BCR-EL (b) Bubble rise velocity in the BCR.
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Fig. 5. Recydle fraction (degree of how many bubbles pass through
downcomer) in the BCR-EL.

gas velocity. If a bubble in the riser travels up the column, there are
two destinations: the downcomer and the top exit of the BCR-EL.
Thus, a portion of bubbles entering the downcomer can be ob-
tained using bubble velocity of both riser and downcomer, and we
called this portion as a recycle fraction.

To find how many bubbles pass through the downcomer zone,
the bubble recyde fraction was calculated by the ratio of the down-
comer bubble velocity to the riser bubble velocity. The determined
value is illustrated in Fig. 5. The fraction of the bubble traveling
the downcomer continuously increased as the superficial gas velocity
increased. If a bubble enters the downcomer, the residence time of
the bubble is more than two-times than that of a bubble that does
not pass the downcomer. A larger recycle fraction of the bubble
can then be understood as better gas desorption. Thus, the final
DO concentration was observed to decrease in the high superfi-
cial gas velocity zone as shown in Fig. 3.

By assuming gas desorption results as a gas reaction, this exper-
iment revealed that higher input gas velocity could give higher
reaction conversion in the BCR-EL even in the heterogeneous regime.
However, since it is uncertain whether the trend of reaction con-
version obtained by the reactor modeling matched with the results
of the gas desorption experiments, the reaction conversion of the
BCR and BCR-EL was compared through the reactor modeling in
the following section.

4. Modeling of BCR and BCR-EL
4-1. Reaction Kinetics

Fischer-Tropsch synthesis was chosen as the target reaction of

the reactor modeling.

n CO+(2n+1) H,—»C,H,,.,+n H,O )

The Fischer-Tropsch synthesis is an important reaction in gas to
liquid technology and coal liquefaction [33]. This process commonly
uses supported iron or cobalt catalyst. In this work, the intrinsic
kinetic equation by Yates and Satterfield was employed [34]. The
equation was given as the Langmuir-Hinshelwood form,

2-Py,"Pco

2 ®3)
(1+b-peo)

- Rco+HZ =

where
. 37366.442) mol
a=2.59218x 10 9exp(— ) o))
8314T /skg bar’
_ -12 w)
b=1.24298x10 exp( 8314T 1/bar. (5)

4-2. Hydrodynamics of the BCR and BCR-EL

The homogeneous and heterogeneous regime can be found in
operating both BCR and BCR-EL. Thus, the gas holdup and the vol-
umetric mass transfer coefficient should be obtained in both regimes.
For the gas holdup prediction in the BCR, following equations are
as shown below [35]:

In the homogeneous flow regime:
o= 0'883p%143p20.0071 ﬂ—0.00lZ 0_—0,276u(();,8422 (6)
In the heterogeneous flow regime:

gG:1'04584p(();.187p20.187ﬂ—0.0631 0_—0.188u(();.557 (7)

Experimental ranges of Eqs. (6) and (7) were p;=0.16442—1.661
kg/m’, p,=655-1027.71 kg/m’, £=0.000326—0.001289 Pa-s, and o=
0.0184-0.071 N/m.

The gas holdup correlation for the BCR-EL is shown below [22,36]:

A NT L6
5G,r:0.465u%,6f[1+<fﬂ 010 o

€6.4=0.79¢;, ,—0.057 )

Eq. (8) was tested in a range of &;,<0.17 and the tested range of
Eq. (9) was & 4<0.22.

The correlation to predict the volumetric mass transfer coeffi-
cient was as follows [22]:

A —0.85

kja= O.OOSu%SZD%ipim[H (—éﬂ u e (10)
Ar

This correlation was tested for the following conditions: 0.03<ug<

0.26 m/s and 0<A,/A,<0.444.

Thus, this equation can be used in both homogeneous and het-
erogeneous regime. In Eq. (10), Dg; is the diffusion coefficient of
the liquid phase. The diffusion coefficient was calculated from the
following correlation [37]:

1/6
V5P, 6T
D =8.93x10 6—0-[—9J = (1
o vi” Pel u
The axial dispersion coefficient was calculated using the follow-
ing correlations [38]:

D,;=031V,D, (12)
For the BCR case,

1 uapé
V,=0.21(gD, Z(LJ
L (gD P

For the BCR-EL case [39],

0.32 Ad 097 439
0.23u(§,,(x) 7

VvV, = - 14
Lr (1_‘9r) ( )

(13)
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4-3. Model Equation of the BCR and BCR-EL
Governing equations of the axial dispersion model for the BCR
are as follows [27].

Momentum balance:
d
aP =-g(&cPs+ €01) 17)
z
Overall mass balance (gas phase):
dllG 1dT 1dp) ReTeow -
dz <T dz pdz) P (k) (e ¢ ) (18)
Mass balance (component i, gas phase):
d’ c; dc; G, dug
&Dos 6= d22 f=y 2t B ST, —(kpa)(c; . —¢; 1) (19)
Mass balance (component i, liquid phase):
2
dc;
&Dyy 1 —5 p = =—(kpa)(c; ,—¢; )-& VR (20)
Z

This one-dimensional axial dispersion model considers the two
first-order nonlinear differential equations (momentum balance and
overall mass balance) and the two second-order nonlinear differ-
ential equations for each component (mass balance of component i
in both gas and liquid phase). Although the bare governing equa-
tion has another energy balance, isotherm reaction was assumed
in this work to simplify the model as in the previous studies [40,
41].

For the BCR-EL modeling, the governing equation is the same
as in the BCR for the riser. An additional term in mass balance of
liquid phase was added since gas-liquid flow is countercurrent in
the downcomer:

de; 1y
L,d dz

2
d’c
de
&, Do 1, a5~ =1
dz’

1)

- (kLa)i, A La—Cip )&, aviR
As for the boundary condition, BCR and BCR-EL have differ-
ent boundary conditions. Details of the boundary condition are
summarized in Table 1. The numbers ‘0" and ‘1" are the reactor bot-
tom and the reactor top, respectively.

H. Im et al.

Table 1. Boundary conditions for governing equation (0: lower
boundary, 1: upper boundary)
BCR case

(ucp)(o) M

dc; . 6(0
(uGCi, 6= &Def G G)(O) G( )

(dq L)(O) 0
dc; dc;
(f0)-0, (%00
P(1)=Pru
BCR-EL case
Riser
Ug , Ng(0) u
( G, P)(O) a( ) EGdjlfd(O)
dc; N
Ug, i, G, r ™ ngDefde dG)(O): AG()

r

L1)(0) = (1, €,.1,)(0)

L, Ci, L r gLr eff, L, r d

dc; 6

4z r)“) 0

(uL, i1, r T L, rDefL r d )(1) (ug, a¢i, 1, 4)(1)

pV( 1) = pVXVl
Downcomer

Ug, dpd(o) =Ug, rpr(o)
(dcl (,) (0)=0

(UL aCiLat &, aDe 1, éL d)(o) (u,,c;1,)(0)

(Ssew=o
de; 14

(UL dCi 1, at &, dDefr 1, a 4z )(l)z(ul_, i1, (1)

(
(

pd( 1 ) =Prxn

4-4. Modeling Results

The modeling equations were solved using MATLAB software.
The modeling result was validated before comparing the perfor-
mance of the BCR and the BCR-EL. There were several literatures

Table 2. Validation of the modeling result with experimental data of previous literature [39]

Experimental condition

CO conversion (%)

Case no.
Temperature (°C) Pressure (bar) Space velocity (L/gcat-h) Experimental Modeling Deviation (%)
Case 1 230 10 1.8 78.04 70.8 9.28
Case 2 245 10 24 93.03 85.3 8.31
Case 3 255 10 3.0 90.78 91.1 0.35
Case 4 270 10 3.6 93.95 95.1 1.24

October, 2019
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covering the experimental result of the Fischer-Tropsch synthesis
with a slurry phase reactor [40,42,43]. However, there have very
few available experimental results with the BCR. Thus, the experi-
mental result from the fixed-bed reactor was employed in the vali-
dation of the modeling result [43]. Fisher-Tropsch synthesis is usually
investigated in the pressurized condition (1.0-3.0 MPa). Since a proper
hydrodynamic correlation of the BCR-EL for the pressurized con-
dition has not been investigated in the literature, the experimental
result at 1.0 MPa [43] was used. The comparison between model-
ing and experimental result is summarized in Table 2 [43]. Because
the fixed-bed reactor and the BCR have different geometries, there
are some differences in CO conversion between modeling and exper-
imental results. However, the difterence is within an acceptable range
of 10%.

To compare the performance between the BCR and the BCR-
EL, the operating condition and the properties of the catalyst are
shown in Table 3. The dimension of the BCR and the BCR-EL
was the same as the experimental apparatus used in this model-
ing investigation. Simulations were carried out in following condi-
tions: u;=0.0149-0.133 m/s and &=0.1. Modeling of Fisher-Tropsch
synthesis in the BCR was usually at 0.2-0.4 of & [28,38]. This solid
phase hold-up can affect hydrodynamics in the BCR and the BCR-

Table 3. Operating conditions of modeling and catalyst properties

Operating conditions

Column pressure 0.1 MPa
Column temperature 220°C
Column (riser) height 1.8m
Downcomer height 12m
Column diameter 02m
Downcomer diameter 0.1m
Catalyst holdup 0.1
H,/CO ratio 2
Catalyst properties (Co/SiO,)
Bulk density 0.38 g/mL
Surface area 257 m’/g
Pore volume 1.2mL/g
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Fig. 6. Syngas conversion of the BCR and the BCR-EL (modeling
results).

EL. However, relatively few studies have been devoted to the gas
holdup correlation of the riser and the downcomer in the presence
of the solid phase in the BCR-EL. Thus, a small amount of solid
phase was assumed to minimize the error of the gas holdup. In
Fig. 6, syngas conversions in both BCR and BCR-EL are illustrated.
In the low superficial gas velocity; the syngas conversion of the BCR
is higher than that of the BCR-EL. At the superficial gas velocity
higher than 0.074 m/s, the BCR-EL has higher syngas conversion
than the BCR and the conversion gap between the BCR and the
BCR-EL is continuously increasing to the superficial gas velocity
of 0.133 m/s. An identical trend was found in the previous litera-
ture when the BCR was compared with the airlift reactor [31]. Al-
though the flow regime transition from homogeneous to hetero-
geneous region occurred earlier in the airlift reactor, the gas resi-
dence time of the airlift reactor was greater than that of the BCR.
It was also greater in the airlift reactor than the BCR, although slug
flow was dominant in the airlift reactor and the BCR showed a
heterogeneous flow. The separation of the riser and the downcomer
enables longer gas residence time even in the disadvantageous mass
transfer region of homogeneous and slug flows. Therefore, in the
homogeneous flow regime below 0.074 m/s, the BCR has better
performance than the BCR-EL, but the trend is opposite in the het-
€rogeneous regime.

Figs. 7 and 8 illustrate a detailed view of syngas conversion with
respect to the dimensionless axial position. In the homogeneous
regime, the syngas conversion at the reactor bottom is higher in
the BCR than the BCR-EL in the axial position of the riser. How-
ever, in the heterogeneous regime, the syngas conversion at the
reactor bottom is higher in the BCR-EL than BCR. Although the
syngas conversion is similar at the reactor top, the gap of the syn-
gas conversion becomes large as moving down to the reactor bot-
tom. This conversion gap can be explained by the high gas input
to the downcomer. In the high superficial gas velocity region, a
large amount of the gas passes through the downcomer. The con-
verged product at the downcomer travels to the entrance of riser
in the same way as at the reactor bottom. At the superficial gas
velocity of 0.106 m/s, the syngas conversion difference between the
two types at the reactor bottom is larger than that at the superfi-
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Fig. 7. Axial profile of the syngas conversion at superficial gas veloc-
ity of 0.0223 m/s (modeling results).
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cial gas velocity of 0.074 m/s (see Fig. 8). Thus, the BCR-EL has a
potential option for high reaction conversion at the high superfi-
cial velocity of the heterogeneous regime.

CONCLUSION

This work has demonstrated that through gas desorption experi-
ments, the BCR-EL has a potential to provide a higher reaction
conversion than the BCR. The reason for the higher conversion is
that the fraction of bubbles heading for the downcomer from the
riser continuously increase with the incremental superficial gas
velocity. For a sophisticated comparison, a reactor modeling with
the Fisher-Tropsch synthesis reaction showed that in the homoge-
neous regime, the BCR had better performance than the BCR-EL,
while the BCR-EL had higher syngas conversion in the heteroge-
neous regime due to more gas recycle to the downcomer.
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NOMENCLATURE

: cross-sectional area of column [m’]

: concentration [mol/m’]

: diffusion coefficient [m?/s]

: column diameter [m)]

:axial dispersion coefficient [m*/s]

: gravitational acceleration [m/! 5]

:liquid height [m]

: catalyst mass [kg]

: volumetric mass transfer coefficient [1/s]
:molar flow rate [mol/s]

: parachor [g"*cm’/g mol s
: pressure [bar]

: reaction rate [mol/m’s]

: gas constant [J/mol K]

: temperature [K]

: superficial velocity [m/s]

: liquid linear velocity [m/s]

: molal volume at its normal boiling point [cm’/g mol]
: axial position [m]

o

ooge >
g

1/2]

N < <E xR wz.ggmm

Greeks Letter

: phase holdup

: liquid viscosity [Pa-s]

: stoichiometric coefficient
: density [kg/m’]

: surface tension [N/m)]

QU <= x M

Subscript

: downcomer
: effective

1 gas

:liquid

:riser

: reaction

: solid
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