
Chapter 7

Microsystems for Dispersing Nanoparticles

C. Schilde, T. Gothsch, S. Beinert, and A. Kwade

Abstract Typically in the production of nanoparticles via bottom-up syntheses,

agglomerates or even strong aggregates are formed which have to be redispersed in

a subsequent dispersion process. Especially for the processing and screening of

aggregated highly potential and cost-intensive biotechnological or pharmaceutical

products, microsystems are advantageous due to high stress intensities, narrow

residence time distributions, and high reproducibility as well as low volume flow.

Depending on the geometry and the operating conditions of dispersing units within

microsystems, various stress mechanisms have an effect on the dispersion process.

However, in contrast to emulsification processes, the effect of cavitation is disad-

vantageous for high-pressure dispersion processes and can be avoided by applying

backpressure. For the characterization and optimization of the stress intensity

distribution and stressing probability in microchannels at various operating condi-

tions, microparticle image velocimetry (μPIV) as well as single- and two-phase

CFD simulations are well suited.

7.1 Introduction

Since several years, the importance of nanoparticles as high potential additives

increases continuously in numerous branches of industry, e.g., chemical, pharma-

ceutical, extractive, food, and dye industry. Due to their size of 1–100 nm in at least

one direction in space [13], the large specific surface area and the high amount of

reactive surface molecules nanoparticles are attributed by extraordinary properties
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[77]. These properties are considerably different from the well-known macroscopic

material properties. For this reason, using nanoparticles as additives in a process

chain can be advantageous to enhance existing product properties or to generate

completely new product properties, e.g., photocatalytic activity, catalytic activity,

abrasion resistance, thermal and electrical conductivity, tensile strength, hardness,

hydrophobicity, easy-to-clean effect, viscosity, and color strength. Apart from the

traditional top-down processing of particles down to the nanoscale via stirred media

milling [11, 27, 51, 52], chemical bottom-up processes such as crystallization,

precipitation, or pyrolysis are typically used in industry because of economic

reasons. Despite significant process optimization, the resultant particle character-

istics are related in a complex way to the chemical and physical processes of the

particle synthesis [53]. Hence, in most bottom-up production processes, agglomer-

ates or even strong aggregates [13] are formed which have to be redispersed in a

subsequent more or less intense dispersion process. With respect to the required

particle or aggregate fineness rotor-stator systems, high-pressure or ultrasonic

homogenizers, dissolvers, kneaders, stirred media mills, and other dispersing

machines are suitable for this dispersion step [55, 56]. Hereby, high-pressure

systems are typically characterized by a narrow residence time distribution, a

relative accurate adjustment of the induced stress intensities and frequencies as

well as a good reproducibility [48]. For microsystems, the high stress intensities,

narrow residence time distribution, and high reproducibility as well as low volume

flow could be advantageous, e.g., for processing of highly potential and cost-

intensive biotechnological or pharmaceutical products [6, 17].

7.2 Dispersing of Nanoparticles

Typically in industrial mass production of nanoparticles via chemical synthesis,

agglomerate or even strong aggregate clusters of primary particles are produced,

which have to be redispersed in order to obtain the desired product fineness and

properties. A classification of agglomerates, aggregates, and flocculates depending

on the interaction forces between the primary particles and specific surfaces is

summarized by Schilde et al. [52]. Depending on the aggregate/agglomerate struc-

ture, size, primary interaction, and stability, the resistance against fragmentation

and the efficiency of the dispersion process differs strongly [8, 50]. The influencing

factors on the dispersion process can be classified into the aggregate/agglomerate

properties, the properties of the continuous phase, and the characteristics and

operating parameters of the dispersing device (see Fig. 7.1 [59]):

• Aggregate/agglomerate properties: The strength of a particulate structure

depends basically on the material, the structure, and the type and strength of

particle–particle interactions [32, 54, 57–60]. Hence, the dispersion process is

strongly affected by the material, size, and structure of the aggregate/agglomer-

ate. Especially, nanoparticulate aggregates have a high strength due to the

number and strength of solid bridges between the primary particles.
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• Liquid phase: The properties of the continuous phase have an effect on the

transferred stress frequencies and intensities by the dispersion machine [62] as

well as on the suspension stability [37, 51, 78] concerning reagglomeration

(rheological properties, ion concentration, additives, etc.).

• Dispersion machine: The stress mechanisms, intensities, and frequencies acting

on aggregate/agglomerate surfaces depend considerably on the type, geometry,

and operating conditions of the dispersing machine. In practice, dissolvers, high-

pressure and ultrasonic homogenizers, kneaders, three roller mills as well as

stirred media mills are used as dispersion devices [56].

7.3 Stress Mechanisms in Microsystems

A first principal classification of different stress mechanisms predominating the

dispersion and comminution of particles in different dispersing machines was

postulated by Rumpf [43, 52, 59]. The stress mechanisms were differentiated by

the type of force transmission, e.g., compression or impact, stress by the surround-

ing fluid phase or thermal, chemical or electrical stresses. Apart from that the

direction of energy initiation can be differentiated, e.g., normal or shear stress on

a surface as well as shear or turbulent flow due to the fluid. A summary of different

stress mechanism acting in different dispersing machines is given by Schilde

et al. [52, 55]. For emulsification and dispersing in high-pressure systems, the

hydrodynamic stresses acting on the particle and droplet surface due to pressure

and velocity gradients are of major importance. Apart from particle–particle and

particle–geometry interactions, the dispersion relevant stress mechanisms can be

focused on stress via laminar and turbulent shear flow and stress via cavitation. The

significance of these three stress mechanisms, especially the role of cavitation, on

the emulsification result in high-pressure systems is not fully clarified and discussed

controversially by different authors [18]. There are a large number of authors who

Fig. 7.1 Influencing

parameters in a dispersion

process (aggregate

properties, dispersing

machine, liquid phase)

(original graphic by

Schilde [59])
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predict a positive effect of cavitation on the emulsification result [3, 15, 21, 31,

70, 71]. However, a large number of authors postulated a contrary minor or negative

influence of cavitation on the emulsification result compared to laminar or turbulent

shear flow [40–42, 67]. A few authors conclude that both turbulent shear flow and

cavitation are the reasons for a successful breakup of droplets [24, 25].

While emulsification processes are intensely investigated regarding the effect of

different mechanisms on the resultant product droplet size, only little literature

exists on dispersing processes using high-pressure homogenizer or microsystems.

However, similar to emulsification processes, it can be assumed that areas of high

energy dissipation are responsible for a sufficient dispersion process. Sauter

et al. identified hydrodynamic, cavitation, and impact stresses as effective stress

mechanisms for dispersing pyrogenic nanoparticles [48, 49]. Anyway, cavitation

leads to abrasion and damage and a reduced lifetime of the high-pressure systems.

Thus, wear of the high-pressure homogenizer or microsystem has to be considered

for dispersing in microsystems. Moreover, the dominant stress mechanisms in

dispersing and emulsification processes differ considerably.

7.3.1 Stress via Laminar Fluid Flow

For Reynolds numbers below a critical value, laminar flow with only a marginal

transverse flow can be observed [61]. This laminar flow can be differentiated into

laminar shear flow [44] and laminar elongation flow [9, 20, 69] with different shear

stresses acting on the particle surface. In general, both laminar shear and elongation

flow occur simultaneously in a microsystem. Figure 7.2 shows the dominating

stress mechanisms during dispersing of nanoparticulate suspensions in high-

pressure and microsystems. Usually, in microsystems, these laminar shear and

elongation stresses occur simultaneously but with various frequencies and intensi-

ties. For spherical particles in laminar shear flow of a Newtonian fluid, the shear

stress and stress frequency acting on the particle surface can be calculated

according to the following equation [44]:

τl,P, s ¼ 2:5 � _γ � ηf ð7:1Þ

τl,P,s N/m2 Shear stress acting on the particle surface in laminar shear flow

_γ 1/s Shear rate

ηf Pa · s Dynamic viscosity of the Newtonian fluid phase
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The stress frequency is proportional to the rotational angular velocity of the

particle/aggregate within a stationary laminar shear flow:

ω ¼ _γ

2
ð7:2Þ

ω 1/s Angular velocity

Besides the shear stress acting on the particle surface, additionally centrifugal

forces appear due to the rotation of the particle/aggregate within the stationary

laminar fluid flow. However, the centrifugal forces are proportional to the square of

the particle radius [44] and, thus, insignificant for dispersing small particles in the

nanometer size range within microsystems. The elongation stress in laminar elon-

gation flow is defined according to the following equation [33]:

τl,P, e ¼ _ε � ηf ð7:3Þ

Fig. 7.2 Main stress mechanisms during high-pressure dispersing in microsystems: (a) laminar

shear flow according to Rumpf [44]; (b) laminar elongation flow according to Stang [66];

(c) Cavitation; (d) turbulent shear flow according to the theory of Kolmogorov [12]
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τl,P,e N/m2 Elongation stress acting on the particle surface in laminar flow

_ε 1/s Elongation rate

7.3.2 Stress via Turbulent Fluid Flow

In most cases, an accurate characterization of the three-dimensional flow and stress

pattern is hardly available. Hence, computational fluid dynamics or mean field

theories are suitable to describe the shear stress acting on the particle surface in

turbulent shear flow. Turbulent shear flow is highly irregular, characterized by

apparently random and chaotic three-dimensional eddies [16]. The energy is trans-

ferred by an eddy cascade and dissipated into energy of the smallest eddies with the

Kolmogorov length scale due to dominating viscosity effects. In principle,

the acting stresses can be classified using the ratio of the particle/aggregate and

the Kolmogorov microscale into three to four classes [26, 29, 30, 38]:

• The inertial subrange, where the particles are stressed due to the relative

velocities between vortices:

τt, P, isreρf � ε � dPð Þ2=3 25 � dP
λK

� 12 ð7:4Þ

τt,P,isr N/m2 Turbulent stress in inertial subrange

ε m2/s3 Energy dissipation rate

dP m Particle/aggregate size

ρf kg/

m3
Fluid density

υf m2/s Kinematic fluid viscosity

λK ¼ υ3
f

ε

� �1=4 Kolmogorov microscale

• The upper dissipation region, where the particles are stressed due to the relative

velocities between vortices, but particle/aggregate diameter and kinematic vis-

cosity have a higher influence on the acting stresses:

τt, P,uDeρf � d2p � ευf 12 � dP
λK

� 3 ð7:5Þ

τt,P,uD N/m2 Turbulent stress in the upper dissipation region
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• The lower dissipation region, where the particles are stressed via rotation within

the center of an eddy. The shear stress is independent on the particle/aggregate

size. Typically, the ratio of the particle size and the Kolmogorov microscale for

dispersing nanoparticle reaches values below 3 [55]:

τt,P, lDeρf � ε � υfð Þ1=2 dP
λK

� 3 ð7:6Þ

τt,P,lD N/m2 Turbulent stress in the lower dissipation region

Bache postulated an extended function for the lower dissipation region [2]:

τt,P, lD, Bachee 1

15
ρf � ε � υfð Þ12 � dP

λK

� �2 dP
λK

� 3:5 ð7:7Þ

7.3.3 Stress via Hydrodynamic Cavitation

Typically, in literature, cavitation is discussed as a main stress mechanism during

dispersion or emulsification processes using high-pressure or ultrasonic homoge-

nizers [3, 5, 14, 21, 31, 35, 47, 63, 71]. Cavitation describes the spontaneous

formation, growth, and subsequent collapse of cavities in a liquid phase. The

previous nucleation process of cavities can be differed in homogeneous and het-

erogeneous nucleation. Due to thermal motion of liquid molecules, temporary,

microscopic cavities arise which represent weak spots within the fluid and grow

up, forming macroscopic cavities. This type of nucleation is called homogeneous

nucleation. If the nucleation starts induced to already existing small gas bubbles or

particles within the fluid phase, heterogeneous cavitation nucleation takes place.

The implosion time and resultant velocities of the resultant cavities can be approx-

imated according to Baldyga et al. [3]. The stress intensity of the microjet after

implosion of the cavity can be described by the following equation [4]:

τj ¼ α � ρf � csw � uj ð7:8Þ

τj N/m2 Stress intensity of the microjet

csw m/s Speed of shock wave

uj m/s Speed of microjet

α – Empirical constant

In high-pressure systems, the hydrodynamic cavitation is generated due to high

pressure gradients caused by high velocity gradients within the fluid flow. This

cavitation can be differentiated into (1) travelling cavitation, (2) fixed cavitation,
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(3) vortex cavitation, and (4) vibratory cavitation [64]. Furthermore, in

microsystems which are based on orifice geometries, the cavitation regimes can

be characterized similar to a quasi-stationary fluid flow:

• Beginning of the cavitation (cavitation inception).

• The steam fills the flow separation region (sub-cavitation stage).

• Expanding cavitation downstream (transitional cavitation) [46].

The amount of vapor-filled areas within the microsystem can be described using

the cavitation number, e.g., [36]:

CN ¼ p1 � p3
p3 � pv

ð7:9Þ

CN – Cavitation number

p1 N/m2 Pressure upstream the orifice

p3 N/m2 Pressure downstream the orifice

pv N/m2 Vapor pressure

As described before, the significance of laminar and turbulent shear flow and

stress via cavitation is not fully clarified and discussed controversially by different

authors. Typically, the presence of cavitation can be characterized using photo-

optical measurement methods, e.g., for diesel injection nozzles [10, 45, 65, 68]. Fig-

ure 7.3 (left) shows exemplarily the visualization of cavitation in a rectangular

silicon orifice [34] using a fluorescent dye with ambient pressure at the outlet of the

microsystem [18, 19]. A dark blue color represents a low fluorescent intensity and,

thus, cavities. The method is described in detail by Gothsch et al. [19]. The flow

Fig. 7.3 Left: Cavitation images of a rectangular silicon orifice geometry (Δp¼ 100 bar;

backpressure pB¼ 0 bar (ambient pressure); channel height hmc¼ 53 μm). Right: Cavitation

downstream of the orifice at a pressure difference of 300 bar and increasing backpressure (original

graphic by Gothsch et al. [19])
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separation in the Vena Contracta as well as the detachment of the flow from the side

walls forming cavitation pockets which propagate downstream can be described

qualitatively. The fluid leaves the orifice as a jet with two fixed cavitation pockets

next to it. In Fig. 7.3 (right), the effect of a backpressure on the reduction of

downstream cavitation within the microsystem can be illustrated. In a first step,

the fixed cavitation pockets collapse and small cavities can be observed in the

region of the jet [1, 36]. Above a critical backpressure (130 bar at a pressure

difference of 300 bar), cavitation is eliminated downstream of the orifice. The

effect of cavitation on the product fineness dispersing pyrogenic alumina

nanoparticles is discussed in Sect. 7.5.

7.4 Characterization of Fluid Flow in Microsystems

In principle, computational fluid dynamics as well as visual observations are well

suited for the characterization of the fluid flow for dispersing nanoparticles at high

pressures and small channel geometries of several tens of microns. However, high

pressures and fluid velocities are a major challenge for the establishment of an

experimental setup for visual observations of the fluid flow. Often sensors are

integrated in the walls of the microchannels as an alternative experimental method

[41]. However, the effect of these sensors on the fluid flow is unpredictable

compared to the favored visual observations. As a result of the challenges associ-

ated with an experimental setup for visual observations, most investigations on

dispersing particles/aggregates and formation of cavities within microsystems were

conducted at larger channel geometry scales [1, 36, 39, 46, 63] or strongly reduced

pressure gradients [22]. For this reason, the resultant observations regarding cavi-

tation and dispersing phenomena differ strongly from those obtained at high

pressures and small channel geometries. An opportunity to measure the velocity

flow field within a microsystem at comparatively high pressures and small channel

geometries is the usage of Microparticle Image Velocimetry (μPIV). Due to

the high fluid velocities, small interframing times are necessary. In order to reduce

the interframing time below the interframing time of a single CCD camera, the

installation of two CCD cameras with matched internal shutters is necessary for

the visual observations in microsystems with high fluid velocities. Figure 7.4 shows

exemplarily the experimental setup of the μPIV for the characterization of fluid

flow and cavitation within microsystems for high fluid velocities. Figure 7.5 shows

exemplarily a cavitation image of a T-microchannel geometry at the conjunction

without backpressure and a pressure difference of 200 bar (top) as well as the

resultant flow field at a pressure difference of 500 bar and an additional

backpressure of 60 bar to eliminate cavitation (bottom) [18, 19]. Fluid velocities

of about 185 m/s were measured directly in the conjunction.
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7.5 High Pressure Dispersing in Microsystems

High-pressure systems are composed of a high-pressure device (e.g., pump) for

pressure generation and a dispersing unit which expands the fluid to ambient

pressure. Depending on the application, pressure differences between 20 and

4000 bar are realized [28]. Classically, radial diffusors consisting of valve seat

and valve plunger are used as dispersing unit [63].

High-pressure homogenizers are predominantly used for emulsification pro-

cesses, since dispersion of nanoparticulate suspensions demands higher stress

intensities and frequencies for a successful reduction of the aggregate size as well

as a higher abrasion resistance of the dispersion device. Figure 7.6 shows exem-

plarily the damage of an orifice dispersing unit due to cavitation and an abrasive

nanoparticulate alumina suspension. Typically, the pressurized suspension is

expanded abruptly to ambient pressure using a dispersing unit with a cross-sectional

tapering. In front of the cross-sectional tapering, the fluid flow is characterized by a

laminar elongation flow with superimposed laminar shear flow which changes to

turbulent shear flow subsequent to the smallest cross-sectional area [28]. Further-

more, cavitation may occur due to abrupt changes in the microchannel geometry.

Thus, several stress mechanisms for aggregate breakup described in detail in

Sect. 7.3, i.e., stress via laminar shear and elongation and turbulent flow as well

as stress via cavitation, take place simultaneously within or subsequent to the

dispersion unit. Apart from other influencing factors (see Fig. 7.1), the dominating

Fig. 7.4 Experimental setup of the μPIV for the characterization of fluid flow and cavitation

within microsystems
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Fig. 7.5 Top: Cavitation images of the T-geometry at the conjunction (Δp¼ 200 bar; without

backpressure pB¼ 0 bar (ambient pressure); channel height of hmc¼ 53 μm). Bottom: Flow

measurement at a pressure difference of 500 bar and a backpressure of 60 bar using the μPIV
setup shown in Fig. 7.4 (original graphic by Gothsch et al. [19])

Fig. 7.6 Damage of a silicon orifice dispersing unit due to cavitation and an abrasive

nanoparticulate alumina suspension
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stress mechanisms as well as the product fineness of the dispersion process depend

on the geometry of the dispersion unit, the suspension viscosity, the pressure

difference, backpressure, and specific energy input. General statements regarding

the dominating stress mechanisms are hardly possible. However, the effect of

various process and formulation parameters on the product fineness can be identi-

fied, which are discussed in the following.

In general, only little literature exists on dispersing nanoparticles using high-

pressure homogenizers or microsystems. Wengler et al. investigated the dispersion

of nanoparticulate suspensions experimentally and via computational fluid dynam-

ics using an orifice as dispersing unit [73–76]. According to Wengler et al. [72],

elongation stresses exceed the stresses induced by turbulent shear flow. Moreover,

laminar shear flow is negligible. The crucial stress mechanisms according to Sauter

et al. are cavitation, impact, and hydrodynamic stresses [48, 49]. For an effective

dispersion process, a high energy dissipation density is necessary. Moreover,

according to Sauter et al., applying backpressure or a post-feeding of the

nanoparticulate suspension directly behind the orifice is advantageous for the

dispersion process.

7.5.1 Effect of the Microsystem Geometry

For cylindrical orifice dispersion units with orifice diameters between 80 and

300 μm, Sauter et al. [48] investigated the effect of impinging jets with different

angles of the boreholes and an orifice with a subsequent impinging plate compared

to a standard orifice configuration. The volume specific energy input to reach a

certain product particle size was strongly decreased by using impinging orifice

geometries. Moreover, the product fineness was increased using the impinging jet

geometry and further increased by dispersing within impinging plate geometry. An

increasing angle of the boreholes of the impinging jet geometry leads to increasing

product fineness and energetic efficiency of the dispersion process. Apart from

those crucial findings, these orifice dispersion units differ from classical

microsystems.

Figure 7.7 shows exemplarily the effect of different dispersion geometries on the

resultant median aggregate size of pyrogenic alumina as function of the number of

passes through the microchannels (channel height of 26.6 μm and pressure differ-

ence of 500 bar) according to Gothsch et al. [19]. Although the differences in the

resultant aggregate sizes are small, a clear trend of the dispersion efficiencies and

maximum stresses between the different geometries can be derived. The highest

dispersion efficiencies and stresses are provided by orifice geometries followed by

the T-geometries, whereas straight and Z-channels lead to coarser particle sizes.

Furthermore, significant differences within the same geometry type cannot be

identified except for the orifice geometries.

The relative velocities of particle and fluid as well as the acting stresses within

different microsystem geometries can be calculated from tracking the path of
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particles with a certain diameter (230 nm) along the microsystem in a two-phase

(liquid and gas) CFD simulation [7]. Figure 7.8 shows themaximum relative particle

velocities for the abovementioned microchannel geometries at a pressure difference

of 500 bar. Moreover, the velocity distribution within these geometries is shown.

The relative velocities are an indicator for the stresses acting on the particle surface.

The z- and straight channel geometries show a similar dispersion efficiency in the

experiments (Fig. 7.7) which corresponds to the similar relative velocity distribu-

tions. The highest relative velocity distribution in the CFD simulation as well as the

best dispersion efficiency is obtained for the orifice dispersion geometry. The

T-channel (similar to the y-channel geometry) lays in-between (Figs. 7.7 and 7.8).

7.5.2 Effect of the Microsystem Height and Orifice diameter

The channel height of rectangular microsystems and the orifice width or diameter

have a considerable effect on the dispersion process. Sauter et al. [48] investigated

the effect of the orifice diameter on the resultant product fineness of dispersing

nanoparticulate silica suspensions. As a result, the volume specific energy input for

a certain product particle size increases strongly with decreasing orifice diameter.

The dispersing unit with the smallest orifice diameter provides maximum product

fineness.

Comparing the dispersion results of Figs. 7.7 and 7.9 with different channel

heights, an increasing channel height leads to higher product fineness of all geom-

etry types, except the orifice type. This corresponds to the results obtained by Sauter

et al. [48] where a decreasing orifice diameter leads to an increasing product

fineness. Main reason for the different effect of the channel height on the dispersing

efficiency is the varying effect of the change in the cross-sectional areas on one

hand and the change in the flow rate at a certain pressure drop on the other hand. A

smaller channel height results in a higher fluid velocity if the volume flow rate stays

Fig. 7.7 Effect of the microsystem geometry on the dispersion result for rectangular

microsystems with a channel height of 26.6 μm at a pressure difference of 500 bar and no

backpressure (ambient pressure) (original graphic by Gothsch et al. [17])
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constant. However, the volume flow rate decreases due to a higher flow resistance at

a constant pressure drop. A quantitative evaluation of the differences in the disper-

sion efficiencies, which are caused by various stress mechanisms, relative veloci-

ties, and stress distributions along the microchannels, can only be determined by

Computational Fluid Dynamics (CFD) (e.g., by Beinert et al. [6, 7]).

Fig. 7.8 Velocity distribution in the four different rectangular microsystem geometry types at a

pressure difference of 500 bar obtained from two-phase CFD simulations (original graphic by

Beinert et al. [7])
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7.5.3 Effect of Cavitation

As mentioned before, the significance of the different stress mechanisms in

microsystems, i.e., laminar and elongation shear flow, turbulent shear flow, and

cavitation, especially the role of cavitation, on the dispersion is not fully clarified

and discussed controversially by different authors. However, the importance of

cavitation is solely discussed in context to emulsification processes or damage of

microsystems. In emulsification processes a large number of authors predicted a

positive effect of cavitation on the emulsification result [3, 15, 21, 31, 70, 71], a

contrary minor or negative influence [23, 40–42, 67] or that both, turbulent shear

flow and cavitation are the reasons for a successful breakup of droplets [24, 25]. The

presence of cavitation can be characterized using photo-optical measurement

methods shown in Fig. 7.3 and reduced or prevented by applying increasing

backpressure [18].

The effect of cavitation on the dispersion efficiency was not clear and, thus, was

investigated using an orifice geometry with different backpressures for dispersing

pyrogenic alumina nanoparticles by Gothsch et al. (see Fig. 7.10). The cavitation

was characterized via photo-optical measurements and visible at ambient pressure.

Above 170 bar backpressure, no cavitation can be observed which is in good

agreement with the results of a CFD simulation by Beinert et al. [7] which revealed

the absence of cavitation at a backpressure of 170 bar. The dispersion efficiency of

the orifice geometry increases by applying backpressure and, thus, by reducing and

finally eliminating cavitation. Thus, cavitation does not contribute to the dispersion

Fig. 7.9 Effect of microsystem geometry at a channel height of 68.4 μm on the dispersion result

for rectangular microsystems at a pressure difference of 500 bar and no backpressure (ambient

pressure) (original graphic by Gothsch et al. [17])
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process but rather decreases dispersion efficiency in planar orifices. The effect of a

backpressure on the volume flow rate as well as the dispersion efficiency is

discussed in more detail at Gothsch et al. [18].

Highest shear stresses for dispersing within orifice channel geometries are just

before and in the vena contracta. According to Beinert et al. [7], as long as the

cavitation pockets in the orifice channel extend beyond the vena contracta, the

volume flow rate should be reduced. Similar results are obtained by Gothsch

et al. [18, 19] by investigating the effect of backpressure on cavitation and the

volume flow. As mentioned before, the fluid volume flow stays constant indepen-

dent of an increasing backpressure if cavitation is restricted to the area of flow

detachment in the vena contracta. Figure 7.11 shows the experimentally measured

and computed mass flow of an orifice microchannel geometry with and without

backpressure. By applying backpressure and, thus, preventing cavitation the exper-

imental mass flow data is in good agreement to the single-phase CFD simulations.

Without backpressure and in the presence of cavitation, a two-phase CFD simula-

tion is necessary to match the experimental measured and computed mass flow.

Hence, CFD simulations can reproduce and predict cavitation and steam effects in

microchannels. Figure 7.12 shows exemplarily the steam distribution in the differ-

ent microchannel geometries without backpressure at a pressure difference of

500 bar.

Fig. 7.10 Effect of

cavitation on the dispersion

efficiency at different

backpressures for

dispersing pyrogenic

alumina nanoparticles (one

pass at a pressure difference

of 500 bar). Photo-optical

measurements with visible

cavitation at ambient

pressure and photo-optical

and μPIV measurements

without cavitation above

170 bar backpressure
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7.5.4 Effect of Number of Passes

For the breakage of aggregates and agglomerates within microsystems, the provided

stress intensity of the dispersing unit has to be greater than the aggregate/agglom-

erate strength [6, 55]. Thus, the increase in product fineness depends on the maxi-

mum stress intensity, the stress intensity distribution as well as the stress frequency

Fig. 7.12 Computed steam distribution in different microchannel geometries without

backpressure at pressure difference of 500 bar (original graphic by Beinert et al. [7])

Fig. 7.11 Experimentally measured and computed (CFD simulations) mass flow for an orifice

microchannel geometry with and without backpressure at two different pressure differences

(original graphic by Beinert et al. [7])

7 Microsystems for Dispersing Nanoparticles 213



or probability. Due to the fact that the aggregate strength typically increases with

decreasing aggregate size and the maximum stress intensity provided by the disper-

sion unit of the microsystem is constant at constant operating conditions, a minimum

aggregate/agglomerate size is obtained for infinite passes. Depending on the stress

intensity distribution and stress frequency, the probability for each particle being

stressed with the maximum stress intensity varies for each microchannel geometry.

As an example, the maximum stress intensity within the straight and Z-channel

geometry in Figs. 7.7 and 7.9 is comparatively low and greater particle sizes were

reached. However, the probability that a particle experiences highest stress intensi-

ties is high and the maximum product fineness is reached after a few passes. In

contrast, a further decrease of the particle size with increasing number of passes can

be observed for the T- and the orifice channel due to a broad stress intensity

distribution with small local areas of high maximum stresses.

To compare the dispersion efficiency of a dispersion process with a high number

of passes with a single pass at much higher pressure differences, Fig. 7.13 shows a

comparison of the dispersion via multiple passes and a single pass at various

pressure differences as function of the volume specific energy input (according to

Gothsch et al. [17]). Although the maximum stress intensity at a constant pressure

difference stays constant and the probability that each particle is at least one time

stressed by the maximum stress intensity increases with increasing number of

passes, the dispersion efficiency via multiple passes at a lower pressure difference

is limited by the maximum stress intensities. For increasing pressure differences,

the stress intensity increases and a higher product fineness can be obtained. Hence,

Fig. 7.13 Comparison of the dispersion process of multiple passes and a single pass at various

pressure differences as function of the volume specific energy input (original graphic by Gothsch

et al. [17])
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higher pressure differences in a single pass are much more relevant for the disper-

sion of nanoparticles than multiple passes at a constant pressure difference. More-

over, Figure 7.13 shows the positive effect of an optimized orifice geometry with

higher stress intensities on the dispersion efficiency.

7.6 Conclusion

Depending on the geometry and the operating conditions of dispersing units within

microsystems, various stress mechanisms have got an effect on the dispersion

process. In contrast to emulsification processes, the effect of cavitation is less

important for high-pressure dispersion processes. Indeed, cavitation leads to dam-

age of the dispersing units, reduces the volume flow, and leads to a less efficient

dispersion of nanoparticulate suspensions. By applying backpressure, cavitation

can be reduced and, thus, the volume flow increased and the dispersion efficiency of

the dispersing unit increased. Furthermore, the usage of T-channels and especially

orifice geometries as dispersing unit leads to high stress intensities and an increased

dispersion efficiency. As a result depending on the target product fineness for

application, the channel height or diameter has to be optimized. Moreover, in

dispersion processes, a single pass at higher pressure difference is more efficient

than dispersing multiple passes at a constant pressure difference. In summary, solid

particles have a higher strength compared to droplets and are slightly deformable.

Hence, emulsification and dispersing processes are hard to compare. Besides

microparticle image velocimetry (μPIV), single- and two-phase CFD simulations

(without and with cavitation) are well suited to characterize and optimize the stress

intensity, stress distribution, and probability in microchannels. Moreover, the

presence and effect of cavitation can be studied.
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References

1. Arai M, Shimizu M, Hiroyasu H (1985) Breakup length and spray angle of high speed jet. In:

3rd international conference on liquid atomization and spray systems (ICLASS), London

2. Bache DH (2004) Floc rupture and turbulence: a framework for analysis. Chem Eng Sci

59:2521–2534

3. Baldyga J, Makowski L, Orciuch W, Sauter C, Schuchmann HP (2008) Deagglomeration

processes in high-shear devices. Chem Eng Res Des 86:1369–1381

4. Baldyga J, Orciuch W, Makowski L, Malski-Brodzicki M, Malik K (2007) Break up of nano-

particle clusters in high-shear devices. Chem Eng Proc 46:851–861

5. Behrend O, Schubert H (2001) Influence of hydrostatic pressure and gas content on continuous

ultrasound emulsification. Ultrason Sonochem 8:271–276

7 Microsystems for Dispersing Nanoparticles 215



6. Beinert S, Gothsch T, Kwade A (2012) Numerical evaluation of flow fields and stresses acting

on agglomerates dispersed in high-pressure microsystems. Chem Eng Technol 35:1922–1930

7. Beinert S, Gothsch T, Kwade A (2015) Numerical evaluation of stresses acting on particles in

high-pressure microsystems using a Reynolds stress model. Chem Eng Sci 123:197–206

8. Beinert S, Schilde C, Gronau G, Kwade A (2014) CFD-Discrete element method simulations

combined with compression experiments to characterize stirred-media mills. Chem Eng

Technol 37:770–778

9. Bentley BJ, Leal LG (1986) An experimental investigation of drop deformation and breakup in

steady, two-dimensional linear flows. J Fluid Mech 167:241–283

10. Bergwerk W (1959) Flow pattern in diesel nozzle spray holes. Proc Inst Mech Eng

173:655–660

11. Breitung-Faes S, Kwade A (2008) Nano particle production in high-power-density mills.

Chem Eng Res Des 86:390–394

12. Diekmann H, Metz H (1991) Grundlagen und Praxis der Biotechnologie: eine Einführung für
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Flüssigkeit bei sehr großen Reynoldsschen Zahlen. Akademie Verlag, Berlin

30. Kolmogorov AN (1991) The local structure of turbulence in incompressible viscous fluid for

very large Reynolds numbers. Proc Roy Soc Lond A 434:9–13

31. Kurzhals H-A, Reuter H (1979) Untersuchungen über die physikalisch-technischen Vorgänge

beim Homogenisieren von Milch in Hochdruck-Homogenisiermaschinen. Chemie Ingenieur

Technik 51:325

32. Kwade A, Schilde C, Burmeister CF, Roth M, Lellig P, Auerhammer GK (2013)

Micromechanical properties of colloidal structures. Powders Grains 1542:939–942
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