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Applicability of Two Kinds of Micromixers for High Viscosity Fluid Emulsification
Process
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Abstract: More and more attention has been paid to the micromixer as its unique mixed features. In recent years, the micromixer has been applied
to the preparation of the emulsion matrix. Two kinds of micromixers were used to complete separately the first emulsification and the second emulsifi-
cation of emulsion matrix. Both of the emulsion principle of the split-recombine micromixer for high viscosity fluid and the influence of the width,
length of the microchannel and fluid flow velocity on the emulsification effect were discussed. Results show that different types of micromixers are
', a good quality emulsion matrix with
viscosity of 38000 cP and average granularity of aqueous phase of 1.895 pum is prepared by the micromixers. The dissolution loss rate of ammonium
nitrate (AN) was 0.2497% after 30 days storage at room temperature. The emulsification principle of the caterpillar split-recombine micromixer for
high viscosity fluids is the shear effect of the microchannel to the fluids. The width of the microchannel affects the pressure of emulsification signifi-

suitable for different stages of the emulsification. Under the conditions of the total fluid flow of 40 mL - min~

cantly. The longer the length of microchannel is, the larger the flow velocity of fluid is and the better the quality of emulsification is.
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1 Introduction

Emulsion explosive is widely used in the industry, which
is manufactured by sensitization of emulsion matrix. Emulsion
matrix of emulsion explosives is generally a high volume ratio
of to outer phase, which is a water-in-oil emulsion containing
droplets of oxidizer solution. Emulsification process is a key to
the preparation of emulsion explosive. The traditional emulsifi-
cation equipments include colloid mill, emulsifying tank, con-
tinuous emulsifier, etc. Their emulsification principle is the
relative motion of the stator and rotor, which will easily cause
accidental detonation of emulsion matrix. In this process, the
stirring action of the rotor will increases the temperature of e-
mulsion matrix, and when unexpected collision occurs, the
matrix will be fired or explode due to the spark. And the emul-
sifying cavity of traditional emulsification equipment is big to
keep a great quantity of explosives, which would be a security
hidden danger "',

Micromixers are mixers of micron scale, increasing the sur-
face area of the fluid greatly and performing efficient emulsifica-
tion™ ). Micromixer has simple structure without amplification
effect, and the operating conditions are easy to be controlled.
Currently micromixer has been widely used in the field of chemis-
try and biotechnology!”™*’. Since the amount of explosives
deposited in the microchannel of micromixer is small, the possi-
bility of accidental detonation decreases to very low level. Be-
sides there is no moving part in the microchannel, which will
greatly improve the security of emulsification process.

The water and oil phase are transported into the mi-
cromixer by two pumps. Through the role of energy conver-
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sion of micromixers, the mechanical energy of the fluid pro-
duced by the two pumps is converted into the interfacial ener-
gy of emulsion matrix "'"*’. As is well known, emulsion matrix
is colloid with high viscosity, while the initial raw materials
such as the oxidant solution and the oil phase solution are
lower viscosity fluid. From the first emulsion to the second
emulsion, following the emulsification process, the fluid vis-
cosity increases.

No single micromixer is believed to be suitable for both
low viscosity liquid and high viscosity fluid. Therefore, the
emulsifications of emulsion matrix are divided into two stages,
the first emulsion and the second emulsion "®'. To complete
the first emulsion, a passive micromixer was made by filling
the stainless steel tube with spiral metal mesh. In this study,
the proposed micromixer was named as a metal mesh embed-
ded micromixer (MMEM). The second emulsion was comple-
ted by the caterpillar split-recombine micromixer ( CPMM)
from Institut fiir Mikrotechnik Mainz GmbH (IMM). In this
study, the MMEM and the CPMM were connected by the
stainless steel pipe to complete the emulsification of emulsion
matrix. The emulsion principle of the split-recombine mi-
cromixer for high viscosity fluid was discussed, and the influ-
ence of the width, length of the microchannel and fluid flow
velocity on the emulsification effect were also researched.

2 Experimental

2.1 Experimental Materials

The oxidizer solution ( water phase) is consisted of am-
monium nitrate ( AN ), sodium nitrate, and water. The oil
phase includes the diesel oil and Span-80. The temperature of
oxidizer solution was maintained at 80 °C, while the fuel
blend was heated to 50 °C. The feeding ratio of oxidizer solu-
tion to oil phase into the micromixers was always set at9 : 1.
On the whole, the emulsion matrix was consisted of 70% AN,
6% sodium nitrate, 18% water, 4% diesel oil, 2% Span-80.
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AN was provided by the Nanjing University of Science
and Technology (industrial products) , and sodium nitrate and
Span-80 was purchased from the Sinopharm Chemical Reagent
Co., Ltd (analytic reagent).

2.2 Experimental Facilities

(1) Caterpillar split-recombine micromixer

The design principle of the split-recombine micromixer is
the recombination after the separation of fluid in one mixing
unit and the superposition of the mixing units "7~
in Fig. 1. The final lamella dimension does not only depend on
the microchannel width, but also the number of mixing units.
Two models of CPMM from IMM were used, CPMM-V1. 2-
R300 and CPMM-V1.2-R600. The width of microchannel of
the first micromixer is 300 wm, while the second is 600 um.
Since it is difficult to achieve the above-mentioned principle of
emulsification for high viscosity fluids, the ramp-like structure
is designed in the microchannel which will play a shear effect

, as shown

to the fluid due to the angular of the ramp-like structure. At
the same time, the microchannel structure is simple, which
will be suitable for the emulsification of high viscosity fluids.

upper champer of CPMM

flowing state of the fluids

ram-like
structure
nether champer of CPMM

Fig.1 The emulsification principle of the CPMM

(2) Metal mesh embedded micromixer

The MMEM was made of stainless steel tube, which was
filled with 200 mesh barbed wire. The length of the tube was
8 cm, while the external diameter was 1/8 inch. The area of
the barbed wire was 2 m* | set as spiral. The mixing principle
of the MMEM is very close to conventional large-scale static
mixers used in the chemical industry 7.

(3) Viscometer

The viscometer used in the experiment was from Brookfield
Engineering, DV-II+pro. The test temperature was 55 °C, the
rotor model was 94#, and the rotate speed was 30 rpm.

2.3 Emulsification Experiment

The water phase (80 °C) and the oil phase(50 °C) were
respectively transported into the micromixers by two gear
constant flow pumps with pressure sensors( pressure tolerance
kept within 15 MPa) . The oxidizer solution to oil phase feeding
ratio into the micromixers was always set at 9 : 1. The MMEM
and the CPMM were connected with stainless steel pipe to com-
plete the emulsification of emulsion matrix together. Table 1
shows the experiment 1-5. As shown in experiment 5 of the
Table 1, 2 * CPMM-V1.2-R600 represents that two CPMM-V1.
2-R300 were connected by the stainless steel pipe to complete
the second emulsion together, which was almost double of the
length of the microchannel of the caterpillar split-recombine mi-
cromixer. In experimental 2, two CPMM-V1.2-R300 were con-
nected together to complete the first emulsion.
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Table 1 The experiment 1-5

eNx(ser|ment MMEM CPMM t/(:Tt\aLI .fI(r)nvsi/rf1
1 vV X 40,20,10
2 X 2 % CPMM-V1.2-R300 40

3 Vv CPMM-V1.2-R300 40,20,10

4 vV CPMM-V1.2-R600 40,20,10

5 Vv 2 # CPMM-V1.2-R600  40,20,10

Note: V indicates the instrument is applied to the corresponding experimen-
tal, while x indicates the instrument is not applied.

2.4 Properties Measurement of Emulsion Matrix

2.4.1 Viscosity of the Emulsion Matrix

Viscosity is one of the important properties of the emul-
sion matrix for industrial applications. In a certain range, as
other properties being constant, the larger the viscosity of the
emulsion matrix, the better the quality will be.

2.4.2 Droplet Diameter Distribution of Water Phase

The emulsion matrix particle diameter is a fundamental
quality indicator of emulsion matrix. The smaller the diameter,
the higher the interfacial energy of emulsion matrix is, indica-
ting that the micromixers convert more energy from the pumps
to the emulsion matrix.

The emulsion matrix was dissolved in cyclohexane, and
the oxidant solution droplets could be observed at 400 times
optical microscope. The optical microscope used in the exper-
iment was from Nikon Corporation of Japan, Nikon eclipse
55i. The diameter distributions were estimated from the micro-
photographs of the microscope, using the software of image
pro plus v7.0, which was from Lubrizol.

2.4.3 Dissolution Loss Rate of Ammonium Nitrate

The water phase of emulsion matrix is filled with a large
amount of AN. In the process of storage, the ammonium ni-
trate particles will break the cladding of surfactant and tempo-
rarily exist in the oil phase. AN, which is strong polarity, will
be dissolved into the water by ionic state, while the emulsion
matrix is soaked by water. Formaldehyde and sodium nitrate
can be quantitatively used to determine the dissolution loss
rate of AN, which can present the storage property of emul-
sion matrix. The reaction of formaldehyde with AN is:
6HCHO+4NH? =(CH,)6N, +4H"+6H,0
The dissolved loss rate of AN is defined as
g:VNXO'08004X200x100%

Clio Mo X10

In the above equation, & is the dissolution loss rate of
AN, % ; Vis the volume of sodium nitrate, mL; N is the mo-
larity of sodium nitrate, 0.02 mol - L™, C,, is the mass frac-
tion of AN in emulsion matrix, % ; and m,,, is the mass of e-
mulsion matrix, g.

3 Experimental Results and Analysis

3.1 Pressure Drop and Viscosity
Table 2 shows the pressure drop measured by the pressure
sensor at the gear constant flow pump, the viscosity and the
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state of the emulsion matrix in different experiments. In the ta-
ble, five experiments are given and only experiments 4 and 5

produced good quality emulsion matrix, which was given a
serial No A to F.

Table 2 The pressure drop, the viscosity and the state of the emulsion matrix in different experiment programs

experimental MMEM CPMM total flovs./ B pressure viscosity the state of emulsion wmaki® serial .No‘ of '
No. /mL - min drop/MPa  /cP emulsion matrix
vV 40 0.2 5100 completion of the first emulsion /
1 vV 20 <0.1 3900 completion of the first emulsion /
v 10 <0.1 2300 completion of the first emulsion /
2 X 2 %+ CPMM-V1.2-R300 40 0.3 no emulsification /
vV CPMM-V1.2-R300 40 >15 the pumps stopped working /
vV CPMM-V1.2-R300 20 6.0 22400 a small amount of crystallization, /
3 demulsified after 15 days
vV CPMM-V1.2-R300 10 3.5 15500 a small amount of crystallization, /
demulsified after 15 days
vV CPMM-V1.2-R600 40 1.5 24000 good, no demulsification after 30 C
days
4 vV CPMM-V1.2-R600 20 0.5 14000 good, no demulsification after 30 B
days
vV CPMM-V1.2-R600 10 0.3 8000 good, no demulsification after 30 A
days
vV 2 % CPMM-V1.2-R600 40 2.0 38000 good, no demulsification after 30 F
days
5 vV 2 % CPMM-V1.2-R600 20 1.3 21000 good, no demulsification after 30 E
days
vV 2 % CPMM-V1.2-R600 10 0.5 12000 good, no demulsification after 30 D
days

As shown in Table 2, in experiment 1, the MMEM com-
pleted the first emulsion excellently, produced the emulsion
matrix with the viscosity from 2300 to 5100 cP under the total
flow from 10 to 40 mL - min~'. Due to its complex internal
structure, the MMEM, in which tremendous work pressure will
be generated as emulsifying high viscocity fluids, isn’t suitable
for the second emulsion. In experiment 2, when the CPMM
was used alone to complete the first emulsion, there was no e-
mulsification, but in experiments 4 and 5, the MMEM and
CPMM were used to complete the first and second emulsion
separately, the second emulsion was completed very well,
which demonstrated that the caterpillar split-recombine mi-
cromixer was suitable for the second emulsion, but not for the
first emulsion. So using two types of micromixers to complete
the first and second emulsion respectively is wise and feasible.

The CPMM failed to complete the first emulsion, but com-
pleted the second emulsion for higher viscosity fluids success-
fully, which demonstrated that the emulsification principle of
split-recombine wasn’t achieved in it. When the viscosity of
fluids increases, the pressure would increase in the microchan-
nel, which would promote the shear effect of microchannel to
fluids"*"". It is concluded that for high viscosity fluids, the
emulsification principle of the CPMM s the shear effect of mi-
crochannel to fluids.

The width of microchannel of CPMM-V1.2-R300 is 300 microns,
while CPMM-V1.2-R600 is 600 microns.

In experiment 3, when CPMM-V1. 2-R300 was used to
complete the second emulsion, the pressure drop was too high,
and exceeded the tolerance range of the pump at the total flow
of 40 mL - min™'. Through the comparison of the results of
experiments 3 and 4 (the difference of them was just the width
of the microchannel of CPMM) , it is concluded that the width
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of the microchannel affects the pressure drop of emulsification
significantly, and excessive pressure drop will result in the de-
mulsification of emulsion matrix When the emulsion pressure
was higher than 3.5 MPa, a small amount of crystals of AN
appeared in the emulsion matrix. From 10 mL - min™ to
40 mL - min™" of the total flow, CPMM-V1.2-R600 was more
suitable than CPMM-V1.2-R300 for the emulsification of emul-
sion matrix.
As can be seen from experiment 4, within the scope of
10 mL +» min™ ! of the total flow, the emulsion
matrix with the viscosity from 8000 to 24000 cP was produced.
In experiment 5, two CPMM-V1. 2-R600s were used to in-
crease the length of the microchannel, and under the total flow
rate of 40 mL + min™', a good quality emulsion matrix with the
viscosity of 38000 cP was produced under the total flow of
'. The bigger the flow velocity, the higher the

to 40 mL + min~

40 mL - min™".
viscosity of the emulsion matrix is and the better the quality is.
Through the comparison of the results of experiments 4 and 5,
it is concluded that the increasing of the length of microchannel
will raise the pressure drop of the emulsification and improve
the emulsion quality.

3.2 Droplet Diameter Distribution of Water Phase

Through the method mentioned in section 2. 4.2, emul-
sion matrix particle diameter distribution of water phase of the
emulsion matrix with different serial number in the experiment
could be estimated. Fig.2, Fig.3 and Fig.4 are the histograms
of the droplet diameter distribution of water phase.

The emulsion matrix particle diameter distribution of water
phase reflects the energy of the micromixers converted to the e-
mulsion matrix. The smaller the diameter is, the bigger the
specific surface area is and the higher the energy of emulsion
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matrix is, meanwhile, the smaller the standard deviation and
the variance are, the more uniform the emulsification is. The
influence of the flow velocity and the length of microchannels
on the quality of emulsification were studied in experiments 4
and 5. The average values of the emulsion matrix A to F were
9.650, 6.519, 3.223, 8.975, 5.207, 1.895 um, respectively.
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Fig.2 Droplet diameter distribution of water phase (A, D represent se-
rial No. of emulsion matrix, same as in Table 2)
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of emulsion matrix, same as in Table 2)
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Fig.4 Droplet diameter distribution of water phase (C, F represent ser-
ial No. of emulsion matrix, same as in Table 2)

As can be seen from Fig. 2, through the comparison of A
and D, it is concluded that the length of microchannels has sig-
nificant influence on the emulsion matrix particle diameter dis-
tribution of water phase. The longer the length is, the smaller
the diameter and standard deviation are, and the better the
emulsion quality is. The same conclusions were obtained
through the comparison of B and E from Fig. 3, and the com-
parison of C and F from Fig.4. As shown in Fig.4, the droplet
diameter of the emulsion matrix F distributed between 1.0 um
to 2.5 wm mostly with the average values of 1.895 um, which
reflected a good quality.

As also can be seen from Fig.2 to Fig.4, through the compar-
ison of A, B, and C, and the comparison of D, E, and F, it is
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concluded that the flow velocity has significant influence on the
emulsion matrix particle diameter distribution of water phase, the
bigger the flow velocity is, the smaller the diameter and standard
deviation are, and the better the emulsion quality is.

3.3 Dissolved Loss Rate of Ammonium Nitrate

Table 3 shows the dissolution loss rate of AN of emulsion
matrix with different serial number after 30 days’ storage at
room temperature.

Table 3 The dissolution loss rate of AN of emulsion matrix

serial ‘No. of ' B c D E F
emulsion matrix

dissolution loss

0.3851
rate/ %

0.3287 0.3037 0.2790 0.2616 0.2497

The dissolution loss rate of AN reflects the storage perform-
ance of emulsion matrix. As can be seen from Table 3, the
emulsion matrix F, produced in experiment 5, the dissolution
loss rate of AN was 0.2497% after 30 days storage at room tem-
perature, which reflected a good quality. Through the compari-
son of A, B, and C, and the comparison of D, E, and F, we
can conclude that the increase of fluid flow velocity in the emul-
sification can raise the storage performance of the emulsion ma-
trix. Through the comparison of A and D, B and E, C and F,
we can conclude that the longer the length of microchannel, the
better the storage performance of the emulsion matrix is.

As the flow velocity increasing, the shear effect of the mi-
crochannel to the fluids will be bigger, reducing the emulsion
matrix particle diameter. When the materials of emulsification
were not changed, the smaller the emulsion matrix particle di-
ameter was, the higher the viscosity of emulsion matrix and the
better the storage performance. The increase of the fluid flow
velocity will raise the mixing intensity of microchannel to flu-
ids, which will make the emulsification more uniform. Howev-
er, in the second emulsion, the fluid viscosity is so high that
the strong fluid disturbance will not appear. So at this moment,
the influence of the fluid flow velocity on the quality of the
emulsion is the shear effect, rather than the mixing intensity.

As the length of the microchannel increases, the pressure
drop of the microchannel will be bigger, so as to the shear
effect. Meanwhile, the increase of the length of the microchan-
nel will rises the residence time of the fluid in the microchan-
nel, which will make the emulsification more uniform.

In experiment 5, the MMEM was connected with two
CPMM (CPMM-V1.2-R600) to complete the first emulsion and
the second emulsion separately. Under the conditions of the
total fluid flow was 40 mL - min™' and the pressure drop was
2 MPa, the micromixers produced a good quality emulsion ma-
trix in the experiment, whose viscosity was 38000 cp and aver-
age emulsion matrix particle diameter was 1.895 um. The dis-
solution loss rate of AN was 0.2497% after 30 days storage at
room temperature. For the preparation of emulsion matrix, the
microchannel of micromixer deposit small amount of explo-
sives, there is no possibility of accidental detonation. And
there is no moving part in the microchannel, which will greatly
improve the security of emulsification process.

4 Conclusions

Different types of micromixers are suitable for different sta-
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ges of the emulsification. It is wise and feasible to complete the
first and second emulsion respectively through two types of mi-
cromixers (MMEM and CPMM). Under the conditions of the
total fluid flow was 40 mL + min™', the two micromixers pro-
duced a good quality emulsion matrix in the experiment, and
its viscosity was 38000 cP and average droplet size of dispersed
phase was 1. 895 um. The dissolution loss rate of AN was
0.2497% after 30 days storage at room temperature.

The emulsification principle of the CPMM for high viscosity
fluids is the shear effect of the microchannel to the fluids. The
width of the microchannel affects the pressure drop of emulsifica-
tion significantly, and excessive pressure drop will result in the
demulsification of emulsion matrix. In a certain range, increasing
the microchannel length and fluid flow velocity can decrease the
dissolution loss rate of AN and particle diameter of the emulsion
matrix, and increase the viscosity of the emulsion matrix.
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