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Abstract
Oscillatory/pulsatile flow is an important approach for mixing enhancement at micro scales. Here we report a micromixer

that consists of a microfluidic oscillator and divergent chambers. The oscillator autonomously produces an oscillatory flow,

which further causes efficient stretching and folding of the fluids to improve the mixing. Testing results show that the

design works well at relatively high flow rates and high viscosities. At around 40 ml/min, the mixing index can reach 0.97

at 8 mPa s, and 0.89 at 12 mPa s, respectively. Efficient mixing can also be achieved at viscosity ratios of up to 10

(20 mPa s:2 mPa s). Application of the micromixer for preparation of nano sized RDX (cyclotrimethylenetrinitramine) is

investigated. Using the anti-solvent crystallization method, nano-RDX particles with the size ranging from 150 to 900 nm

are obtained. Its thermal decomposition characteristics are tested and compared with the raw RDX.

List of symbols
A The pre-exponential factor (–)

D Diffusion coefficient (m2/s)

Ea The apparent activation energy (kJ/mol)

f Frequency of the oscillatory flow (Hz)

Ii Pixel intensity (–)

Imix Pixel intensity after complete mixing (–)

Iunmix Pixel intensity before mixing (–)

L Characteristic length of fluid channel (mm)

Po Operating pressure of the microfluidic oscillator

(bar)

Q Flow rate (m3/s)
�Q1 Time-averaged flow rate of the oscillatory flow

applied at inlet 1 (ml/min)

Q2 Flow rate at inlet 2 (ml/min)

R Gas constant (J/(K mol))

Re Reynolds number (–)

T Oscillation period (s)

t Time (s)

Tm The temperature of molten endothermic peak (�C)
Tp The temperature of thermal decomposition

exothermic peak (�C)
U Fluid velocity (m/s)

Greek symbols
b Heating rate (�C/min)

l Fluid viscosity (Pa s)

m Fluid kinematic viscosity (m2/s)

r Mixing index (–)

s Normalized mixing time, s = t/T (–)

v Viscosity ratio (–)

1 Introduction

Fluid mixing is an important topic in microreactor and

microfluidic studies. It is involved in a variety of applica-

tions including biochemical analysis, medical diagnosis,

and chemical synthesis (Kuo and Jiang 2014; Liu et al.

2003; Valencia et al. 2013; Wang et al. 2017b; Xia et al.

2015; Yang et al. 2015). However, in miniaturized fluid
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devices the flow typically falls in the stable laminar regime

due to increased viscous effects. Without turbulence, the

fluid mixing mainly relies on the diffusion process, which

is slow and may not meet relevant requirements (Squires

and Quake 2005; Stone et al. 2004). To solve this problem,

many micromixers including both the active and passive

designs have been developed (Hessel et al. 2005; Nguyen

2011). Active micromixers work through pneumatic,

magnetic, electrical, or acoustic actuations, and commonly

require bulky external components. The energy input or

heat transform may also destroy the biological samples

(Lee et al. 2011; Zhang et al. 2011), limiting its applica-

tions. Passive micromixers (Chen et al. 2017; Hirata and

Ohkawa 2016; Hossain and Kim 2015; Lin 2015; Stroock

et al. 2002; Xia et al. 2018; Zhang et al. 2016) do not have

moving parts, they utilize specially designed fluid channels

to stir the fluids. But compared with the active design, its

control is less flexible, the mixing performance depends

more on the fluid properties and flow conditions.

Among the various microfluidic mixing methods, one

important strategy is to apply oscillatory or pulsatile flows.

Glasgow and Aubry (2003 and Glasgow et al. (2004)

studied the fluid mixing using time pulsing of the incoming

flow rates, and analyzed the influences of the Strouhal

number, the pulse volume ratio, and the phase difference,

etc. Cho et al. (2012) presented a novel crisscross micro-

mixer by applying aperiodic time-varying electrokinetic

perturbing flows, which is modulated in accordance with

the oscillatory behavior of the Sprott system. Niu and Lee

(2003), Niu et al. (2006) and Bottausci et al. (2007) pro-

posed another micromixer design, for which the flow in a

main channel was perturbed by oscillatory flows from

orthogonal side channels to intensify the mixing. Tabeling

et al. (2004) investigated the chaotic mixing in a cross-

channel intersection under oscillatory flow conditions.

Afzal and Kim (2015a, b) conducted numerical investiga-

tions on a convergent-divergent micromixer coupled with

pulsatile flow and its optimization regarding the geometry

and operating conditions.

However, most previous studies on oscillatory-flow

micromixer have focused on the mixing at low kinematic

viscosities (mostly 10-6 m2 s-1) and low flow rates (in the

range of * ll/min). Its performance for mixing high-vis-

cosity fluids requires further exploration. As mentioned by

Bottausci et al. (2007), complete mixing can be achieved

only if the oscillations are strong enough to induce vor-

tices. At high viscosities, it will be more difficult to impose

effective perturbations to the fluids. On another aspect, the

oscillatory mixing in a microchannel mainly attributes to

the sequential fluid segmentation which shortens the axial

mixing path (Nguyen and Huang 2005). But at a fixed

frequency, a higher flow rate will generate longer fluid

segments. It will reduce the contacting area between the

fluids and deteriorate the mixing. Another issue is that the

pulsatile flow was usually generated by oscillating pumps

or actively controlled actuators. It raises the operational

complexity and contradicts the miniaturization require-

ments of l-TAS and microreactor systems.

In this work, we propose a new oscillatory-flow micro-

mixer for high-viscosity and high-flow-rate applications.

The design is based on our previously developed negative-

resistance microfluidic oscillator (Xia et al. 2012, 2017),

which can autonomously convert a stable laminar flow to

an oscillatory flow. It further combines circular chambers

which intensify the mixing through fluid stretching and

folding. Preparation of micro/nano energetic materials

using current micromixer is demonstrated. As an example,

nano-RDX is produced via an anti-solvent crystallization

process, for which the mixing rate between the solution and

anti-solvent is a key factor. As one important energetic

material, nano-structured RDX exhibits some attractive

features such as reduced sensitivity (Jung et al. 2016; Lee

et al. 2014; Wang et al. 2017a). Here, the obtained product

is compared with the raw material regarding the mor-

phology, size distribution and thermal stability.

2 Micromixer design

Figure 1a is a photograph of current micromixer. It consists

of two inlet channels, one outlet channel, and four mixing

chambers. A microfluidic oscillator is embedded into one

of the inlet channels. The oscillator has a small chamber

that contains an elastic diaphragm, which is made of a

spring metal (Copper/Beryllium (Cu98/Be2) foil, Good-

fellow, UK). It works through a negative-differential-re-

sistance mechanism. Driven by an incoming flow and

above a critical pumping pressure, the diaphragm will

produce self-excited oscillations, converting the flow into

an oscillatory one. Though involving a moving part (i.e. the

oscillating diaphragm), the pumping pressure remains

constant during the operation so it works in a passive way

without resorting to actively-controlled elements. The

averaged flow rate ( �Q) and oscillation frequency (f) are

determined by its geometrical dimensions, bending stiff-

ness of the diaphragm, the fluid viscosity and the operating

pressure. For current design, depending on the applied fluid

and operating pressure, the oscillation frequency (f) varies

from around 120–220 Hz, and the averaged flow rate �Q
varies from around 9–24 ml/min. In each oscillation per-

iod, the lowest flow rate is close to zero and the peak flow

rate is around 2.5–3.5 times that of �Q. For more detailed

information on this microfluidic oscillator, please refer to

our previous reports (Xia et al. 2012, 2017).
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As aforementioned, the oscillatory mixing in a

microchannel relates to the applied flow rate. For the case

where the two fluids to be mixed are alternately pumped

into the main channel, at a fixed frequency, the length of

fluid segments will increase with the flow rate, reducing the

mixing efficiency. This was observed in our previous

studies (Xia et al. 2015). To solve this problem, circular

chambers are used in current design to extend the appli-

cable flow rate range. The diameter and depth of the

chamber are 5 mm and 0.5 mm, respectively. In currently

tested flow rate and frequency range, the chamber volume

is around 2-8 times that of the incoming fluids per cycle.

The fluids flow into the chambers through a tangent

microchannel of cross section 0.5 mm 9 0.5 mm. At

moderate Reynolds numbers (Re ¼ UL=v, where U is the

fluid velocity, L is the characteristic dimension of the

channel, v is the kinematic viscosity of the fluid) when the

fluid inertial plays a role, this configuration can induce

micro-vortices for mixing enhancement (Alam and Kim

2013; Lin et al. 2005).

The mixer can also be designed in a plug-and-play

manner. As shown in Fig. 1b, the oscillator works as an

independent unit. It is connected to the mixing chip

through a small chip-holder and sealing connectors with

ferrules. In this way, it allows easy replacement of the

oscillator. The mixing chip is also simplified to a planar

structure.

3 Experimental setup

3.1 Mixing test

To facilitate the mixing test, transparent PMMA material

was chosen to fabricate the micromixer device. Conven-

tional micro-milling and thermal bonding methods were

employed. The applied liquid was glycerol-water mixture,

whose viscosity is tunable through changing their volume

ratio. To distinguish the two fluids to be mixed, black dye

was added into one mixture. In experiments, the operating

pressure (Po) was applied to a pressurized liquid container

(Nordson Corp.) to pump the liquid through the oscillator.

Po was controlled using a regulator and a digital pressure

gauge (700G27, Fluke Corp., USA), but kept constant

during the operation. The applied fluid was colorless and it

was driven into inlet 1 of the mixer. The other fluid with

black dye was introduced into inlet 2 using a syringe pump.

The mixing pictures were recorded by a high-speed video

camera (Photron FASTCAM Mini UX100) with a laptop.

Fig. 1 a A photograph of the

current micromixer. The

microfluidic oscillator is

embedded into one of the inlet

channels for producing

oscillatory flow. b A more

flexible plug-and-play design of

the micromixer
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The mixing efficiency was measured based on the pixel

intensity. In this testing, there are two pixel intensities

before mixing Iunmix;1 and Iunmix;2, corresponding to the

liquids with and without black dye, respectively. Let Imix
stand for the pixel intensify of complete mixing, and Ii
stand for the intermediate value during the mixing process.

Suppose Iunmix;1 [ Imix [ Iunmix;2, a local deviation ri can
be defined as

ri ¼

Ii � Imix

Iunmix;1 � Imix
ðifIunmix;1 � Ii [ ImixÞ

Ii � Imix

Iunmix;2 � Imix
ðifImix [ Ii � Iunmix;2Þ

8
>><

>>:

ð1Þ

Then, the mixing degree is calculated as

r ¼ 1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

XN

i¼1

ðriÞ2=N

v
u
u
t ð2Þ

The value of r ranges from 0 for non-mixing to 1 for

complete mixing. More information on similar fabrication

and testing methods of a micromixer can be found in Xia

et al. (2018).

3.2 Preparation of nano-RDX

To prepare nano-RDX, dimethyl sulfoxide (DMSO, Sino-

pharm, China) was chosen as the solvent, deionized water

(DI water) was used as the anti-solvent, and the oscillation

was applied to the latter. The raw RDX was obtained from

Yinguang Chemical (Gansu, China). Its concentration in

DMSO was 0.04 g/ml. To reduce the particle agglomera-

tion, 0.1 w% of hexadecyltrimethylammonium chloride

(CTAC, Usolf, China) was dissolved in the deionized water

as a stabilizer.

Immediately after the recrystallization process, around

0.1 ml nano-RDX suspension was diluted 1000 times for

SEM (scanning electron microscope) measurement. The

rest solution was collected for PSD (particle size distribu-

tion) and DSC (differential scanning calorimeter) test. All

the suspension was freeze-dried with a freeze dryer

(BIOBASE, China).

4 Mixing results and discussion

4.1 Mixing in steady flow vs. oscillatory mixing

Figure 2 compares the experimental mixing results with

and without oscillatory flow at dynamic viscosity

l = 8 mPa s. For the steady flow, Q1 ¼ Q2 ¼ 22 ml/min,

the corresponding Re is * 183. Figure (a) shows that, at

this Re the circular chambers cannot induce micro-vortices.

Though swirling flows do occur as observed in the second

and fourth chambers, they are too weak to cause a sub-

stantial enhancement of the mixing. The two fluids basi-

cally keep separated, after four mixer units the mixing

index r only reaches 0.23. In comparison, the oscillatory

mixing as shown in figure (b) is much more efficient. In

this test, the operating pressure of the oscillator Po is

6.3 bar, producing an oscillatory flow of 119 Hz. At a same

flow rate, �Q1 ¼ Q2 ¼ 22 ml=min, the mixing is clearly

intensified through fluid perturbations. The mixture has

become rather homogeneous (please see the supplementary

video 1).

The mixing results during one cycle in the first chamber

are displayed in Fig. 3. In the first 1.2 ms, the

microchannel is full of fluid 2 (the black one). Then, the

flow rate of fluid 1 (the colorless one) (Q1) gradually

increases, squeezing fluid 2 into a thin stream layer. After

around 7.2 ms, Q1 decreases and fluid 2 occupies the

microchannel again. The periodic variation in Q1 has

caused strong stirring effects. As a result, the flow becomes

rather chaotic leading to more efficient mixing.

Figure 4 plots the quantified mixing results in all the

four chambers. It shows that the mixing index r exhibits

large variations during one oscillation period in the first

chamber. It varies from 0.70 to 0.77 due to the pulsating

flow rate. After that, r becomes rather constant. It quickly

increases to 0.84 and 0.92 in the second and third chamber,

and finally reaches 0.97 in the fourth chamber, suggesting

that the fluids are fully mixed.

4.2 Influence of operating pressure and fluid
viscosity

Figure 5 compares the mixing results at 12 mPa s under

different operating pressures of the oscillator. It is found

that, when Po is increased from 5.5 bar to 6.5 bar, the

mixing becomes better and r is improved from 0.81 to 0.89

in the fourth chamber (see Fig. 6). This can be explained

by the working characteristics of the microfluidic oscilla-

tor. According to our previous studies (Xia et al. 2012), the

oscillation frequency f increases and the flow rate �Q
decreases with Po. For the current case, when Po is

increased from 5.5 to 6.5 bar, f increased from 131 to

217 Hz while �Q drops from 16.5 to 13.5 ml/min. Accord-

ingly, in the latter case it forms more fluid laminations, as

can be seen from the first chamber. The enlarged fluid

interface facilitates the diffusive mixing.

To explore the applicable viscosity range of current

mixer, the mixing at different viscosities was examined and

relevant results are presented in Fig. 6. As can be expected,

the mixing efficiency decreases with the fluid viscosity. At

l = 1 mPa s, the mixing result is slightly better than that at

l = 8 mPa s, and r is around 0.98. When l is increased to
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12 mPa s, the mixing becomes slower and incomplete, r
only reaches 0.89 at Po = 6.5 bar. This is because the flow

is more stable and the diffusion also becomes weaker at

high viscosities.

4.3 Mixing at different flow rate and viscosity
ratios

More testing was conducted at l = 16 mPa s and 20 mPa s

at flow rate ratio �Q1:Q2 ¼ 4:1. As shown in Fig. 7, under

this condition, the fluid distribution patterns can be clearly

captured. At 20 mPa s, when fluid 2 (the black one) enters

the circular chamber, it is stretched by the rotating flow.

Then, under oscillatory perturbations from fluid 1, it forms

fine multiple laminations. At 16 mPa s, the fluid structure

becomes less regular. Besides stretching, folding of the

fluid interfaces is also observed. This is because as the fluid

viscosity is reduced, the increased inertial effects enable

the fluids to move a longer distance along the circumfer-

ential direction. Then, as they flow towards the outlet

channel, the fluid interfaces are folded up in the convergent

region (please see the supplementary video 2 for more

details).

Fig. 2 Experimental mixing

results in the four circular

chambers at l = 8 mPa s (the

flow direction is from left to

right). a Mixing in a steady

flow, Q1 ¼ Q2 ¼ 22 ml/min. b
Snapshot of oscillatory mixing,
�Q1 ¼ Q2 ¼ 22 ml/min

Fig. 3 Snapshots of the mixing

during one oscillation period in

the first chamber at l =

8 mPa s

Fig. 4 The change of r over the normalized mixing time s at

l = 8 mPa s (s = t/T, where T is the oscillation period).
�Q1 ¼ Q2 ¼ 22 ml/min. C1–C4 indicate the 1st–4th mixing chambers
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Figure 8 presents the results at different viscosity ratios

(v). For the case of l1:l2 ¼ 20mPa s:2mPa s (v = 10), the

fluid viscosity continuous changes through mixing (l will

become 10.7 mPa s after complete mixing). Compared

with the mixing at l1= l2 = 20 mPa s (see Fig. 7a), the

flow becomes rather irregular. As shown in figure (a.i),

besides the stretching and folding, some of the low-vis-

cosity fluid (the black one) also penetrates into the higher-

viscosity fluid (the colorless one), forming thin fluid

threads. Figure 8(b.i), shows the results at l1:l2 ¼
16mPa s:2mPa s (v = 8). In this case the flow becomes very

chaotic, no clear fluid patterns can be identified. In com-

parison, for both the case without oscillatory perturbations,

the flow remains very stable and the mixing is poor.

Fig. 5 Snapshots of the

oscillatory mixing at

l = 12 mPa s in the four

mixing chambers. a The

operating pressure of the

oscillator, P0 = 5.5 bar, the

corresponding frequency,

f = 131 Hz,
�Q1 ¼ Q2 ¼ 16:5 ml/min.

b P0 = 6.5 bar, f = 217 Hz,
�Q1 ¼ Q2 ¼ 13:5 ml/min

Fig. 6 The mixing in the fourth chamber versus the normalized

mixing time at different viscosities and P0. The flow rates are as

follows. At 1 mPa s: �Q1 ¼ Q2 ¼ 24:0 ml/min; at 8 mPa s: �Q1 ¼
Q2 ¼ 22 ml/min; at 12 mPa s, 6.5 bar: �Q1 ¼ Q2 ¼ 13:5 ml/min; at

12 mPa s, 5.5 bar: �Q1 ¼ Q2 ¼ 16:5ml=min

Fig. 7 Fluid distribution patterns in the 1st chamber at different

viscosities. For both the cases, the flow rate ratio is �Q1:Q2 ¼ 4:1, the
operating pressure Po * 5.5 bar. a l = 20 mPa s, �Q1 ¼ 9:2 ml=min,

Q2 ¼ 2:3 ml=min, b l = 16 mPa s, �Q 1 ¼ 15:6 ml=min, Q2 ¼
3:9ml=min

Fig. 8 Fluid distribution patterns in the 1st chamber with (i) and

without (ii) oscillatory flow at different viscosity ratios, �Q1:Q2 ¼ 4:1,
Po * 5.5 bar. a l1:l2 ¼ 20mPa s:2mPa s, �Q1ðQ1Þ ¼ 9:1 ml=min,

Q2 ¼ 2:3ml=min, b l1:l2 ¼ 16mPa � s:2mPa � s, �Q1ðQ1Þ ¼ 15:2
ml=min, Q2 ¼ 3:8ml=min
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Figure 9a plots the quantified mixing results at different

v and at flow rate ratio �Q1:Q2 ¼ 4:1. Without oscillatory

flow, the mixing index r only reaches 0.22 and 0.51 after

four chambers for the case of l1:l2 ¼ 20mPa s:2mPa s and

l1:l2 ¼ 16mPa s:2mPa s, respectively. With oscillatory

flow, the mixing is much faster and r can reach around

0.95. Figure 9b presents the results at �Q1 ¼ Q2. For the

case of l1:l2 ¼ 16mPa s:2mPa s, the mixing index r is

only 0.42 in the first chamber. But as the flow rate of the

low-viscosity fluid (Q2) is increased, r increases rapidly in

the subsequent chambers. It finally reaches 0.99, indicating

a very good mixing. When the fluid viscosity is reduced to

l1:l2 ¼ 8mPa s:2mPa s, the mixing is further improved.

For both the case without oscillatory flow, the mixing is

much slower and r is less than 0.8 in the fourth mixing

chamber.

5 Application for preparation of nano-RDX

Nano-RDX was prepared using current micromixer

through the anti-solvent crystallization method. Conven-

tionally, this process was performed in a batch mode using

a mixing vessel. The mixing efficiency of the solution and

anti-solvent usually plays an important role. It influences

the nucleation stage, and determines the particle size dis-

tribution and the morphology uniformity. Using a micro-

mixer, the process can be carried out in a continuous mode.

The enhanced mixing is also supposed to improve the

quality of the final product.

In current study, the flow rate ratio of anti-solvent to

RDX solution was fixed at 15:1, and the flow rate of DI

water was 16.6 ml/min. Figure 10 compares the SEM

images of raw RDX and nano-RDX produced using the

Fig. 9 Quantified mixing results at different viscosity ratios. a
�Q1ðQ1Þ:Q2 ¼ 4:1: The specific flow rates are as given in the caption

of Fig. 8. b �Q1ðQ1Þ ¼ Q2. For the case of l1:l2 ¼ 8 mPa s:2 mPa s,

Po = 6.1 bar, �Q1ðQ1Þ ¼ Q2 ¼ 19:2 ml/min. For the case of

l1:l2 ¼ 16mPa s:2mPa s, Po = 5.9 bar, �Q1ðQ1Þ ¼ Q2 ¼ 13:0 ml/min

Fig. 10 SEM images of RDX particles. a Raw RDX material with an

average size about 60 lm. b Recrystallized RDX particles. The flow

rate ratio �Q1ðwaterÞ:Q2ðDMSOÞ ¼ 15:1 (16.6 ml/min:1.1 ml/min), the

concentration of RDX in DMSO is 0.04 g/ml

Microsystem Technologies (2019) 25:2741–2750 2747

123



oscillatory micromixer. From figure (a), the size of raw

RDX particles ranged from 30 to 70 lm, with a large

variation. Defects on the crystal surface can be observed.

Figure (b) presents the morphology of nano-RDX. Though

the RDX particles intend to agglomerate, the size of indi-

vidual RDX particle is in the level of several hundred

nanometers. It is also found that these particles are some-

what amorphous with smooth surfaces. This is believed due

to the rapid mixing and precipitation process. Upon mixing

with the anti-solvent the RDX solution immediately

reaches the over-saturation state, the precipitated RDX may

not have enough time to form highly-structured crystals.

Instead, the produced nano-RDX particles exhibit amor-

phous structures.

The corresponding particle size distribution (PSD)

results of raw and refined RDX are shown in Fig. 11. For

raw RDX, the particles are highly polydisperse with the

size varying from around 20–120 lm. After recrystalliza-

tion, the size of RDX particles is greatly reduced, and the

whole size distribution becomes much narrower. Most

particles are in the range of 200–400 nm with an average

size of about 290 nm. Compared with the SEM photos, the

size is a little larger and it is probably caused by

agglomeration.

To examine the thermal decomposition characteristic of

the RDX particles, thermogravimetric analysis (TGA) and

differential scanning calorimeter (DSC) method are

applied. During the testing process, nitrogen serves as the

shielding gas. The heating rate (b) is set at 5 �C/min and

the heating temperature ranges from 50 to 350 �C. Fig-
ure 12 plots the thermal weightlessness process of RDX.

For nano-RDX, the starting decomposition temperature is

138.4 �C, and the termination temperature is 238.0 �C.
They are 4.8 �C and 0.7 �C lower than that of raw RDX,

respectively. The DTG peak temperature of nano-RDX is

225.7 �C, which is also 2.3 �C lower than that of raw RDX.

Figure 13 presents the DSC curves of raw RDX and

nano-RDX at different heating rates. Both the RDX parti-

cles experience the process of melting and thermal

decomposition with the increase of temperature. At the

same heating rate, the temperatures of molten endothermic

Fig. 11 Particle size distribution of a raw RDX and b recrystallized

nano-RDX

Fig. 12 TG and DTG curves of a raw RDX and b nano-RDX. The

heating rate is 5 �C/min. The starting decomposition temperature and

termination temperature of raw RDX are 143.2 �C and 238.7 �C. For
nano-RDX, they are reduced to 138.4 �C and 238.0 �C. The DTG

peak temperature for raw RDX and nano-RDX are 228.0 �C and

225.7 �C, respectively
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peak (Tm) and thermal decomposition exothermic peak (Tp)

of nano RDX particles are a little lower than raw RDX

particles. At 5 �C/min, the Tm of nano-RDX is 204.1 �C,
which is 0.9 �C lower than that of raw RDX (i.e.,

DTm = - 0.9 �C). For Tp, it is 233 �C, 1.7 �C lower

than that of raw RDX (i.e., DTp = - 1.7 �C). At 10 �C/
min, DTm = - 0.8 �C, DTp = - 0.6 �C; at 15 �C/min,

DTm = - 0.1 �C, DTp = - 0.5 �C. Results also show

that for both the raw and nano-RDX, Tp increases with the

heating rate. As aforementioned the nano-RDX particles

are somewhat amorphous, and hence thermally less

stable than raw RDX particles. This explains the reduction

in the starting decomposition and termination temperatures

of nano-RDX and the shifting of its DTG and DSC curves

towards the lower temperature.

According to Kissinger method (ln ðbÞ=T2
p

� �
¼ ln

ðAR=EaÞ � Ea=RTp, where R is gas constant and it is

8.314 J/(K mol)), the apparent activation energy Ea and

pre-exponential factor A of thermal decomposition and

exothermic reaction can be obtained. Figure 14 presents

the linear fitting plot, both R-square are larger than 0.99. Ea

of nano-RDX is 165.1 kJ/mol, which is 18.6 kJ/mol (or

10.1%) lower than that of raw RDX. The pre-exponential

factor A of nano-RDX is 4.1 9 1016 while for raw RDX it

is 3.3 9 1018.

6 Conclusions

An efficient micromixer is developed consisting of a

microfluidic oscillator and divergent circular chambers.

The oscillator produces self-excited oscillations to enhance

the mixing, reducing the reliance on external electrical

components. So it combines the advantages of both the

passive and active designs. The circular chambers solve the

problem of formation of long fluid segments in

microchannels, making it a more efficient design for high

flow rate applications. The micromixer is applicable for

high-viscosity fluids. Results show that at l = 8 mPa s and

a total flow rate of Qt = 44 ml/min, the mixing index r can

reach 0.97 after four mixer units. At l = 12 mPa s and

Qt * 27 ml/min, r can reach 0.89. The design also works

well for mixing fluids of largely different viscosities. All

these abilities make it a robust and more universal device.

As an example, application of the micromixer for

preparation of nano-RDX was demonstrated. Using the

anti-solvent crystallization method, nano-RDX particles

can be produced. The refined RDX has a much narrower

PSD, and the average size is around 290 nm. DSC tests

show that, compared to raw RDX, the temperature of

Fig. 13 DSC curves of a raw RDX and b nano-RDX. At different

heating rates of 5 �C/min, 10 �C/min, 15 �C/min, the temperatures of

molten endothermic peak (Tm) of raw RDX are 205 �C, 204.8 �C,
204 �C, and the thermal decomposition exothermic peak (Tp) are

234.7 �C, 242.8 �C, 247.2 �C, respectively. For nano-RDX, Tm-
= 204.1 �C, 204 �C, 203.9 �C, Tp = 233 �C, 242.2 �C, 246.7 �C,
respectively

Fig. 14 Kissinger’s plot of raw RDX and nano-RDX. Both the

R-square are larger than 0.99
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thermal decomposition exothermic peak of nano-RDX is

reduced by 1.7 �C, 0.6 �C and 0.5 �C at heating rate of

5 �C/min, 10 �C/min and 15 �C/min, respectively. The

apparent activation energy Ea of nano-RDX is 18.6 kJ/mol

lower than that of raw RDX. Successful preparation of

nano-RDX proves that this micromixer can be used as a

research tool for screening the optimal parameters for

chemical synthesis.
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