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The formation process of CO2 drops in various types of Kenics Static Mixers was
analyzed from the perspective of energy dissipation in the mixer, focusing on the for-
mation of drop surfaces. Experimental studies on CO2 drop formation were conducted
under varying temperatures, pressure, and flow rates, with and without hydrate forma-
tion. Analysis of the CO2 drop size and distribution at several locations within the
static mixer was conducted, as of pressure drop in the mixer, to determine dissipation
energies. In all the experimental conditions, by considering the surface energy for
hydrate formation, the energy required for the formation of CO2 drops correlated well
with total energy dissipation by mixer flow, which is represented by a pressure
drop along the mixer. This process has important applications to the formation of liq-
uid CO2 for ocean disposal as a countermeasure to global warming. VVC 2010 American

Institute of Chemical Engineers AIChE J, 56: 2706–2716, 2010
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Introduction

Ocean sequestration of CO2 at intermediate depths (500–
1500 m) has been recognized as a CCS (carbon capture and
storage) strategy that might be an effective countermeasure

to global warming.1 In this scenario, CO2 captured from
point sources and liquefied under pressure was piped to the
ocean or dispersed from a moving ship.2 Laboratory-scale
experimental studies have demonstrated that upon release the
liquid CO2 phase would break into small drops in seawater3

because of surface instability.4 The surface of liquid CO2

drops would be covered with a thin solid film of clathrate
hydrate5,6 because of pressure and temperature conditions
satisfying the thermodynamic requirements for CO2 hydrate
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formation.7 CO2 hydrate is a solid compound made from
hydrogen-bonded water and CO2 molecules. The formation
of CO2 hydrate is limited to the interface in forming only
thin films because the hydrate retards further mass transfer
between the liquid CO2 and water phase.6 The limited for-
mation of CO2 hydrate would result in the positive buoyancy
of liquid CO2 drops in the seawater; therefore, the released
CO2 might ascend to the ocean surface.8 During the ascent,
the CO2 in the drops dissolve into the seawater and might
reduce ambient pH, which might in turn disrupt oceanic eco-
systems. Environmental impacts caused by the dissolved
CO2, which would be primarily determined by the initial
properties of the released CO2 drops,9 should be controlled
through proper design of the injection process. The optimum
size of the liquid CO2 drops might depend on the storage
options. The smaller the drop size, the more severe the envi-
ronmental impact because of faster CO2 dissolution to
reduce pH. However, an affected area could be limited in
this case. For the injection process from a moving ship,
smaller drop size is better because dilution of the dissolved
CO2 can be promoted. Proper design of the injection process
is important not only from the perspective of controlling
environmental impacts10 but also from that of power con-
sumption. This is because the energy dissipation of oceanic
CO2 injection would affect the power consumption of this
CCS strategy. It is essential to minimize power consumption
to make CCS a realistic option for counteracting global
warming. For example, the formation of smaller drops would
in general require larger power consumption.

Tsouris and coworkers have developed a new type of
injection system based on the parallel flow of liquid CO2

and water, and some field experimental results have been
reported.11–17 The present authors have developed another
type of injection method for liquid CO2 drops using Kenics
static mixers.18–20 A two-phase flow of liquid CO2 and water
was introduced to a Kenics static mixer, where the liquid
CO2 phase breaks into drops and disperses in a continuous
water phase flow. Laboratory studies demonstrated that use
of the Kenics static mixer decreased the average liquid CO2

drop size, and made the size distribution uniform in compar-

ison to using an empty pipe. This result indicates that the
environmental impacts caused by the released CO2 drops
could be controlled more easily, and the fate of the released
CO2 drops is predictable with higher accuracy when the liq-
uid CO2 is injected through the static mixer.

A drawback to the use of the static mixer is an increase in
energy dissipation in the injector. Because of the flow resist-
ance of the mixing elements, the energy dissipation should
be higher when static mixers are used compared with an
empty pipe. The formation of CO2 drops would also contrib-
ute to energy dissipation because the interface formation
requires energy. There are several studies on energy dissipa-
tion in static mixers during the drop formation or emulsifica-
tion in the literature. However, a simple application of previ-
ous studies might be insufficient for the two-phase liquid
CO2 and water flow under high-pressure and low-tempera-
ture conditions. In addition, our previous study has shown
that hydrate formation significantly affects the mixing and
formation behaviors of CO2 drops in the static mixer,
although the hydrate formation is limited to a thin film.
Therefore, it is necessary to consider the effects of hydrate
formation on energy dissipation in the static mixers, which
is required for proper design of the injection process. Despite
the importance of energy dissipation for the CO2 injection
process, no data are available in the literature for the present
system, especially on the effect of hydrate formation.

In this article, energy dissipation during the formation of
liquid CO2 drops in static mixers (Kenics type and its deriv-
atives) was investigated experimentally under various condi-
tions, including those with and without hydrate formation.
The contribution of the flow friction of the mixing elements;
formation of CO2 drops; and hydrate formation, were eval-
uated based on the CO2 drop size distribution. Based on the
results, correlations between the overall energy dissipation
and the drop formation energy were obtained. The results
provide useful insights on the proper design of a static mixer
for CO2 drop formation in ocean sequestration.

Experimental Section

Flow system

The experimental apparatus used in this study was the
same as that used in previous work,18 and an outline of the
system is presented here (Figure 1). The experimental sys-
tem was composed mainly of three main units: the premerg-
ing unit, the static mixer unit, and the postmixing observa-
tion unit. The premerging unit is a high-pressure vessel
made of stainless steel with a cruciform inner structure. The
static mixer unit is composed of a housing pipe with an
inner diameter 10.6 mm (Pyrex-glass) and the mixing ele-
ment (SUS 316). Four types of static mixers were used,
equipped with mixing elements of different shapes and con-
figurations. The mixer unit is inserted in the glass housing
tube, which itself is inserted into a polycarbonate tube (max-
imum bearing pressure ¼ 15 MPa). Because both the glass
housing tube and the polycarbonate tube are transparent, the
behavior of the two-phase flow in the static mixer can be
observed directly. Temperature-controlled water was run
between the glass housing pipe and the polycarbonate tube
to keep the mixer temperature constant. The postmixing

Figure 1. Schematic of the experimental apparatus.

(1) Liquid CO2 cylinder, (2) water tank, (3) liquid CO2 sup-
ply pump, (4) water supply pump, (5) premerging unit, (6)
static mixer unit, (7) postobservation unit, (8) back-pressure
controlling valve, (9) cooling unit, (10) hydrate dissociation
& vapor–liquid separation unit, (11) CO2 gas exit, and (12)
water exit.
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observation unit is made of a Pyrex glass tube with a 10.9
mm inner diameter and 300 mm length, which is connected
to the downstream side of the static mixer unit.

Flows of water and liquid CO2 were introduced separately
to the premerging unit, where they underwent preliminarily
mixing. The mixed two-phase flow was then introduced to
the static mixer unit. The flow velocities of the liquid CO2

were adjusted from 0.42 to 1.67 cm s�1 (reduced volume
flow rate, 23.2 and 93.4 cm3 min�1), and those of water
were adjusted from 30.2 to 56.7 cm s�1 (reduced volume
flow rate, 1.6 and 3.0 dm3 min�1). The system pressure was
controlled to an accuracy of �0.01 MPa by a pressure regu-
lator installed downstream of the observation unit. Two pres-
sure and temperature conditions were tested in this study: (1)
7.0 MPa and 277.0 K, which is the region in which CO2

hydrate is stable, and (2) 7.0 MPa and 285.0 K, under which
conditions CO2 hydrate does not form. Condition (1) simu-
lates ocean pressure and temperature at �700 m depth. The
drop formation process in and release from the mixer were
observed directly and recorded by a high-speed video camera
(VFC-1000, FOR.A Co.). Size distributions of the CO2 drops
were obtained based on graphical analysis of images of the
mixing process (Image J-1.33u, developed by the U.S.
National Institute of Health with a Power Macintosh G5
computer). For drop size distribution analysis, images con-
taining at least 700–1000 drops were used.

Static mixers

Four types of static mixers were used, comprised of mix-
ing elements with different shapes and configurations (Fig-
ure 2). All mixers were specially designed and supplied by
Noritake Co. for the use under high-pressure conditions. All

mixing units had the same outer diameter and length. Each
comprised 12 identical mixing elements with a length/diame-
ter ratio of 1.5, and an outer diameter of 10.6 mm.

The differences in mixing element shape and configuration
resulted in different mixing functions: flow division, flow re-
versal, and radial mixing. Flow division is the separation of
the flow at the front of the mixing element. Radial mixing is
where fluids are mixed by radial rotation as fluids pass
through the elements. Flow reversal is a mixing process
caused by the reversal of flow direction at the connection
points between mixing elements.

The Kenics static mixer (Figure 2a) had all three mixing
functions. The M-type mixer (MSM) had only radial mixing
and flow reversal. The right-twist-type mixer (RSM) had
flow division and radial mixing. The spiral-type mixer
(SSM) had only the radial mixing function.

Experimental Results and Discussion

Effects of flow rate and hydrate formation on CO2

drop formation in the Kenics static mixer

In this section, we discuss the size distribution of CO2

drops formed in the Kenics static mixer. As described ear-
lier, experiments were conducted under two pressure and
temperature conditions: (1) 277.0 K and 7.0 MPa (with
hydrate), and (2) 285.0 K and 7.0 MPa (without hydrate).
Water flow velocities were 30.2 cm s�1 (or volume flow rate
of 1.6 dm3 min�1, the lower velocity condition) and 56.7 cm
s�1 (3.0 dm3 min�1, the higher velocity condition). The CO2

flow velocity was fixed at 0.83 cm s�1 (volume flow rate

Figure 2. Images of various mixing elements for the
static mixer.

(a) Kenics type: KSM, (b) M type: MSM, (c) Right-twist
type: RSM, and (d) Spiral type: SSM.

Figure 3. Snapshots of CO2 drops formed in the static
mixer.

(a) In the mixing unit, (b) in the postmixing observation
unit.
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23.2 cm3 min�1). The Kenics static mixer used had 24 mix-
ing elements, numbered from the upstream side to the down-
stream side of the mixer. Snapshots of CO2 drops observed
in the Kenics static mixer and in the postmixing unit are
shown in Figure 3. Formation of thin hydrate film was con-
firmed visually on the CO2 drop surfaces for condition (1),
while no hydrate formation was observed for condition (2)
The size distribution of the CO2 drops in each mixing ele-
ment was obtained by analyzing the snapshots.

In this article, the Sauter mean diameter (SMD) has been
used for the analysis of drop formation. The SMD was used
to represent mixing behavior of the liquid CO2 and water in
the static mixer.21–23 The SMD is defined as

SMD ¼
P

NiD
3
iP

NiD2
i

(1)

where Ni is the number of CO2 drops in the ith group having a
diameter Di. The CO2 drop SMD reduced by mixer diameter
DSM observed in each mixing element is shown in Figure 4a.
In general, SMD decreased with an increase in the number of
mixing elements through which the fluid passed. When the
flow rate was 56.7 cm s�1, the reduced SMD decreased
quickly at the initial five mixing elements, and became almost
constant after the fifth mixing element irrespective of hydrate
formation. When the flow rate was 30.2 cm s�1, the reduced
SMDs were larger than those for the higher flow rate (56.7 cm
s�1) at a given mixing element. For the equal water flow rates,
the reduced SMDs were smaller under the hydrate formation
condition at a given element. The difference was negligible for
the higher water flow rate.

The drop size distribution can be represented by the rela-
tive standard deviation (RSD) of the drop diameter.24 The
RSD was calculated according to

RSD2 ¼ r
SMD

� �2

¼
PN

i
Di

SMD
� 1

� �2
N � 1

(2)

where N is the total number of the CO2 drops, and r is
standard deviation of the CO2 drop size distribution.

The observed CO2 drop RSDs in each element are shown
in Figure 4b.The drop size also decreased with the increasing
number of mixing elements. The RSDs of CO2 drops formed
in a given mixing element under the higher flow rate (56.7
cm s�1) were smaller than those under the lower flow rate
(30.2 cm s�1). The SMD decreased more quickly with an
increasing number of mixing elements in the higher flow ve-
locity (56.7 cm s�1) than in the lower flow velocity (30.2
cm s�1). The RSDs where hydrate formed were smaller than
those without hydrate formation. The RSD of the CO2 drops
decreased up to the initial five mixing elements and was
almost unchanged after that. The decreasing trends of SMD
and RSD in the mixer were consistent with previous research
on liquid drop formation in static mixers.18,25,26

Size distributions (drop volume-based) of CO2 drops
observed at the fifth mixing element are shown for cases
with hydrate formation (Figure 5) and without hydrate for-
mation (Figure 6). Where there was hydrate formation, a
Gaussian-like distribution was observed for both flow veloc-
ity conditions, but the peak location shifted to smaller sizes

and the distribution became narrower by increasing flow
velocity. Where there was no hydrate formation, a bimodal
size distribution was observed for the lower flow velocity
(30.2 cm s�1), while a narrow Gaussian-like distribution was
observed for the case with the higher water velocity (56.7
cm s�1). In addition, the distribution peak shifted to smaller
sizes with increasing flow velocity.

Figure 4. Variations of (a) SMD/DSM and (b) RSD with
the number of mixing elements.

Conditions: pressure 7.0 MPa, CO2 flow rate ¼ 0.83 cm s�1

(23.2 cm3 min�1). Key: l: 278.0 K (with hydrate), water
flow rate ¼ 30.2 cm s�1 (1.6 dm3 min�1), CO2 volume frac-
tion ¼ 0.008. n: 278.0 K (with hydrate), water flow rate ¼
56.7 cm s�1 (3.0 dm3 min�1), CO2 volume fraction ¼
0.015. *: 285.0 K (without hydrate), water flow rate ¼
30.2 cm s�1 (1.6 dm3 min�1) CO2 volume fraction ¼ 0.008.
h: 285.0 K (without hydrate), water flow rate ¼ 56.7 cm
s�1 (3.0 dm3 min�1), CO2 volume fraction ¼ 0.015.
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For the higher water velocity (56.7 cm s�1), both SMD
and RSD decreased quickly at the initial five mixing ele-
ments, after which they were almost constant. The size dis-
tribution is narrow and Gaussian-like at the fifth element.
This indicates that drop formation is stabilized after the fifth
element where water velocity is higher, irrespective of
hydrate formation. The drop size distribution in a static
mixer is the result of drop breakup and coalescence. The
increasing flow velocity would increase the both rates of
breakup and coalescence. However, the rate increase of

breakup was faster than that of coalescence. Thus, by
increasing the velocity, i.e., increasing the energy input, the
breakup rate exceeded the coalescence rate and consequently
the peak size of drops shifts to smaller ranges. When the
flow velocity is decreased, the breakup rate decreases faster
than the coalescence rate, and the drop size distribution
shifts to larger drop sizes.

The bimodal size distribution shown in Figure 6a indicates
that the breakup rate is not sufficiently high under the lower

Figure 5. Size distributions of the liquid CO2 drops
observed at the fifth mixing elements with
hydrate formation (278.0 K and 7.0 MPa).

(a) Water flow rate ¼ 30.2 cm s�1 (1.6 dm3 min�1), CO2

volume fraction ¼ 0.008 and (b) water flow rate ¼ 56.7 cm
s�1 (3.0 dm3 min�1), CO2 volume fraction ¼ 0.015.

Figure 6. Size distributions of the liquid CO2 drops
observed at the fifth mixing elements without
hydrate formation (285.0 K, 7.0 MPa).

(a) Water flow rate ¼ 30.2 cm s�1 (1.6 dm3 min�1), CO2

volume fraction ¼ 0.008 and (b) water flow rate ¼ 56.7 cm
s�1 (3.0 dm3 min�1), CO2 volume fraction ¼ 0.015.
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flow velocity. The drop size before introduction to the static
mixer is distributed broadly in the range of 2–8 mm (results
not shown). Thus, the larger drops would correspond to the
remaining drops formed before injection into to the mixer.
The bimodal size distribution was observed only for the con-
dition without hydrate formation, which suggests that the
breakup of the drops will be promoted by the hydrate film
on the surface.

In this study, the volume fraction of the dispersed phase
(CO2) was adjusted in the range 0.008–0.015. Previous stud-
ies of drop formation from liquid–liquid in static mixers
showed that drop size is not affected by the volume fraction
of the dispersed phase provided that the volume fraction is
smaller than 0.3.27,28 The present results for conditions with
the higher water velocity (56.7 cm s�1) are consistent with
published results in the literature. The effect of the volume
fraction of the dispersed phase will be examined and
reported in future work.

Effect of mixing element type on CO2 drop formation

In this section, the effect of mixing element shape and con-
figuration on CO2 drop formation is examined by comparing
the four types of static mixer (KSM, MSM, RSM, and SSM).
All the mixers have 24 mixing elements. For comparison, an
empty pipe with the same volume was also used. Experi-
ments were conducted under condition (1) as in the previous
section (277.0 K, 7.0 MPa) where the CO2 hydrate phase is
stable. The water flow velocity was adjusted from 30.2 to
56.7 cm s�1, while the CO2 flow velocity was fixed.

Figure 7 shows the reduced SMD/DSM of the CO2 drops
observed at the end of the different static mixers, as a func-
tion of Weber number. The Weber number is defined as

We ¼ qu2DSM

rs
(3)

where q is the density of the water phase, u is the flow velocity
of the water phase, and rs is the water-side surface tension.
Data sourced from the literature were used for the interfacial
tension (21.5 mN m�1) of the CO2-hydrate-water system.29

The SMD/DSM correlated well with the Weber number for
each mixer; the SMD decreased with increasing
Weber number, or equivalently the water flow velocity. It is
known that the SMD/DSM of the drops formed in Kenics static
mixers from liquid–liquid flows are well correlated with the
Weber number.21,23 In our previous work, we demonstrated
that the relationship could be applied in a liquid CO2-water
system with hydrate formation,18,20 and the correlation
equation is

SMD

DSM

¼ a�We�b (4)

It is confirmed in this article that the correlation is valid
for each type of static mixer.

For the same Weber number, the CO2 drop SMD increased
in the order KSM \ MSM \ RSM \ SSM \ Empty pipe.
As the dependency of the SMD on the Weber number was
the same as this order, the difference in the SMD between
static mixers decreased with increasing Weber number. The
RSD of the drops are plotted against Weber number in Fig-
ure 7. The RSD of the CO2 drops formed with KSM was the
smallest, and increased in the order MSM\ RSM\ SSM\
Empty pipe, which is the same as the SMD order.

Figure 8 shows the size distributions of the CO2 drops
with hydrate, observed at the postmixing observation unit in
various static mixers. As expected from the RSD, the nar-
rowest liquid CO2 distribution was observed when the KSM

Figure 7. Relationship between the reduced Sauter
Mean Diameter (SMD) and Weber number
(We), and between Relative Standard Devia-
tion (RSD) and Weber number of the diameter
of CO2 drops for various types of static
mixers.

Conditions: Temperature ¼ 277.0 K; Pressure ¼ 7.0 MPa
(with hydrate formation); water flow velocity ¼ 37.7
cm s�1 (2.0 dm3 min�1): CO2 volume fraction ¼ 0.012.
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was used, and the distribution width increased in the same
order of RSD, KSM\MSM\ RSM\ SSM.

The aforementioned results can be explained in terms of
the mixing functions of each static mixers type. The KSM
has all three mixing functions (flow division, flow reversal,
and radial mixing) which would result in the smallest SMD
and the narrowest distribution of CO2 drops. Conversely the
SSM, which has only the radial mixing function, shows the
largest SMD and the widest size distribution (aside from the
empty pipe) and may have no special mixing function. By
comparing the results between the RSM and MSM, the flow

reversal function has a more significant effect on the size
reduction of the CO2 drops with a narrower size distribution
than the flow division function.

The relationship between CO2 drop surface energy and
total energy dissipation in static mixers

The size distributions of CO2 drops can be used for ana-
lyzing energy dissipation in the static mixers. The rate of
energy dissipation in a static mixer, E, is dependent on the
drop in pressure (DPSM),

21–23,27 that is,

Figure 8. Size distributions of CO2 drops observed at the fifth mixing elements for various types of static mixers.

Conditions: Temperature ¼ 277.0 K; Pressure ¼ 7.0 MPa (with hydrate formation); water flow velocity ¼ 37.7 cm s�1 (2.0 dm3 min�1);
CO2 volume fraction ¼ 0.012. (a) KSM; SMD ¼ 0.313 mm: RSD ¼ 0.205, (b) MSM; SMD ¼ 0.379 mm: RSD ¼ 0.287, (c) RSM; SMD
¼ 0.514 mm: RSD ¼ 0.374, and (d) SSM; SMD ¼ 0.923 mm: RSD ¼ 0.483.
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E ¼ u
DPSM

qLSM
(5)

where q is the fluid density, u is the fluid flow velocity, and

LSM is the length of the static mixer. The pressure drop can be

expressed as a function of the friction coefficient of the static

mixer (fSM) and the number of the mixing elements in the

static mixer (NE), according to the Fanning equation23,30,31;

DPSM ¼ 4fSM
qu2

2

� �
LSM
DSM

� �
¼ 3fSMqu

2NE; (6)

where DSM is the diameter of the static mixer. Note the
relationship LSM ¼ 1.5DSMNE holds for all mixers used in this
study. The friction coefficient of each mixer was determined
experimentally by measuring the pressure drop with pure
water flow as function of the Reynolds number, Re, because no
literature data are available for the friction coefficients of
MSM, RSM, and SSM. For the same Re, the friction
coefficient, fSM, was found to increase in the order SSM \
RSM \ MSM \ KSM, which is opposite to the CO2 drop
SMD and RSD. In other words, the energy dissipation in the
static mixer also increases in this order.

On the basis of the friction coefficients, the energy dissi-
pation rate in each mixer was estimated from Eqs. 5 and 6.
It was assumed that the flow velocity and the density of the
fluid in the static mixer were equal to those of the water
flow, which can be rationalized by the negligible fraction of
liquid CO2 in the total flow rate. The maximum value of the
volume fraction was 0.06.

Figure 9. Correlation between energy dissipation for
drop formation and overall energy dissipation in
the Kenics staticmixerwith hydrate formation.

Temperature ¼ 277.0 K; Pressure ¼ 7.0 MPa (with hydrate
formation); water flow velocity ¼ 37.7 cm s�1 (2.0 dm3

min�1, CO2 volume fraction ¼ 0.012) and 56.7 cm s�1 (3.0
dm3 min�1, CO2 volume fraction ¼ 0.015). The number
indicates the number of the mixing element.

Figure 10. Correlation between energy dissipation for
drop formation and the overall energy dissi-
pation in the Kenics static mixer with and
without hydrate formation.

Conditions: Water flow velocity ¼ 37.7 cm s�1 (2.0 dm3

min�1, CO2 volume fraction ¼ 0.012.) and 56.7 cm s�1

(3.0 dm3 min�1, CO2 volume fraction ¼ 0.015). Keys:
l With hydrate formation: temperature ¼ 277.0 K, pres-
sure ¼ 7.0 MPa. * Without hydrate formation: tempera-
ture ¼ 285.0 K, pressure ¼ 7.0 MPa.

Figure 11. Correlation between energy dissipation for
drop formation and overall energy dissipa-
tion for various types of static mixers and
empty pipe with hydrate formation.

Different keys represent different types of static mixers
(Figure 2). Conditions: Temperature ¼ 277.0 K; pressure
¼ 7.0 MPa; water flow velocity ¼ 30.2–56.7 cm s�1; CO2

flow velocity ¼ 0.42–1.67 cm s�1.
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The energy required for the formation of CO2 drops can
be estimated from the energy required for the surface exten-
sion. The energy, Es, can be expressed by

Es ¼
Z1

0

½Nf ðDÞprf D2 � NiðDÞpriD2�dD (7)

where D is the drop diameter, Ni (D) and Nf (D) are the number
distribution of the CO2 diameter at the initial and final stage,
respectively. ri and rf are the interfacial tensions of liquid
CO2—water at the initial and final stage, respectively. p is the
circle ratio. In this case, the initial number of CO2 drops before
the static mixer is much smaller after, and the overall energy
for the CO2 drop formation can be approximated by

Es �
Z1

0

Nf ðDÞprf D2dD (8)

Figure 9 shows the relationship between the energy dissi-
pation calculated from the pressure drop, and the energy
required for formation of CO2 drops with the hydrate in the
Kenics static mixer (277 K and 7.0 MPa). A good correla-
tion was observed between energy dissipation and drop for-
mation energy, irrespective of the number of mixing ele-
ments or the water flow rates. The slope of the log–log plots
in Figure 9 is �0.3. This indicates that the ratio of the
energy dissipation for the liquid CO2 formation to the total
energy dissipation in the mixer became smaller, either with

increasing the number of mixing elements through which the
fluid passed or increasing the flow rates. Therefore, energy
dissipation for processes other than drop formation would
increase with increasing the number of the elements or the
flow rate. The result for CO2 drops covered with hydrate is,
although ‘‘solid’’ CO2 hydrate is involved in the present sys-
tem, is similar to other results published in the literature for
liquid–liquid systems.22,30,32,33

Figure 10 shows the relationship between the energy dissi-
pation in the Kenics static mixer and the drop formation
energy. A common correlation could be observed irrespec-
tive of the hydrate formation.

Figure 11 shows the relationship between the drop for-
mation energy and the energy dissipation in the various
types of static mixers and the empty pipe. A correlation
was observed between the drop formation energy and the
energy dissipation in the mixer. However, a discrepancy in
the slope was observed between the results from the empty
pipe and those from the static mixers. The results suggest
that a larger energy would be required for the formation of
smaller drops in the static mixers, compared with the for-
mation of larger drops in the empty pipe. However, when
the smaller drops are formed the higher portion of the
energy would be dissipated in the static mixer due to the
fluid-wall friction.

All the results are plotted in Figure 12. It can be seen that
a good correlation exists between the overall drop formation
energy and the energy dissipation in the static mixer,

Figure 12. Correlation between energy dissipation for
drop formation and overall energy dissipa-
tion for various types of static mixers and
empty pipe with and without hydrate forma-
tion.

Conditions: Temperature ¼ 277.0 K (with hydrate) and
285.0 K (without hydrate); pressure ¼ 7.0 MPa; water
flow velocity ¼ 30.2–56.7 cm s�1; CO2 flow velocity ¼
0.42–1.67 cm s�1.

Figure 13. Correlation between overall energy dissipation
for various types of static mixers and RSD of
drop diameter with (open symbols) and without
hydrate formation (closed symbols).

Different symbols represent different static mixer types
(Figure 2). Conditions: Temperature ¼ 277.0 K (with
hydrate) and 285.0 K (without hydrate); pressure ¼ 7.0
MPa; water flow velocity ¼ 30.2–56.7 cm s�1; CO2 flow
velocity ¼ 0.42–1.67 cm s�1.
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irrespective of water flow velocity, shape and number of
mixing elements, and formation of hydrate on the drop sur-
face.

Energy dissipation in the static mixer and
local drop formation energy

The RSD2 implies the distribution of the formation energy
of individual drops, and is assumed to be the distribution of
local drop formation energy at the microscale in the fluid.

The RSD and the shape of the drop size distribution are
affected greatly by the shape of the mixing element. The
narrow size distribution shows that the drop formation
energy is spread widely through the fluid in the static mixer.
The shape of the mixing element, i.e., the mixing function
of the static mixer, plays a role in the distribution of local
drop formation energy in the fluid.

Figure 13 shows the relationship between RSD2 and the
energy dissipation in the static mixer. The KSM consumes
lower energy for a certain distribution than the other mixers.
The results for the other mixers imply that the energy is not
effectively used for drop formation, and the distribution of the
local drop formation energy in the fluid is very wide. Extra
energy must be added to the fluid for drop formation. Because
of its mixing element shape, the KSM is a most suitable for
achieving optimal distribution of local drop formation energy.

Conclusions

The following conclusions could be drawn from this study.
1 The size of the CO2 drops formed in the Kenics static

mixer decrease more rapidly by increasing the number of
mixing elements at a higher flow rate.

2 The formation of CO2 hydrate on the drop surface
reduced drop size, and narrowed the size distribution. How-
ever, these effects were not significant when the flow veloc-
ity was high (56.7 cm s�1, 3.0 dm3 min�1).

3 All the three mixing function of the Kenics static
mixers (flow division, flow reversal, and radial mixing)
affect the size and distribution of CO2 drops. However, the
flow reversal function plays the most significant role in
reducing drop size and in narrowing the size distribution.

4 A good correlation was observed between the energy
for drop formation (surface energy) and the energy dissipa-
tion in the static mixer (friction), irrespective of the flow
rate, hydrate formation, or type of static mixer. A higher
proportion of energy will be consumed/dissipated for the for-
mation of smaller drops.
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