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Abstract High pressure homogenization is a well-estab-

lished technique to achieve droplets in the submicron

range. However, droplet breakup mechanisms are still not

completely understood, since studies to characterize the

flow are limited due to very small dimensions (typically

several micrometers) and very large velocity ranges (from

almost stagnant flow to 300 m/s and more). Furthermore,

cavitation can occur resulting in multiphase flow. So far,

experiments were performed only via integral measure-

ments of, for example, the pressure drop or the droplet size

distribution at the outlet. In the current study, this gap shall

be closed using Particle Image Velocimetry measurements

to analyze the flow field. In addition, an overall method, the

characteristic correlation between the discharge coefficient

(CD) and Re0.5 is used to distinguish between laminar,

transitional and turbulent flow conditions at Reynolds

numbers based on the channel width (d = 200 lm)

between 250 and 22,500. The investigated orifices of this

study had different positions of the constriction: coaxial

and next to the wall. For both orifices, the CD measurement

was applicable and showed different characteristic regions

which can be associated with laminar, transitional and

turbulent flow conditions. Mean velocity fields and fluc-

tuations were measured quantitatively at the outlet and 50

diameters downstream using Micro Particle Image Veloc-

imetry (l-PIV) in an optically accessible orifice. Increased

velocity fluctuations were found in the shear layers when

the flow turns from laminar into unstable transitional

conditions. The combination of both measurement tech-

niques will help to optimize these systems for the future.
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List of Symbols

A [–] Cross-sectional area of the orifice

B [mm] Width of the squared orifice

B [mm] Width of the squared inlet and outlet of

the orifice unit

CD [–] Discharge coefficient

CD,const [–] Constant discharge coefficient

D [mm] Diameter of the orifice

D [mm] Diameter of the inlet and outlet of the

orifice unit

d/D [–] Ratio of orifice diameter to outlet

diameter

h [mm] Step height of a backward facing step

H [mm] Outlet height of a backward facing step

L [mm] Length of the orifice

Ntotal [–] Number of images

NVector [–] Number of vectors accounting

for calculation

Dp [bar] Homogenization pressure

Dp1 [bar] Pressure loss after the first orifice unit

Dpideal [bar] Frictionless pressure loss

Dpmax [bar] Maximum pressure loss

Dpreal [bar] Real pressure loss

Dptotal [bar] Total homogenization pressure

Re [–] Reynolds number
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Dt [s] Interframing time between two images

u [m/s] Mean axial velocity

ub [m/s] Mean bulk velocity

uexit,c [m/s] Mean exit centerline velocity

um,c [m/s] Mean centerline velocity

u02/um,c
2 [–] Normalized Reynolds shear stresses

axial direction

v02/um,c
2 [–] Normalized Reynolds shear stresses

radial direction
_V [m3/s] Volume flow rate

x [mm] Streamwise or axial coordinate

x/d or x/b resp. Normalized distance after the orifice

y [mm] Lateral or radial coordinate

y/d or y/b resp. Normalized diameter of the orifice

z Height coordinate

Greek letters

g [mPa s] Dynamic viscosity of the fluid

q [kg/m3] Density of the fluid

cp Counter pressure

l-PIV Micro Particle Image Velocimetry

PEG Polyethylene glycol

1 Introduction

In high pressure homogenization, emulsions are forced

through narrow micro structured devices under high pres-

sure (Dp = 300–2,000 bars) in order to break up the

droplets. Simple orifices can be used to achieve droplet

sizes in the range of 0.4–5 lm (Stang et al. 2001). The

orifice diameter is typically in the range of 80–200 lm.

Due to the high pressure, strong gradients and thus stresses

in the flow are produced. Stresses resulting from elonga-

tional and shear gradients or developing vortices in the

fluid disrupt the droplets, if they are applied by a certain

extent and for a certain time. The mechanisms of the

droplet breakup are known to depend on the flow condi-

tions. In well-defined flow patterns such as laminar shear or

elongational flows, the droplet breakup has been studied

intensively over the past decades. In fully developed tur-

bulent conditions, there are also approaches to describe the

droplet breakup with respect to the size of vortices com-

pared to the droplet. In such defined flows, it has been

shown that the maximum droplet size which is not dis-

rupted can be further associated with the energy input

(Hinze 1955; Kolmogorov 1958; Grace 1982; Karbstein

1994).

However, in high pressure homogenization, different

fluctuating and overlapping flow conditions are present

simultaneously. First, the flow is accelerated to several

100 m/s within milliseconds due to the sudden reduction of

the cross-sectional area, causing elongational flow at the

inlet.

At the outlet of the small channel, a jet with a very thin

shear layer forms. This jet tends to bend toward one wall.

The preferred position might change for subsequent

experiments. However, the jet remains attached to either

wall for the rest of the experiment and a recirculation

regions forms. The flow field therefore features a high

dynamic spatial range and a very high dynamic velocity

range from high-speed channel flow to almost stagnant

regions. Depending on the velocity, the jet reattaches to the

wall in laminar flow conditions, but develops instabilities

with increasing velocity until the transition to full turbu-

lence takes place. Due to these complex flow features, the

models describing the final droplet size are only of limited

applicability. The characterization of the flow conditions in

high pressure homogenization devices depending on pro-

cess parameters is thus crucial for the prediction of the

resulting droplet size.

The classification of flow conditions has been studied

for more than a century. The distinction between laminar

and turbulent flow was first visualized by Reynolds in 1883

(Reynolds 1883) and is also applicable in this case. The

Reynolds Number

Re ¼ qubd

g
ð1Þ

is built with the density of the fluid q, the bulk velocity ub,

the diameter of the orifice d, and the dynamic viscosity of

the fluid g. Pipe flows are considered to be laminar when

Recrit \ 2,300 and fully turbulent when Re [ 105. Between

these values, the flow is considered to be in transition.

However, disturbances such as wall roughness, restrictions

or curves can influence Recrit. Another dimensionless

parameter, the discharge coefficient (CD value) can be

applied to describe the flow conditions downstream from

the orifices. The CD value is defined as the square root of

the ratio of ideal, incompressible, frictionless pressure loss

Dpideal to the real pressure loss Dpreal:

CD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi

Dpideal

Dpreal

s

¼
_V

A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qð1� d=Dð Þ4Þ
2Dp

s

ð2Þ

with the volume flow rate _V , the cross-sectional area of the

orifice A, the ratio of orifice diameter to outlet diameter d/D

and the measured pressure loss Dp.

The trend of the CD value vs. Re0.5 downstream from an

orifice was correlated with flow visualizations by Johansen

in 1930. He distinguished between laminar, transitional and

turbulent flow from the course of the graph: Under laminar

flow conditions, the CD is proportional to Re0.5. With

increasing Re, the CD value reaches a maximum. At this

point, first instabilities in the shear layer of the jet indicate
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the transitional flow, which still reattaches to the wall after

the orifice and returns to the original laminar flow pattern.

The CD value decreases with further increase of Re until a

constant CD value, independent of Re, is reached. This is

attributed to turbulent conditions since the boundary layer

does not change anymore (Johansen 1930). The exact slope

of the curve of the CD value is strongly influenced by the

geometry of the orifice (Lichtarowicz et al. 1965; Tunay

et al. 2004).

Using this method, the flow of emulsions was investi-

gated through an orifice under laminar, transitional and

turbulent conditions. Furthermore, the disruption of these

emulsions has been investigated under varying flow con-

ditions. The obtained mean droplet sizes could be correlated

with the present flow conditions determined by the shape of

the CD curve (Wolf et al. 2012; Kelemen et al. 2014).

However, this method can only give an estimate of the

overall flow conditions and does not show the transition on

a local scale nor the spatial extent of it. Stresses which

contribute to the droplet breakup on a local scale cannot be

resolved.

Measurement techniques, such as pitot-static systems or

hot-film anemometry, which measure the velocity at a fixed

location with high temporal resolution, can be used for the

acquisition of information on velocity and fluctuations in

velocity over time (Ball et al. 2012). These measurement

techniques have been used since the 1930s for the inves-

tigation of macroscopic free jets emerging from small holes

or slits in quiescent fluid for both laminar (Schlichting

1933) and turbulent (Tollmien 1926) flow conditions but

cannot be used in micro channels due to their invasive

character. Most of the investigations focus on completely

turbulent jets with Re [ 10,000. Recently, Ball et al.

(2012) gave a comprehensive review on the characteriza-

tion of the turbulent round free jet describing the influences

of Reynolds Number and inlet conditions on the developing

jet. In classical theory, a jet can be classified in the near-

field region behind the exit until about 7 diameters distance

(x/d B 7), the intermediate field and the far-field region (x/

d C 70) (Ball et al. 2012). The flow structure of free jets is

different than the one of confined jets, as found in

homogenization devices. However, the characteristics of

the flow in the near field close to the orifice exit are

comparable (Singh et al. 2003). The development of the

shear layer of the jet leading to turbulent transition in the

far field is strongly dependent on the orifice shape. The

velocity decay and turbulent intensities are affected if the

shape is not axially symmetric (elliptical or triangular

shape). Circular, squared or even cross-shaped orifices

show fewer differences (Singh et al. 2003; Mi and Nathan

2010).

To investigate the complete velocity field in order to

calculate stresses and turbulent quantities on a local scale,

measurement techniques with high spatial resolution are

necessary. Particle Image Velocimetry (PIV) is such a

technique. The flow of interest is seeded with small tracer

particles that should faithfully follow the flow. The parti-

cles are then illuminated by a light source (typically a

double pulse laser), and two successive images of the

particle distribution are taken. The velocity field is calcu-

lated, based on the cross-correlation between these images.

PIV has already been used to quantify the instabilities in

the shear layer of macroscopic turbulent free jets by elab-

orating on the maximum fluctuations of the velocity. The

values of the Reynolds normal and shear stresses show a

peak at the exit of the orifice in the shear layer and are

smoothed out over the whole jet downstream, as it is

decelerated (Galinat et al. 2007; Mi et al. 2007; Milanovic

und Hammad 2010).

For flow characterization on small scales (d \ 1 mm) l-

PIV has been adapted from PIV (Santiago et al. 1998). Due

to limitations of the magnification and technically the

possible minimal time separation between two images of

the camera, there are certain limitations regarding the

velocity which can be measured. Thus, applications of l-

PIV on high speed and turbulence investigations are rare.

The spatial resolution for lPIV is very high. However, due

to the cross-correlation of interrogation windows of certain

size, the smallest scales cannot be resolved for high Re

flows. Due to the volume illumination also out of focus

particle contribute to the correlation signal and thus the

velocity is also depth averaged. However, both effects can

be minimized using window deformation and proper image

preprocessing (Rossi et al. 2012).

Using a l-PIV setup Blonski et al. measured the velocity

through a gap of 400 lm of up to 25 m/s and found the

highest turbulent kinetic energy in the shear layer right at

the exit (Blonski et al. 2007). Velocities of up to 300 m/s

were measured by Gothsch et al. in cooperation with the

Bundeswehr University Munich in a microfluidic dispers-

ing device (d = 80 lm) with a setup of two cameras

(Gothsch et al. 2014). In principle, the technique worked

very well; however, there are a lot of challenges to address.

Currently, this case of a high-speed micro scale flow is

therefore subject of the 4th PIV challenge, where devel-

opers of the technique qualify their latest codes. To char-

acterize the flow on a small scale at high pressure, as it is

the case in high pressure homogenization, the optical

access is very challenging. This is why several investiga-

tors do not measure at a scale of 1:1, but instead scale up

their models to larger sizes (Innings and Trägardh 2007). It

is possible to scale up the droplet breakup by keeping the

relevant dimensionless numbers constant (Innings et al.

2011). However, it only applies for non-cavitating systems

without any surfactants, since these timescales cannot be

scaled. It is not yet clarified if the findings from large scale
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system can adapted completely to droplet breakup in

homogenizers at microscale.

To our knowledge, the flow characterization in high

pressure homogenization devices at transitional flow con-

ditions has not been published in detail so far. Laminar and

turbulent conditions are described fairly well for similar

geometries; however, in high pressure homogenization,

turbulent conditions are often not reached, due to the high

viscosity of the processed emulsions. Therefore, the tran-

sitional flow regime, where a laminar jet undergoes insta-

bilities, is of high interest.

As outlined above, two different methods to describe the

flow downstream from a high pressure orifice were applied

for the current investigation:

CD measurements were used to estimate the flow

regime. This method is very practical to apply to any

running high pressure homogenization process and gives

first hints about the flow conditions. Furthermore, the local

flow and the turbulent quantities were obtained via lPIV at

different laminar and transitional process conditions.

1.1 Experimental details

The high pressure setup used for both flow characterization

methods is depicted in Fig. 1. It consists of a pressure

vessel (I) with a Dpmax = 100 bars and the orifice units (II

and III). Two different modes of operation were investi-

gated: A single-step pressure drop, where only orifice 1 (II)

is used and a two-step pressure drop, where a second orifice

2 (III) is used to apply a counter pressure (cp) behind

orifice 1 of about 15–17.5 % of the total homogenization

pressure Dptotal. Counter pressure is widely used in emul-

sification to influence cavitation (Freudig et al. 2003). The

flow is driven by applying pressure with a nitrogen gas

bottle at homogenization pressures Dptotal = p0 - p2 of 10,

40 and 80 bars. Pressure indicators (PI) monitored the

pressure before and after the orifices. The volume flow rate

which was necessary to calculate the CD value was mea-

sured by a Coriolis mass flow indicator (MI) downstream

from the orifice.

The orifice units used in the current investigation had a

right-angle outlet. The publications for these types are

seldom since most orifices investigated in the literature are

very short and sharp-edged, which means the diameter is

45� bevelled instead of 90�.

The difference between the orifices was the shape of their

cross-section, their diameter and the orifice position (see

Fig. 2). Orifice unit A had a circular cross-section and was

coaxially positioned. The orifice diameter was d = 200 lm

with a length of l = 2 mm having a conical inlet angle of

59�. The aspect ratio between the small channel and the

outlet was 10. Inlet and outlet had a diameter of D = 2 mm.

Both orifices had an inlet and outlet length of 30 mm. Orifice

unit A was drilled into steel and fixed with steel blocks. A

similar orifice unit with different dimensions (d = 300 lm,

l = 1 mm, D = 2 mm) was used as orifice 2 if counter

pressure after orifice 1 was applied.

To realize the optical flow investigations via lPIV, the

orifice unit was modified. Orifice unit B was made of a

steel block, where the channel is machined in. It was

covered with optical-grade PMMA glass plate and sealed.

Therefore, the reduction in the cross-sectional area of the

channel is positioned next to the upper glass plate (see

Fig. 2). The squared orifice width was b = 200 lm which

results in the same hydraulic diameter as the circular orifice

1 in unit A. The length was l = 3 mm and the squared inlet

and outlet channel width was B = 2 mm.

For the investigation of the flow at different dynamic

viscosities g, demineralized water was thickened with

polyethylene glycol of molar mass M = 20,000 g/mol (PEG

20,000 ROTIPURAN�; Carl Roth GmbH ? Co. KG). Two

PEG solutions were prepared with g = 12.5 mPa s (10 %

w/w) and g = 5.4 mPa s (6 % w/w), respectively. Dynamic

viscosities were measured with a Couette geometry of a

Fig. 1 Experimental setup with

pressure vessel (I) and the

orifices (II and III)
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rotational rheometer (Anton Paar Physica MCR 30) at shear

rates ranging from 1 to 5�105 s-1 at 25 �C. In this range, the

solution is characterized by Newtonian flow behavior.

1.2 CD measurements

Volume flow rate _V and pressure before (p0) and after (p1)

orifice 1 were measured simultaneously for demineralized

water as well as the two PEG solutions. The CD value was

then calculated from _V , Dp1 = p0 - p1 and the orifice

dimensions. Dp1 was varied between 5 and 90 bars leading

to a volume flow from 0.02 to 0.2 L/min.

1.3 lPIV measurements

The PEG solutions were seeded with 1.1 lm polystyrene

particles coated with the fluorescent dye Nile red (Fluoro-

spheres, Invitrogen, USA). The correct concentration of the

seeding solution can be estimated from the depth of corre-

lation (DOC) and the desired final interrogation window size

(Keane and Adrian 1990; Olsen and Adrian 2000). The DOC

corresponds to the volume in which particles are imaged by

the camera with significant intensities and therefore con-

tribute to the cross-correlation and thus bias the velocity

measurements. Using proper image preprocessing, the DOC

can be minimized. However, the theoretical value was esti-

mated to be 46.3 lm at the maximum. The concentration of

the seeding particle solution was 0.0025 % w/w to ensure at

least 5 particles images in each interrogation volume (Keane

and Adrian 1990). At this low concentration, the seeding

particles did not have an influence on the dynamic viscosity.

The lPIV setup features a double-pulsed ND:YAG laser

(Dual Power 30.15 of Litron Lasers) operated at a frequency

of 8 Hz and attenuated to 30 mJ/pulse with a wavelength of

532 nm. Depending on the flow velocity, the interframing

time Dt between the two pulses was adjusted from 0.2 to

4 ls. The laser beam was directed through an inverted

microscope (DM IRM, Leica Microsystems Wetzlar

GmbH) and an objective lens into the microchannel. The

objective lens (C PLAN by Leica) has a 109 magnification

and a numerical aperture of NA = 0.22. The camera (Hi-

Sense Neo sCMOS by Dantec Dynamics) had a CCD chip

size of 5.5 Megapixels and 16-bit dynamic range. It was

operated at double frame acquisition mode with results in a

minimum Dt = 0.12 ls between successive frames. The

imaged region was approximately 2 9 2 mm2 with a final

magnification of one pixel corresponding to 1.4 lm.

To reduce the bias by the DOC and enhance the signal to

noise ratio images were processed by subtracting a mean

image and setting an intensity threshold to minimize errors

arising from background noise. A multi-pass cross-corre-

lation algorithm (Dynamic Studio 3.4 by Dantec Dynamics)

with window deformation was applied. The interrogation

window sizes were decreased in steps from 64 9 64 pixels

to the final resolution of 16 9 16 pixels to ensure a high

resolution at a large velocity range. The final interrogation

window size of 16 9 16 pixels corresponds to

22 9 22 lm2. An overlap of 50 % was used, resulting in a

final distance of 11.2 lm between vectors. The vector fields

were filtered to remove outliers. These erroneous vectors

were removed and are not included in the calculation of the

mean velocity fields or Reynolds stresses. For each mea-

surement position, 228 velocity fields were collected, which

was the maximum available image number of the l-PIV

system used for this investigation.

Velocity fields were captured at the outlet of the orifice

and at three different distances x downstream of the orifice

ranging from x/b = 10 to 50. At each distance, the velocity

was monitored over time at four positions to check whether

a stationary velocity was reached within Ntotal = 228. A

calculation of the mean velocity is only reasonable if a

stationary value is reached in the number of images taken.

The number of images until the fluctuations are\±0.3 %

of the mean flow velocity is summarized in Table 1 for the

Fig. 2 Shape and scale of orifice unit A and B

Table 1 Number of images taken until the deviation in stationary

velocity is smaller than 0.3 %

g = 12.5 mPa s Outlet Downstream

x/b = 10 x/b = 25 x/b = 40

Dptotal = 10 bars 170 200 160 180

Dptotal = 40 bars 190 – – –

Dptotal = 80 bars 200 – – –

Dptotal = 10 bars (c.p.) 200 180 200 220

Dptotal = 40 bars (c.p.) 180 210 – –

Dptotal = 80 bars (c.p.) 200 – – –

Mean value of four positions at each location
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flow with g = 12.5 mPa s. At the outlet and at

Dptotal = 10 bars, the number of images taken was enough

to be representative for the mean flow. At higher homoge-

nization pressures, the difference from the mean field was[
±0.5 %. However, with the current setup, only 228 images

could be taken at this high resolution.

2 Results and discussion

2.1 Characterizing the integral flow conditions via CD

measurements

The CD measurements were carried out with orifice unit A

and B in order to investigate whether the position of the

orifice influences the applicability of the measurement

technique. The shape of the orifices was different (circular

and squared, same hydraulic diameter). This fact has been

neglected in the following discussion, since it has been

shown that the shape of axisymmetric orifices has no sig-

nificant influence on the maximum velocity and turbulent

intensities downstream of the orifice (Mi and Nathan 2010).

For each orifice unit, the CD value was captured at

different Re0.5. Three fluids with different dynamic vis-

cosities of g = 0.9, 5.4 and 12.5 mPa s were used. In this

way, a total range of Reynolds Numbers from 250 to

22,500 could be realized within Dpmax = 100 bars. This

method has been used by several investigators before (Jo-

hansen 1930; Bogema and Monkmeyer 1960).

The resulting CD value over Re0.5 measured in the co-

axial orifice unit A is depicted in Fig. 3. In the range of

Re0.5 = 22…400 (Re = 480…16,000), the measurement

points fall on top of each other for g = 5.4 and 12.5 mPa s.

The main characteristics of the curve as described in the

literature are reproduced well: At the lowest Reynolds

Number (obtained with g = 12.5 mPa s), a linear increase

of the CD value indicates laminar flow conditions after the

orifice. At Re0.5 [ 25 (Re [ 630), the curve bends and the

slope flattens until a maximum is reached at about

Re0.5 = 62 (Re = 3,800). This maximum indicates the

state where the instabilities in the shear layer are not

damped to result in laminar flow downstream but turbu-

lence is produced (Johansen 1930; Tunay et al. 2004). A

constant CD value independent of Re0.5 is reached with

demineralized water (g = 0.9 maps) at about Re0.5 [ 120

(Re [ 14,400). This state is attributed to completely tur-

bulent flow.

Figure 4 shows the CD measurements obtained from

orifice unit B. At Re0.5 \ 62 (Re \ 3,800), the results are

similar to those found in the coaxial orifice: First, the CD

value increases linearly before the slope flattens. The

measurement points for the viscosities of g = 5.4 and

12.5 mPa s also agree well. However, there is no clear

maximum to be found in the curve. The maximum in the

CD curve describes the reattachment of the relaminarized

jet. Since orifice unit B is not coaxial, a wall jet develops

after the orifice which might fluctuate in z-direction since it

is influenced by the wall. Investigations on the influence of

the ratio of length to diameter l/d on the course of the CD

curve showed that the characteristic peak diminishes with

increasing l/d (Lichtarowicz et al. 1965). A constant CD

value is reached at Re0.5 [ 120 (Re [ 14,400).

Additionally, the CD value was measured with counter

pressure. The obtained results are depicted as hollow

symbols in the diagram and there is no influence of the

counter pressure on the shape of the curve.

There are a few outliers at very low volume flow rates

which are attributed to difficulties to measure flow rates at

these conditions.

For both orifice units, the slope of the linear increase and

CD,const were calculated and presented in Table 2. The

values are in the same range and it can be concluded that

the flow visualization in the orifice unit B with optical

access reproduces the behavior within the circular orifice

Fig. 3 CD value as a function of Re0.5 of coaxial orifice unit A

Fig. 4 CD value as a function of Re0.5 of non-coaxial orifice unit B
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without optical access. The slope of the linear increase of

orifice unit A and B is depicted in Fig. 5 and compared

with sharp-edged orifices of various l/d found in the lit-

erature. With increasing proportional length of the orifice,

the pressure loss coefficient increases. This is inversely

proportional to the CD value; therefore, the slope flattens

with increasing l/d. However, orifice unit A is not sharp-

edged, but has a conical entrance leading to different

behavior of the flow especially in the entrance region. The

flow does not detach as in sharp-edged orifices. Both

orifices are in fairly good agreement with the literature

data. Figure 6 shows the CD, const value of orifice unit A

and B as well as several sharp-edged orifices from the

literature (Lichtarowicz et al. 1965). CD,const of orifice

unit A agrees well with the literature data and is within the

region of all the other orifices investigated. Orifice unit B

is longer and its CD,const is much lower than the predicted

value. However, there are no other orifices of this

extended length and the non-coaxial position may influ-

ence the CD,const as well.

In both orifice units, it is possible to determine between

laminar and turbulent flow conditions. However, the CD

value can only describe the overall flow type and does not

show where and to which extent the flow transitions nor

give an idea about local stresses resulting from this.

2.2 lPIV measurements

2.2.1 Position of the orifice

For all local flow investigations via lPIV orifice unit B was

used, with a non-coaxial reduction in cross-sectional area

next to the glass cover (see Fig. 2).

The mean velocity flow fields of the 12.5 mPa s PEG

solution at two different homogenization pressures with

counter pressure are presented in Fig. 7 (Dptotal = 10 bars)

and Fig. 8 (Dptotal = 80 bars), respectively. The mean

velocity of the developing jet downstream of the orifice is

shown by the vectors (black) and magnitude contours

(colored) between x/b = 0 and x/b = 50 split in four dif-

ferent measurement sections.

At Dptotal = 10 bars (Fig. 7), the mean flow spreads out

axisymmetrically in the x–y plane.

At a higher homogenization pressure of Dptotal = 80 -

bars, the jet is not axisymmetric anymore, but bents slightly

toward one wall. This ‘‘affinity’’ to one wall has been

observed before by Gothsch et al. in a microchannel after a

restriction at turbulent conditions. They saw an attachment

of the jet to the wall either to the left or to the right side

(Gothsch et al. 2014). In the present investigation, the

jet always bends to one side, which might be due to slight

inaccuracies in the manufacturing of the orifice unit.

A recirculation area appears from x/b [ 6 and is stret-

ched out over the whole channel width in the measurement

plane at x/b [ 40. Note that in the downstream measure-

ment sections (x/b [ 10), the stationary velocity (±0.3 %

criteria) was not reached for 228 images (compare

Table 1). However, all 228 images are taken into account

Table 2 Slope of the linear increase and CD,const, for both orifice

units with range of Re0.5 and error coefficient R2 of the linearly fitted

data

Linear increase CD,const

Slope Range

(Re0.5)

R2 Value Range

(Re0.5)

R2

Coaxial

orifice

0.011 14–27 0.96 0.73 [125 0.99

Non-coaxial

orifice

0.014 13–25 0.95 0.66 [120 0.99

Fig. 5 Slope of the linear part of the CD curve of orifice unit A and B

as well as several sharp-edged orifices from the literature (Johansen

1930; Lichtarowicz et al. 1965; Tunay et al. 2004; Kelemen et al.

2014)

Fig. 6 CD, const of orifice unit A and B in comparison to sharp-edged

orifices from the literature (Lichtarowicz et al. 1965; Kelemen et al.

2014)
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but the flow conditions can only be described qualitatively.

The recirculation region is also known as ‘‘roof eddy’’ in

backward facing step geometries (Armaly et al. 1983). In

this basic configuration, the expansion of the step is spread

over the whole width. Position and length of the roof eddy

increase with increasing Re [ 400 in laminar flow condi-

tions and decrease with transitional conditions until it

completely disappears above Re [ 6,000 (Armaly et al.

1983). The critical Reynolds Number at which the roof

eddy appears decreases with the expansion ratio of the step

height h to the outlet height H (Tihon et al. 2012).

The expansion ratios in all backward facing investiga-

tions to our knowledge are h/H \ 3. The reduction in

height in the present investigation is b/B = 10. Addition-

ally, the jet expands not only in z-direction but also in the

x–y measurement plane. Therefore, the conditions in the

present investigation are rather different and cannot be

directly compared to the literature. Nevertheless, the

backflow at the higher homogenization pressure

Dptotal = 80 bar and Re = 1,280 indicates a roof eddy-like

recirculation area.

The following investigations are limited to the mea-

surement position at the outlet since no stationary velocity

value could be achieved within Ntotal = 228 at position

with x/b [ 8 (compare Table 1).

To characterize the spreading of the jet in more detail,

the profiles of the normalized mean axial velocity u/uexit,c

are plotted over the normalized orifice diameter y/b at

different distances after the orifice x/b B 8 (Fig. 9). The

orifice extends between 0.5 B y/b B 0.5.

Fig. 7 Mean velocity field of the area after the orifice at Dptotal = 10 bars with counter pressure (Re = 330)

Fig. 8 Mean velocity field of the investigated area at Dptotal = 80 bars with counter pressure (Re = 1,280)

(a) (b)Fig. 9 Axial velocity u at

different distances downstream

of the orifice: x/b = 1, 2.5 and 5

for g = 12.5 mPa s:

a Dptotal = 10 bars (incl.

counter pressure) and

b Dptotal = 80 bars (incl.

counter pressure)
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At Dptotal = 10 bars, the width of the jet increases

slightly with the distance. A decrease in the mean velocity

is measured at x/b \ 2, further downstream the mean

velocity stays approximately constant. At Dptotal = 80

bars, the width of the profiles stays almost constant until x/

b = 4 which means the jet spreads with a much slower rate

first. Further downstream (x/b [ 4), the velocity decreases

rapidly and the jet widens significantly, which will be

discussed further on. A core region of constant axial

velocity can also not be seen.

For the process conditions investigated, the development

of the velocity after the orifice was quantified by plotting

the velocity decay at the jet centerline um,c/uexit,c over x/b.

The jet centerline was defined as the maximum in the

profile at each position. Figure 10 shows um,c/uexit,c of the

12.5 mPa s PEG solution at different homogenization

pressures with and without counter pressure. A potential

core region where the axial velocity should remain constant

cannot be seen and all curves show slight decreases from

the exit of the orifice at (x/b = 0). Up to x/b = 2.5, the

velocity at the jet centerline shows a continuous linear

decrease indicating a slight deceleration of the flow for all

investigated pressures. This behavior is typical for laminar

free jets where the mean axial velocity decreases with

distance while the jet widens (Pai 1954). At Dptotal = 40

and 80 bars, the decay of the velocity changes abruptly at

about x/b = 3.5 if counter pressure is applied (filled sym-

bols). In turbulent free jets, the slope of the decay depends

on the region: after the potential core or the near-field

region. The velocity decreases in the mixing zone due to

interactions with the surrounding stagnant fluid which will

be entrained in the jet (Ball et al. 2012).

However, no potential core region was detected, and

only a change in the decay rate was seen which can be an

indication for a transition to turbulent flow conditions at

Dptotal = 40 bars. Hsiao et al. (2010) found the potential

core length for turbulent free jets to be 3–4 diameters in

right-angled orifices, which matches very well with the

significant change in the velocity decay rate in the current

investigations.

This significant change in the decay rate for Dptotal = 40

and 80 bars depends on applied counter pressure: With

counter pressure the centerline velocity significantly

decreases at about x/b = 3. If there is no counter pressure

this decrease occurs further downstream at about x/b = 6.

It can be concluded from Fig. 10 that at Dptotal = 10

bars the development of the jet shows laminar character-

istics. At Dptotal = 40 and 80 bars, the flow seems to be

still laminar shortly after the orifice, but indicates a mixing

zone at x/b [ 3. Applying counter pressure leads to an

earlier decrease of the velocity.

To our knowledge, a similar geometry of a non-coaxial

cross-sectional reduction has not been reported in the lit-

erature before. Therefore, there is no data to compare the

development of the jet centerline and the decay rates and it

would be interesting to see if other groups can resemble

similar results.

All investigations were realized by measuring the

velocity in a xy plane only. Due to the setup, it was not

possible to observe the x-z plane. Therefore, it cannot

completely be proved, where the jet bends in z-direction.

The following investigations regarding the turbulent

quantities are therefore limited to the region of x/b B 2.5 to

avoid uncertainties arising from the bending of the jet in

either direction.

2.2.2 Turbulent quantities at the outlet of the orifice

To investigate the instabilities in the shear layer of the jet

at the exit of the orifice, the normalized velocity fluctu-

ations in axial and radial direction u02/um,c
2 and v02/um,c

2 ,

respectively, are calculated from the velocity fields. In

Fig. 11, they are depicted for 12.5 mPa s PEG solution at

Dptotal = 10 and 80 bars including counter pressure

(corresponding to the velocity fields in Figs. 7, 8). The

fluctuation levels in x-direction are higher than in y-

direction and reach up to about 10 % of the mean cen-

terline velocity. At Dptotal = 10 bars (Fig. 11a), corre-

sponding to a low Reynolds Number of 330, both u02/um,c
2

and v02/um,c
2 decrease shortly after the orifice at x/b \ 1.

The fluctuations are evenly distributed over the whole jet

diameter without showing peaks. This indicates that the

jet shows no shear layer instabilities and remains laminar.

At Dptotal = 80 bars (Fig. 11b) and Re = 1,280, a shear

layer at around y/b = ±0.5 depicted by elevated values in

both fluctuation levels can be seen. The axial component u02/

Fig. 10 Velocity decay at the jet centerline um,c/uexit,c dependent on

the normalized distance from the orifice at different homogenization

pressures
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um,c
2 shows peaks in the region x/b \ 6 which widen slightly

further downstream. For the radial component v02/um,c
2 , the

peaks are not so insignificant at x/b \ 2, but the absolute

levels increase from x/b [ 4.

To further discuss the turbulent characteristics regarding

different homogenization pressures and the impact of

counter pressure, radial profiles of the axial fluctuation

velocities u02/um,c
2 are shown for x/b = 2.5.

Fig. 11 Contours of the normalized velocity fluctuations u02/um,c
2 and v02/um,c

2 obtained between x/b = 0 and 8 at a Dptotal = 10 (incl. cp) and

b Dptotal = 80 (incl. cp)

(a) (b)

Fig. 12 Axial velocity u and normalized velocity fluctuations u02/um,c
2 at a constant distance downstream of the orifice x/b = 2.5 for

g = 12.5 mPa s at different homogenization pressures Dptotal = 10, 40 and 80. a With counter pressure of 15–17.5 % b without counter pressure
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Figure 12a shows u02/um,c
2 at Dptotal = 10, 40 and 80 bars

including counter pressure. The dotted lines indicate the

corresponding axial velocity u. At 10 bars (Re = 330) u02/

um,c
2 is distributed over the whole jet as already discussed in

Fig. 11. At higher Dptotal, u02/um,c
2 shows peaks at the shear

layers of the jet, which are at the radial position where the

velocity profile has its biggest gradient. These peaks

increase with increasing Dptotal from 40 to 80 bars corre-

sponding to Re = 825 and 1,280, respectively.

For a comparison without counter pressure, Dptotal is now

equal to the pressure drop over the orifice investigated and,

therefore, higher than in the experiments with counter

pressure. This results in higher velocities at each measure-

ment position. The level of u02/um,c
2 is elevated in the shear

layer of the jet for the results without counter pressure. For

all homogenization pressures (even at Dptotal = 10 bars),

u02/um,c
2 has its maxima in the shear layer. With increasing

Dptotal, the levels of u02/um,c
2 also rise.

The comparison between Fig. 12a, b suggests that the jet

shows higher fluctuations without counter pressure in the

shear layer and is therefore more likely for the transition to

turbulence further downstream. This could be due to the

velocity differences. However, it is more likely that this

effect arises from different flow conditions: if no counter

pressure is applied, the flow is more likely to show cavi-

tation in the orifice or shortly behind. Due to a decrease of

the local pressures below the saturation pressure vapor

cavities grow in the liquid (Brennen 1995). Coalescence of

these bubbles lead to areas filled with vapor, where liquid

and also seeding particles are lacking. Areas of several

interrogation windows with no visible seeding particles

appeared in the measurement plane. To estimate the error

occurring due to these areas, the number of vectors NVector

available for the calculation of the mean value for of each

interrogation window was determined and averaged over

the measurement position (see Table 3). When counter

pressure was applied (Fig. 12a), 63–66 % of the vectors

were valid for processing. This percentage is in a typical

range for lPIV [e.g., (Vennemann et al. 2006)]. In the

experiments without counter pressure (Fig. 12b), gas bub-

bles were visible and led to a decrease of the amount of

valid vectors which drops below 40 % at Dptotal = 40 and

80 bars.

It also appears that the occurrence, growth and trans-

portation of gas bubbles lead to an increase in the insta-

bilities in the shear layer.

The influence of the dynamic viscosity of the fluid on the

instabilities of the jet is investigated at Dptotal = 40 bars

including counter pressure. Figure 13a, b show the axial

velocity as well as u02/um,c
2 for g = 12.5 and 5.4 mPa s. The

maximum center velocity shows about the same values, but

the profile of g = 5.4 mPa s is wider, indicating higher

volume flow due to lower friction in the fluid. At lower

viscosity the fluctuation levels for u02/um,c
2 are higher in the

shear layer, referring to more fluctuations thus more

Table 3 Number of vectors accounting for calculation

Without counter pressure With counter pressure

NVector NVector/Ntotal NVector NVector/Ntotal

10 bars 146 0.63 150.9 0.66

40 bars 67.9 0.30 152.02 0.66

80 bars 89.8 0.39 145.97 0.63

(a) (b)

Fig. 13 Axial velocity u and normalized velocity fluctuations u02/um,c
2 at a constant distance downstream of the orifice x/b = 2.5 at a constant

homogenization pressure of Dptotal = 40 including counter pressure. a g = 12.5 mPa s b g = 5.4 mPa s
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instabilities in the flow. Although not complete convergence

was reached for all measurement regions and conditions in

the flow fields, the lPIV data show the developing laminar

jet and arising instabilities in the shear layer in the jet at

higher homogenization pressures and thus give valuable

hints on the mechanisms that cause droplet breakup.

2.3 Comparison between the two measurement

techniques

The flow visualization with lPIV, the mean flow velocity

fields and normalized fluctuation levels of u02/um,c
2 are in

the following associated with the CD measurements.

The three stars in Fig. 14 label the three process con-

ditions (Dptotal = 10, 40 and 80 bars) where l-PIV mea-

surements were conducted. According to the literature,

different flow regimes were determined from the CD

measurements by the following criteria:

Laminar flow: CD value increases linear with Re0.5

(Dptotal = 10 bars)

Transitional flow: Slope of the CD curves bends

(Dptotal = 40 and 80 bars)

Turbulent flow: CD value is independent of Re0.5

The corresponding contours of the fluctuation levels for

Dptotal = 10 and 80 bars are depicted in Fig. 14 as well.

The values estimated with both methods are in good

compliance. In the region defined as laminar flow by the CD

measurements, only small fluctuation levels could be

detected and they strongly decreased shortly after the orifice.

In the region defined as transitional flow by the CD

measurements, lPIV measurements showed instabilities in

the shear layer of the jet which widens further downstream.

3 Conclusion

Characterizing and understanding local flow conditions in high

pressure homogenization devices is crucial to control the

droplet breakup and resulting droplet size distributions. How-

ever, the access of any inline measurement technique is chal-

lenging due to narrow tubes and high pressures during the

process.

Two different measurement techniques to distinguish from

laminar, transitional and turbulent flow conditions and quan-

tify stresses behind a high pressure orifice were suggested and

could be successfully applied in this investigation.

As an overall method, the characteristic correlation

between the CD value and Re0.5 was used to describe the

flow conditions. Two orifice units with varied axial posi-

tion of the orifice showed the predicted characteristic

course of the curve. Laminar and turbulent flow conditions

could be distinguished by the curve.

Velocity fields at the outlet and at several positions

downstream of the orifice up to x/b \ 50 were measured

Fig. 14 Comparison between

CD measurements and lPIV

measurements
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via lPIV which was not possible in previous investigation

due to available cameras. Mean velocities and fluctuation

levels were calculated for the first time from these velocity

fields. The amount of vectors valid for the calculations was

about 60 % when applying counter pressure of about 15 %.

Without counter pressure gas bubbles due to cavitation

interfered with the measurement and led to a decrease of

valid vectors to \40 %.

For the local flow investigations via lPIV, only the

optically accessible orifice unit was used, with a non-

coaxial reduction next to the wall. The developing wall jet

spread out behind the orifice showing a decrease at laminar

conditions and a region where the velocity was uniform

within at higher homogenization pressures. Further down-

stream the jet bents in z-direction and thus out of the

measurement plane, which was parallel to the orifice.

In this region (x/b \ 2.5), the normalized velocity fluc-

tuations u02/um,c
2 were found to increase with rising Dptotal

(rising Re, respectively) and lower viscosity.

At low Reynolds Numbers (Re B 400), the jet showed

no instabilities at the outlet and a decreasing u02/um,c
2 at x/b

between 2.5 and 8 indicating laminar flow conditions as

predicted by the CD measurements. At higher Reynolds

Numbers, u02/um,c
2 peaks in the shear layers of the jet can be

seen. These peaks spread out over radial position with

increasing downstream coordinate.

A decrease in viscosity from 12.5 to 5.4 mPa s led to

higher u02/um,c
2 at constant Dp.

With the setup used, the measurements were limited to

the outlet of the orifice until x/b \ 8. Further investigations

will focus on the downstream area to prove at which

conditions the jet turns laminar again or shows transition to

completely turbulent conditions. For that reason, the

number of PIV images needs to be increased. Additionally,

the results conducted via lPIV will be compared with an

orifice with a co-axial reduction to eliminate the influences

of the wall. Following investigations will focus on the use

of these results to predict the deformation and breakup of

droplets that are inserted in this fluid.
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S, Kwade A (2014) High-pressure microfluidic system (HPMS):

flow and cavitation measurements in supported silicon micro-

system. Microfluid Nanofluidics. doi:10.1007/s10404-014-

1419-6

Grace HP (1982) Dispersion phenomena in high viscosity immiscible

fluid systems and application of static mixers as dispersion

devices in such systems. Chem Eng Commun 14(3–6):225–277

Hinze JO (1955) Fundamentals of the hydrodynamic mechanism of

splitting in dispersion processes. AIChE J 1(3):289–295

Hsiao FB, Lim YC, Huang JM (2010) On the near-field flow structure

and mode behaviors for the right-angle and sharp-edged orifice

plane jet. Exp Therm Fluid Sci 34(8):1282–1289
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