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Research Highlights 

 Characterisation of in-situ drop size Oil in Water emulsion is presented.  

 Optical and PLIF measurements and image analysis were used to determine 

the DSD 

 Consistent instabilities were observed for all configurations at Reynolds above 

6000.   

 Existing models showed good agreement with the experimental data in stable 

conditions. 

 Existing models were tested which showed poor agreement in the unstable 

conditions.  

 

Abstract 

The Planar Laser Induced Fluorescence technique was used to determine the drop size 

distribution of oil dispersed in water at the inlet and outlet of two static mixer geometries 

(KMS and Sulzer_SMX+) equipped with either 6 or 12 elements. A mineral oil (Lytol®), 

three times more viscous than the water continuous phase, was used as the dispersed phase.  

The oil flow rate was kept constant through all experiments forcing the drop detachment from 

the secondary inlet. The L-L system was very dilute (~0.05-0.0007% v/v O/W) to avoid 

coalescence phenomena.  The flowrate of the continuous phase (water) was altered giving 

values of Reynolds number from 2,000 to 12,000, covering high transitional and turbulent 

flow regimes.  Increasing the flow rate of the continuous phase, the detached oil drops from 
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the secondary inlet decreased in size as expected. However, same drops after flowing a length 

of 0.4 m of an empty pipe reached a constant size. To investigate a wider range of energy 

dissipation and residence time, the presence of static mixers has been investigated. Pressure 

drops, hence energy consumed, were measured to compare the different set ups and drop size 

distributions. The results show that by increasing the flow rate, the drop size decreased up to 

a critical point, beyond which oil droplet size reduction became inefficient. The collected 

data were then used to derive a methodology to identify the optimal flow conditions and 

choice of static mixer device to achieve best drop size reduction with less energy per unit 

mass. 

 

Keywords: liquid-liquid mixing, PLIF, static mixer, droplet breakup  

 

1. Introduction 

The dispersion of one liquid into another is a key process step in creating emulsions in many 

industry sectors including oil, food processing, fast moving consumer goods (FMCG) and 

pharmaceuticals [1–6]. Academic research in this area is driven by gaining an understanding 

of the fundamental mechanisms of drop breakup and the requirements to stabilise the 

resulting dispersion to form an emulsion.  The industry driver is the control of emulsion 

microstructure which is a critical quality attribute in manufacture.  This is further complicated 

by the choice of emulsifier, (usually a surfactant) which is critical in both emulsion formation 

and long-term stability, as emulsions are inherently not thermodynamically stable [7]. 

Emulsions can be categorised [8] as oil-in-water (O/W), water-in-oil (W/O), oil-in-oil (O/O) 

and aqueous two-phase systems [9].  These systems are normally made up of a dispersed or 

drop phase and a continuous or matrix phase, in which the dispersed phase is commonly 

smaller in volume than the continuous phase [10].   

Commonly, significant energy addition is required to generate droplets [11, 12] and the 

smaller the droplets become, the more energy is required. The reduction in interfacial tension 

and change in interfacial mobility afforded by the addition of the surfactants promotes droplet 

formation, even at low concentrations [13].  Drop formation is mainly driven by the Kelvin-

Helmholtz instability [14], a phenomenon that takes place when two fluids of different 

densities move in parallel flows [15]. This is a key mechanism which is found in many 
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applications involving interface interaction such spray formation by pre-filming atomizers 

[16]. 

Fundamental research on emulsions is continually expanding due to the increasing demand 

for complex models [17] which require a deep understanding of physical chemistry as well as 

knowledge of the manufacturing processes. A critical step is scaling up from lab to industrial 

scale, which is an ongoing challenge for industry in terms of feasibility and environmental 

impact and for academia in gaining understanding of the underlying physics. Thus, it is vital 

to identify the key mechanisms to develop successful and innovative process scale ups with 

enhanced controllability.   

An increasing driver for industry is the use of continuous processes rather than conventional 

batch processes, due to consequent reduction in plant footprint, fluid inventory and the cost of 

the requirement for improved on or at-line measurements of product quality or process 

control.  Inline mixing and drop breakup can be achieved by use of a static mixer device, 

which consists of a pipe containing shaped inserts which promote mixing; thus static mixers 

divide and redistribute streamlines in a sequential fashion using the pumping energy of the 

flowing fluid [18–21].  Emulsification in static mixer systems has been extensively studied 

for concentrated emulsions using off line Drop Size Distribution (DSD) measurements [14, 

22, 23]. Lobry et al. [24] compared offline and online measurements using a Mastersizer and 

an online Turbiscan showing the advantages and the disadvantages of the two methodologies. 

The work presented in this paper is an investigation of droplet breakup of a dispersed oil 

phase in water obtained by using two geometries of static mixer, namely the Kenics® KMS 

mixers (Chemineer, USA) and SMX+® (Sulzer) designs.  The size of the drops was obtained 

using inline Planar Laser Induced Fluorescence (PLIF) applied at the outlet of the mixer.  

This technique was adapted from the method used by Alberini et al. [25] to obtain striation 

distributions in miscible fluid mixing in static mixers; this is extended to immiscible systems 

by doping the dispersed phase with a fluorescent dye as used by Liu et al. [26] in co-current 

flow in a vertical pipe.  The experiments were carried out at a low concentration of the 

dispersed phase in the high transitional and turbulent regimes.  Investigations were made on 

the effect of viscosity ratio between the dispersed and the continuous phase, and on the 

number of mixing elements.  On the basis of the results obtained, a interfacial energy model 

is proposed which is tested against the experimental data.   
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2. Material and methods 

2.1 Experimental Rig 

Figure 1a shows the overall schematic of the experimental rig. The primary flow, water 

doped with fluorescent dye was delivered by a Liquiflo gear pump controlled using a motor 

drive (Excal Meliamex Ltd) and monitored using an electromagnetic flow meter (Krohne).  

The secondary flow, oil doped with Nigrosine dye, was introduced using a syringe pump 

(Harvard PHD 2000).  The secondary flow was injected into the system through a needle, 

with an internal diameter of 1 mm, located in the centre of the pipe section and placed as 

close as possible to the first mixer element.  The flow rate of the secondary flow was kept 

constant for all runs (8×10-9 m3 s-1). The range of volume ratio between dispersed and 

continuous phase was between 0.05 to 0.0007%.  

 

 

KMS and SMX+ static mixers of internal diameter (ID) 12.7×10-3 m (1/2”) were used, 

equipped with either 6 (length of 0.095 m for SMX+ and 0.135 m for KMS) or 12 (0.190 m 

for SMX+ and 0.270 m for KMS) mixing elements.  A Tee-piece (Figure 1b) was placed at 

the end of the mixer section and a glass window was inserted in the corner of the Tee piece, 

normal to the axis of the main pipe flow.  This enabled visualisation of the cross section of 

the pipe using PLIF. The distance from the window and the laser sheet was 0.07 m.  A glass 

pipe, built inside a glass box, was located upstream of the Tee after the static mixer outlet. 

This provided the optical access for the laser sheet to illuminate the cross section of the pipe.  

Differential pressure sensors were located both upstream and downstream of the static mixer 

section, enabling measurement of the pressure drop at a sampling rate of 5 Hz.  The sensors 

were placed as close as possible to the mixer section, mounted four pipe diameters before and 

after the section respectively.  Pressure drop data was obtained for each experiment over a 

range of superficial velocities from 0.1 < V < 0.9 m s-1 (0.16 ∙10-4 < Q < 11.3 ∙10-4 m3 s-1). A 

relief valve with a maximum pressure of 3 bar was installed for safety reasons after the main 

pump. In this work the refractive index matching technique was not applied because did not 

help on the clear recognition of oil dispersed drops in the continuous phase hence a different 

strategy was used. 

The primary flow was a solution of water and fluorescent dye (Rhodamine 6G, 5∙10-4 kg m-3). 

The secondary flow was Lytol, a low viscosity oil (μ = 0.0032 Pa s) containing a non-ionic 
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surfactant sorbitane monooleate (Span80 0.5% w/w ([27])) and Nigrosine black dye (of 1∙10-4 

kg m-3); the use of fluorescent (water) and Nigrosine (oil) dyes together increased the contrast 

between the continuous (high grey scale values) and the dispersed phases (very low grey 

scale values) hence the refractive index matching technique. This combined strategy helped 

the image processing step where shadows of drops crossing the laser plane and out of focus 

drops were not considered in the analysis. Generally, the gradient of grey scale values 

between shadows and drops was in the order of 100 (12bit image hence 4096 grey scale 

values). Furthermore, the high grey scale values of the continuous phase helped to dilute the 

contrast of oil drops once they had passed the focus plane. The temperature of the fluids was 

monitored and maintained at 23 °C to ensure that fluid rheology, well described by the 

Newtonian model, remained constant. In Table 1, properties of the fluids are reported. 

 

2.2 Optical measurements 

Two optical measurements were conducted: high speed photography for droplet formation 

and PLIF for droplet size detection. Both were used to monitor the change in droplet size 

using a fixed dispersed phase injection flow rate and varying the Reynolds (Re) number of 

the continuous phase. 

The first measurement was carried out using a Photron FASTCAM SA3 high speed camera 

and had the objective of capturing the oil drops as they formed at the outlet of the injection 

needle in the case of empty pipe, to guarantee the optical access to the needle area. The 

acquisition rate was 500 frames per second (fps) with 1 Mega pixel resolution (1000  1000 

pixels). For each flow rate (of the continuous phase) several oil drops were recorded and 

measured using Image J software.  

The second measurement consisted in PLIF combined with image processing, which was 

used to calculate the values of d32 at the outlet of the pipeline with and without (empty pipe) 

the static mixer at different flow rates. The cross section of the tube was illuminated by the 

laser which contrasted the oil drops against the water (doped with fluorescent dye). The 2-D 

PLIF measurements were performed using a TSI PIV system (TSI Inc., USA). The system 

comprised of a 532 nm Nd-Yag laser (Litron Nano L50 100) pulsing at 7 Hz, synchronized to 

a single TSI Powerview 4MP (2048  2048 pixels) 12 bit CCD camera using a synchronizer 

(TSI 610035) attached to a computer. The PIV system was controlled using TSI Insight 4G 

software. The camera was equipped with a 545 nm cut-off filter to eliminate reflected laser 
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light so that only the fluorescent light emitted by the dye, excited in the measurement plane, 

was captured in the image. The spatial resolution of the measurements was 10 μm∙pixel-1 

which allowed the detection of drops in the order of 20 μm diameter (2x2 pixel detection). 

The whole range of experimental setups, such as selection of flow rates and static mixer 

lengths have been selected in order to work in a “detection confident zone” of the oil drops 

(minimum drop size reached was ~40 µm and the area frequency do not exceed 0.02%) 

within the experimental limitations. 

For all optical measurements, the glass pipe was surrounded by a glass cubic box filled with 

distilled water in order to offer to the laser sheet a perpendicular plane to hit, reducing the 

aberrant effect of the curved surface of the pipe. The acquired raw images were processed as 

described in section 2.3. 

2.3 Image processing 

The drop sizes were obtained by processing the raw PLIF images using MATLAB scripts. 

The image processing consisted of four main steps (summarised in Figure 2): 

1. Capture of raw images: 12-bit images (2048  2048 pixels) were captured by the PIV 

system. To ensure statistical validity of the drop size measurements, 500 images were 

captured for each run. Full details are disclosed in the paragraph 2.4. 

2. Filtering raw images: to enhance the quality of the images and to aid processing, a 

smooth Gaussian filter was used to remove background noise while keeping the 

dimension of the drops constant. As a result, drops outside of the focal plane were 

eliminated. 

3. Selection of drops: the segmentation function of DipImage MATLAB toolbox was 

used to select and recognise the oil drops (discarding drops in touch with the wall). 

The image was then binary gated.  

4. Labelling and calculating drop size diameters: each drop was recognized labelled and 

measured (area, perimeter and diameter) in turn. 

This analysis was repeated for the 500 acquired images for each velocity and each 

configuration (6-12 elements SMX+, 6-12 elements KMS and the empty pipe). The 

processing time was minimal, < 0.5 s, for each image. The resulting matrices from image 

analysis were then processed to obtain the DSD in terms of area frequency.  

ACCEPTED M
ANUSCRIP

T



2.4 Statistical analysis 

To evaluate the repeatability and the consistency of the method, a series of DSD graphs were 

plotted which represent how the DSD changes as a function of the number of images 

processed: 100, 200, 300 and 500 (an example is reported in Figure 3). The comparison was 

carried out at different velocities and static mixer devices which always give consistent 

results after 100 images.   

However, to verify the reliability of results in terms of statistical analysis, a more detailed 

investigation was done based on the approach described in Buffo and Alopaeus’ [28] work. 

Their theoretical approach was used for the determination of the optimal sample size, after a 

small preliminary sampling. This procedure was applied to establish the connection between 

the number of measurements necessary to ensure a certain level of confidence in a fixed 

confidence interval ΔL, considering �̄�, the average size value for each static mixer setting. In 

Table 2, the values of N, the number of drops detected for each experimental run and all 

parameters required to determine N* (the desired number of measured drops to achieve a 99% 

level of confidence) are presented. The confidence interval ΔL was chosen according to the 

resolution of the camera and the measured minimum drop size (ΔL=0.03 mm). To calculate 

N*, the parameters t∞ (t value for infinite degrees of freedom of a two-tail student's t-

 distribution), σSE (standard deviation calculated from S and √𝑁) and S2 (variance of the 

sample) were also evaluated. The analysis was carried out for mono-modal and bi-modal 

distributions for different static mixer geometries.  In addition, the analysis was carried out 

for all runs at different velocities, but only the results for selected velocities (a subset of all 

results) are presented in Table 2.  All the values of N* are lower than N values which verify 

the reliability of the acquired results. 

3. Theory 

Drop breakup occurs when the external stresses overcome the Laplace pressure. Laplace 

pressure is the difference in pressure between the convex and the concave sides of the curved 

interface of a droplet.  The deformation of the drop requires high external stress, and this 

implies a very large pressure gradient. The stress is due to a velocity gradient or to a pressure 

difference arising from inertial effects [29]. Naming those external stresses as τ, the droplet 

breaks if: 

𝜏 >
2𝜎

𝑅
,                                                                  Eq. (1) 
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where σ is the interfacial tension and R the size of the drop. 

The ratio of disruptive forces to cohesive stresses is known as critical Weber number (We) in 

the case of turbulent flow.  

𝑊𝑒𝑐𝑟𝑖𝑡 =
𝜌𝑐<𝑢′2>𝑑32

𝜎
                                                      Eq. (2) 

The velocity fluctuation u’ is, 

𝑢′ ≡ (𝜀 𝜆)
1

3.                                                             Eq. (3) 

The flow regime is indicated by the value of the Reynolds number: 

𝑅𝑒 =
𝜌 𝑢 𝑙

𝜇𝑐
                                                                     Eq. (4) 

Where ρ is the density, u the superficial velocity, l the characteristic length (diameter of the 

static mixer) and μc the viscosity of the continuous phase.  

It is a well-known theory [30] that in the turbulent regime, an energy cascade causes the 

transfer of kinetic energy from the largest eddies (of the order of pipe diameter) to the smaller 

eddies, which in the end dissipate it as friction at the Kolmogorov scale. These same eddies 

apply a stress to the drops causing deformation that may lead to droplet breakup, following 

different mechanisms depending on the relative size of drops and the smallest eddies. If the 

drops are larger than Kolmogorov length scale, they are disrupted by the inertial 

pressure/velocity fluctuation across the drop; otherwise when the droplets are smaller than 

Kolmogorov’s scale, the mechanism is due to laminar shear stresses.  

It has also been observed [31] that together with the magnitude of the disruptive stress, it is 

important to consider the breakup time 𝑡𝑏. For breakup time is meant the time spent by a drop 

in a fixed volume at a given average dissipation energy. Works in the literature report it to be 

proportional to the diameter of the droplet d and the average dissipation energy 𝜀: 

𝑡𝑏~𝑑𝑎𝜀𝑏    Eq. (5) 

However, different numbers and even different signs are found in the literature, e.g. values of 

a range between -2/3 and 2/3, and b between -1/3 and -2/3 [32–34]. It is thus not clear if the 

diameter of the droplets has a positive or negative effect on the time needed for the breakup. 

This time 𝑡𝑏, is the time needed for the turbulence to interact with the droplet and cause 

deformation, and for a consequent step of internal flow mechanism inside the droplet [35] to 

take place, that would finally cause the disruption. Ashar et al. [31] have also studied a 
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probability function of breakup that is found to increase monotonically with the Weber 

number (We). Getting to the breakup condition is also dependant to the probability that a 

droplet finds itself in a location of higher instantaneous stress [36]. Especially for dilute 

systems and single droplets observations, mechanisms and results of droplet breakups are to 

be related not only to the energy dissipation but also to the residence time at such state, which 

would increase the probability of it to encounter higher instantaneous stress conditions. Other 

studies have focused on the number of fragments resulting from droplet breakup, concluding 

that binary breaking it is not the most common [37] and to determine experimentally the 

breakup frequency [38].  

 

Due to the scale of the smallest droplets in this work, all breakup is assumed to occur by 

turbulent inertial breakup.   Thus, the external stress is proportional to velocity fluctuations 

and from Hinze [38], the velocity fluctuations can be related to the energy dissipation rate 

[39], ε, that for a motionless mixer [40, 41] is: 

𝜀 =
𝛥𝑃𝑠𝑚 𝑄

𝜌 𝐴 𝑙
 ,     Eq. (6) 

where 𝛥𝑃𝑠𝑚 is the pressure drop of the static mixer, Q the flow rate and A is the cross-section 

of the pipe. Then, knowing that a large spectrum of eddies length (λ) is: 

𝜆 ≡ 𝜈𝑐

3
4⁄

𝜀−
1

4 .     Eq. (7)         

Rearranging the formula, it is possible to find a correlation between the maximum drop size 

and the dissipation rate: 

𝑑32 = 𝐶𝑥 (
𝜎

𝜌
)

0.6

𝜀−0.4    Eq.(8) 

with 𝐶𝑥 ≈ 0.725 using 𝑑𝑚𝑎𝑥 instead of 𝑑32 [38]. 

In the literature, there are several models which relate the Sauter diameter, 𝑑32, with the Re 

and We numbers for static mixers. Many of the models in the literature show only different 

values of the constant which can be used for fine tuning of the model, but this is not the main 

objective of this work. The following models are used to show the general trends and to 

compare experimental data with theoretical results. 

The first model was proposed by Streiff [42]; the value of Cx is estimated as 0.2 where 

𝑑𝑚𝑎𝑥 = 1.5 𝑑32. 

𝑑𝑚𝑎𝑥 = 𝐶𝑥 (
𝜎

𝜌𝑐
)

0.6

(
𝜌𝑐

𝜌𝑑
)

0.2

𝜀−0.4                                        Eq. (9) 
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The second model, proposed by Poncelet and Neufeld [43], has a different constant (Cz=1.2) 

and an additional term to take into account the viscosity ratio between the continuous and 

dispersed phases. 

�̄�

𝐷
= 𝐶𝑧 𝑊𝑒0.65 𝑅𝑒0.2 (

𝜇𝑑

𝜇𝑐
)

0.5

                                             Eq. (10) 

where �̄� = 𝐶𝑧𝑥𝑑𝑚𝑎𝑥 and D is the diameter of the pipe. 

For this work 𝑑32was used in the correlations instead of d̄ in order to eliminate the constant 

𝐶𝑧𝑥which is not known. This has been done assuming that d32 is proportional to dmax. In this 

work eq. (10) is modified as: 

𝑑32

𝐷
= 𝐶𝑧32

𝑊𝑒0.65 𝑅𝑒0.2 (
𝜇𝑑

𝜇𝑐
)

0.5

                                     Eq. (11) 

3.1 Energy model 

The dispersed droplet diameter is affected by the energy input into the system which can be 

measured by the pressure drop. However, not all the energy input contributes to drop 

breakup. Most of the energy is lost as heat (due to friction) or converted into momentum for 

phase contacting (hydrodynamic mixing) [44]. Furthermore, it is possible to estimate the 

potential energy (or interfacial energy (Esur)) which a droplet needs for the breakup. This 

energy can be defined as:  

𝐸𝑠𝑢𝑟 = 𝜋 𝜎 𝑑2                                                        Eq. (12) 

At fixed interfacial tension σ, the larger the diameter d of the droplet , the higher the 

interfacial energy. Using the DSD, an average interfacial energy was estimated by summing 

over all drops to determine 

𝐸𝑠𝑢𝑟 = 𝜋𝜎 ∑ 𝑑𝑖
2𝑖=1

𝑛 𝑁𝑖                    Eq. (13) 

Where 𝑑𝑖 are the diameter range values of the DSD and 𝑁𝑖is the total number of drops per 

𝑑𝑖.The change in interfacial energy associated with the droplet breakup, ∆𝐸𝑠𝑢𝑟(𝑑𝑖) can thus 

be calculated as: 

𝛥𝐸𝑠𝑢𝑟 = 𝐸𝑠𝑢𝑟
𝑖𝑛𝑙𝑒𝑡 − 𝐸𝑠𝑢𝑟

𝑜𝑢𝑡𝑙𝑒𝑡                                                Eq.  (14) 

and then compared with the power input. Where, the inlet superscript corresponds to the 

mother drops and outlet to the DSD after passing through the static mixer for the fixed time 

of a single PLIF measurements which correspond to 71 seconds. Finally, a dimensionless 

fractional change Y can be defined as:   
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        Eq. (15) 

 

This value can be used to facilitate the understanding of the results of the oil droplet 

dispersions; it can be thought of as a rate of dispersion where the drops are theoretically 

getting smaller increasing the power input into the system.   

Using this concept, it is possible to extrapolate a simplistic model, which can help to 

understand the dynamics of the droplet breakup; a single large drop enters the mixing system 

where it is exposed to destabilising stresses due to the energy input 𝐸𝑒𝑥𝑡 by the pump which 

is applied to the system, 

 𝐸𝑒𝑥𝑡 =
∆𝑃𝑠𝑚

𝜌
         Eq. (16) 

where ∆𝑃𝑠𝑚 is the pressure drop within the static mixer and ρ is the density of the continuous 

phase. Similarly, the power input per unit mass is defined as: 

𝑃 =
∆𝑃𝑠𝑚 𝑢

𝜌 𝐿𝑠𝑚
                               Eq. (17) 

Where, the additional terms 𝑢  and  𝐿𝑠𝑚 are the superficial velocity of the continuous fluid 

and length of the static mixers respectively (thus the ratio between  𝐿𝑠𝑚 and 𝑢  is the mean 

residence time). The length of the static mixer changes with the type of mixer and number of 

elements.  

4. Results 

4.1 Drop size characterisation 

The formation of droplets at the tip of the needle was observed at different flow rates of the 

continuous phase. The droplet formation mechanism was not investigated in this work, but it 

has been observed that the elongation and breakage of the drop formed at the outlet of the 

needle, often, but not always, resulted in a binary breakage. The formation of multiple 

satellite droplets beside the main drop was common especially increasing Re of the primary 

flow. In Figure 4, images showing the different observed phases of droplet formation in the 

case of binary breakage are reported at three Reynolds number. In the first time-step, the drop 

is forming outside the needle and it increases in size as more oil is fed through the needle. In 

time step 2, there is an elongation that brings to breakage. The image acquired at time step 3 

inlet

sur

outlet

sur

inlet

sur

E

EE
Y




ACCEPTED M
ANUSCRIP

T



immediately follows the previous one and a second small droplet is formed from the tail of 

the main drop as it detaches from the needle. The last condition sees the two droplets moving 

away from the injection pipe; in this image is possible to appreciate the reduction in size of 

the drops at higher Re, when the higher stress offered by the main flow one the forming 

droplet, causes an earlier detachment from the inlet pipe.  

 

This phenomenon is observable also in Figure 5, where the initial diameter 𝑑𝐼𝑁 (estimated 

from the series of images similar to the selected one shown in Figure 4) is reported at 

different Re in comparison with “empty pipe” 𝑑32. The last values were obtained applying 

PLIF to an empty (not equipped with static mixers) pipe long 0.43 m, following the image 

processing procedure described in 2.3. The length of the pipe was chosen to achieve pressure 

drops above the sensitivity of the pressure sensors. It can be noted that, although the formed 

droplets differ in size at the start, after being subject to the stress applied by the turbulent 

flow, their size reach similar values at all operating Re. The measurement of the satellite 

droplet was included in the calculation of 𝑑𝐼𝑁. It has been assessed that the minimum size 

diameter of such droplets obtained is in the order of 0.08 mm. 

  

Figure 6 shows the DSDs at different Re numbers (from 2000 to 12000) using 12 elements 

SMX+. Unsurprisingly, at Re between 2000 and 6000, the DSDs mean move towards left (the 

overall drop size decreases) as the energy input increases.  The flow regime is assumed to be 

turbulent throughout; Hirech [45] and Reynolds [46] report that the critical value of Re to 

reach the turbulent regime in a static mixer is lower (between 1500 to 3000) compared to an 

empty pipe due to the complex flow trajectories caused by the device geometry.  However, in 

the range of Re between 6000 and 12000 (DSDs in red), the trend is not as expected as the 

DSD shifts towards the right at larger drop ranges with the increase of Re.  Furthermore, the 

distribution also becomes bimodal instead of mono-modal which suggests that instabilities 

occur at higher Reynolds numbers. The higher the Re, the higher the secondary peak (at 

larger drop size) gets at the expenses of the expected peak at lower DSD mean value, up to a 

point at which the distribution goes back to be mono-modal, but at larger droplet size.  

Comparing the obtained bimodal distributions with the initial measured diameters it is 

possible to relate the larger droplet size to the initial size of the droplets 𝑑32 (Figure 5) and 

instead the smaller droplet size to the minimum measured diameter of the satellite drops. This 

suggests that both residence time and energy dissipation play an important role. The results, 
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in fact, show that at lower Re number, the droplets reach zones of high energy (hot spots) 

dissipation for enough time. Increasing the flow rate (up to Re=6000), the overall DSD shifts 

to the left which suggests that the energy dissipation increases, and the combination of flow 

and length of the static mixer allows to reach a resident time long enough to cause breakup of 

the drop. However, increasing even more the flow rate, this is not the case anymore. Thus, 

even if the energy dissipation increases, the residence time decreases down to a level which 

does not allow the drop to break. Indeed, although the system is running at steady state 

conditions, increasing the flow rates causes the drop to spend less time in the fixed volume of 

the mixing zone (volume of the empty pipe-volume of the static mixer frame). 

The Kolmogorov length scale (λ) is ~2  10-5 m and ~4  10-5 m at Re = 12,000 and Re = 

5,000 respectively. These estimations were obtained using the physical properties of the 

continuous phase. In both cases, the obtained drop sizes were larger than the Kolmogorov 

scale, therefore it is unlikely that a transition between the inertial subrange and the turbulent 

viscous regime would take place. On the basis of the breaking time theory [31] described in 

section 3, a possible explanation is that at higher Re, and therefore at higher 𝑢, the droplets do 

not spend enough time at the high stress condition and therefore, although more energy is 

input in the system, a lower performance is achieved. As an example, at the highest Re in the 

12 elements SMX+ static mixer, the average residence time is 0.2 s (calculated from the 

volume of the mixing zone in the static mixer within the 12 elements divided by the 

volumetric flow rate) while the breakup time 𝑡𝑏 is can vary according to the diameters of the 

droplets and of course of the exponent chosen for equation (5). Hence, it is plausible that the 

time spent by the droplet, in the static mixer device does not allow the breakup to occur, or to 

repeatedly occur (breakup can occur more than once). 

From the acquired experimental results, this behaviour was noticed for both geometries and 

length of static mixer used. Figure 7 shows the DSDs for the different set ups and at three 

characteristic Reynolds numbers (5000, 8000, 12000). Comparing the different geometries of 

static mixer at constant number of elements ((a) SMX+ 12 elements with (b) KMS 12 

elements and (c) SMX+ 6 elements with (d) KMS 6 elements) the SMX+ performs better at 

Re=5000 but beyond this, at high Re, the difference in performance between the two devices 

is not significant. 

Comparing the same devices but with different number of elements (Figure 7a with c and b 

with d), a reduced drop size at Re=5000 can be observed with the increase of number of 

elements; instead, looking at the influence of the Re number at a fixed setup, not significantly 
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better performance are achieved increasing Re, suggesting that the system is not working in 

an efficient way. 

These unstable conditions within the turbulent regime for very dilute dispersions have not 

been previously discussed in the literature. The use of a low fraction of oil in water avoids 

any effect of coalescence and also gives fewer restrictions to the trajectories of the oil drops 

in the static mixer device. In Table 3, measured pressure drop (ΔP, [Pa]), calculated energy 

dissipation from Eq. (6) (ε, [m2 s-3]) and Reynolds number (Re, [-]) are presented for selected 

superficial velocities (𝑢, [m s-1]) at the inlet of the used static mixers (12 KMS, 12 SMX+, 6 

KMS, 6 SMX+). 

4.2 Comparison of experimental data with existing DSD models  

Existing models were compared with the 𝑑32 results obtained from the online measurements. 

The Hinze model (8) was fitted to the data of 𝑑32 versus energy dissipation in Figure 8a. The 

data fit reasonably well until the critical point is reached, which was discussed previously. In 

this case, for 𝜀 higher than 6 m2 s-3, a different behaviour is observed.  

Altered trends are shown in Figure 8a; for shortest residence times (6 elements KMS and 

SMX+) the results disagree with the Hinze model which does not take into account the effect 

of the breakup kinetics. Different trend is show for the 12 elements static mixer (KMS and 

SMX+) which disagree as well with Hinze model only high energy dissipation but with a 

different degree compared to the 6 elements (KMS and SMX+).  

To further prove this concept, as presented in Section 3, two other common models have been 

tested (Streiff [42] and Poncelet [43]) where the first one is independent of the viscosity ratio 

but take into account the density ratio and the latter instead is the other way round. Again, the 

measured values of d32 were fitted using the models and the data are shown in Figure 8b. The 

constants obtained for the two models were Cx=0.2 and Cz32=0.3. The two models fit 

reasonably well with the experimental data (below Re=8000), but do not describe the 

different trend of the Lytol oil at high Re. This work does not want to invalidate previous 

models but to draw attention to the effect of residence time. Existing models show to be 

effective when the break up is mainly affected by the energy dissipation in systems where the 

residence time is not a limiting step.  Another observation is that the introduction of viscosity 

ratio (even if the values are a few orders of magnitude different) does not significantly 

change the model predictions much between the Streiff and Poncelet models. 
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In the last section of this work, a methodology to determine optimal operating conditions for 

static mixers, is proposed. This method is based on integrating data acquirable on plant with 

predetermined detailed micro properties of the product. 

4.3 Energy consumption versus Energy required for breakup 

An approach to determine performance of static mixers towards oil droplet breakup is 

presented in this work. In Figure 9, the power input (eq.17) versus Re is plotted. General 

trends show that power increases with Re, and at a given Re, SMX+ dissipates more power 

than KMS, as expected, because the pressure drops are higher. 

However, for a fair comparison, the performance was also compared at same energy input. 

The energy consumption depends on the number of mixing elements and flow rate; the fewer 

the elements and lower flow rate, the lower the energy consumption is, as expected. This can 

lead essentially that the residence time in the static mixers, can be combined with DSD 

information obtained from the PLIF measurement, to establish what is the optimal operating 

point. 

To integrate the DSDs information requires a further step in the analysis. Referring to the 

energy model discussed in 3.1, the rate of drop breakup, Y, (defined in eq. (15)) can be 

plotted versus the power input (Figure 10). The information reported in this plot can be used 

to choose both the more suitable geometry and process conditions. The data acquired shows a 

plateau of rate after specific values of power according to the static mixer used (length and 

geometry), beyond which there is a drastic drop in breakup rate increase: this point 

corresponds to the critical point where the system starts switching towards a bimodal DSD. 

The ideal working condition is identified at the maximum achievable Y, where the highest 

amount of energy input in the system is used for the droplet breakup. In the plot, for each 

configuration, the green lines identify the power input values at which the efficiency Y 

decreases below the value of 0.92, identified as the critical value below which the instability 

is observed. This information can be used to identify the optimal working condition in Figure 

9. 

In support of the proposed method, two case studies are presented to show how this analysis 

can be used to identify the optimal operating condition. In both Figure 11a and Figure 11b, 

the green line identifies the critical point for the used oil in each static mixer setup (the 

maximum power input after which the efficiency drops below an ideal value of 0.92 as 

identified in Figure 10). The region to the left of the green dotted line is the “efficient 
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working zone”, while the region on its right is named as “inefficient working zone”. The 

performance comparison is done at fixed energy input, chosen to feed the system with, and, 

where it crosses the different static mixer curves, the coordinates of power input can be 

found. This information can be used to identify the corresponding 𝑑32 and Y (Figure 10) at 

the given power input. For the case study 1 (Figure 11a), the chosen energy allows the system 

to operate in the confident working zone for the 12 elements KMS and SMX+ and in the 

inefficient working zone for the other two configurations. The corresponding values of 𝑑32 

and Y are shown in the table in Figure 11a. 

Theoretically, it can be argued that if the energy input to the system is the same, the final d32 

should be similar for different geometries. In the efficient working zone, the achieved results 

are very similar, suggesting that this approach could be applied to understand the optimal 

process conditions and predict the performance of a motionless mixing system. In the 

inefficient zone, the values of the two different geometries differ greatly as expected. To 

further test the validity of this methodology, a second case is presented in Figure 11b, in 

which the energy value is chosen to be in the efficient working zone for all devices. The 

values of 𝑑32 and Y reported are very similar to each other and this confirms that, regardless 

of the chosen device, given a fixed energy input, a certain d32 can be achieved if working in 

the efficiency zone. 

 

Conclusions 

A novel approach for the characterisation of in-situ DSD measurement of O-W emulsion is 

presented. Optical and PLIF measurements and image analysis were used to determine the 

DSD of oil droplets in water as they formed at the inlet and at the outlet of different static 

mixer geometries and lengths. Consistent instabilities were observed for all configurations at 

Re above 6000.  Existing models were tested which showed good agreement with the 

experimental data in stable conditions, but poor agreement in the unstable conditions. The 

acquired data were used to determine the optimal process conditions using an approach based 

on a self-developed energy model which allows the coupling of energy consumption and drop 

size distribution.  
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Figure 1: (a) Schematic rig and (b) zoom of the dashed rectangle including Tee Piece window 

for PLIF measurements. 
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Figure 2: The four main steps used to obtain particle size measurements from PLIF raw 

images 

 

 

Figure 3: The repeatability and the consistence of DSD plots from image analysis for 6 

elements SMX+ at Re=6000. 
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Figure 4: Binary images of droplet formation at different time steps for (a) Re=5000, (b) 

Re=9500 and (c) Re=12000 
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Figure 5: Initial diameters (d=dIN) versus Re at the inlet and d=d32 at the end of an empty 

pipe. 

 

Figure 6: Drop size distribution at different Re ranging from 2000 to 12000 for the 12 elements 

SMX+. 
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Figure 7: Drop size distribution at different Re ranging from 5000 to 12000 for (a)12 elements 

SMX+, (b)12 elements KMS, (c) 6 elements SMX+ and (d) 6 elements KMS. 
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Figure 8: (a)Experimental d32 versus energy dissipation (calculated form Eq. (5)) and Hinze 

model fitting and (b) d32/Dpipe versus Re fitted in Streiff and Poncelet models. 
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Figure 9: Power input (calculated form Eq. (17)) versus Re  

 

Figure 10: Breakup efficiency Y versus power input for the different static mixer configurations. 
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Figure 11: (a) Case study 1: a fixed value of 3.8 J per kg of energy input was chosen; this value 

intercepts the 12 elements SMX+ and KMS within the breakup efficiency of 95 % but not for 

the 6 elements hence lower efficiency of breakup is expected. (b) case study 2: a fixed value of 

2.2 J per kg of energy input was chosen; this value intercept the 12 and 6 elements SMX+ and 

KMS within the breakup efficiency of 95 % hence similar efficiency of breakup is expected. 
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Table 1. Properties of fluids 

 Phase Density [kg m-3] Viscosity (Pa 

s) 

Interface 

tension ( N/m) 

Water Continuous 997.8 0.001 
0.02267 

Lytol oil Dispersed 800 0.0032 

 

Table 2 Calculated parameters for Buffo and Alopaeus28 methodology for the selected velocities. 

Distribution type Mono-modal Bi-modal 

Static Mixer 6 KMS 6 SMX+ 12 KMS 12 SMX+ 12 KMS 12 SMX+ 

N 4673.00 3467.00 9301.00 9901.00 4269.00 5506.00 

L [mm] 0.14 0.11 0.10 0.09 0.10 0.11 

S2 0.02 0.01 0.01 0.01 0.01 0.02 

σSE 2.27E-03 2.01E-03 1.19E-03 9.70E-04 2.04E-03 1.69E-03 

ΔL [mm] 0.03 0.03 0.03 0.03 0.03 0.03 

Level of confidence  0.99 0.99 0.99 0.99 0.99 0.99 

t∞ 2.33 2.33 2.33 2.33 2.33 2.33 

N* 687.80 397.32 373.26 265.13 373.37 447.95 

 

Table 3. Parameters characterising the flow at different superficial velocities. 

V 0.4 0.54 0.75 0.82 

 ΔP ε Re Δp ε Re Δp ε Re Δp ε Re 

12 KMS 3427 1.27 5069 5693 2.85 6843 9380 6.53 9504 10686 8.13 10391 

12 

SMX+ 

4948 2.61 5069 7957 5.67 6843 12755 12.62 9504 14431 15.60 10391 

6 KMS 1762 1.31 5069 3228 3.24 6843 5722 7.96 9504 6631 10.09 10391 

6 SMX+ 1707 1.80 5069 3167 4.51 6843 5655 11.19 9504 6564 14.20 10391 
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