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ABSTRACT 

The droplet size distributions (DSDs) generated in industrial systems, either by design or 

during an accident, are important as they govern the movement and fate of the dispersed 

fluid. The Macondo Event in 2011 renewed interest in the DSD produced by a deep-sea oil 

well blowout due to the formation of the underwater plume and questions surrounding the 

necessity of application of potentially toxic surfactants.  

In this thesis the current state of dimensionless number-based modelling is reviewed and the 

approximations made in the modelling have desensitised the equations to important flow 

dynamics are highlighted, such as the turbulence generated in upstream disturbances in the 

pipework leading to the exit. In addition, the calibration of dimensionless models will often 

require geometric similarity between the calibration and application systems, limiting broad 

application of the models.   

Turbulence-based models offer a method that is not only more widely applicable but also 

more physically realistic. To provide the required turbulent quantity, in this case the 

turbulence dissipation rate (TDR or ε), Computational Fluid Dynamic (CFD) models are 

used. Using Reynolds Averaged Navier-Stokes closure models, it is shown that CFD can 

provide an appropriate measure of the turbulence for use in an empirically derived model 

available in the literature. Importantly, the simulated geometry (a baffle-and-vane stirred cell 

autoclave) is geometrically different from the stirred-cells used to calibrate the model, 

highlighting the broad applicability of turbulence parameter-based models. A turbulence-

based Reynolds number is also considered, and it is shown that scaling between the 

maximum TDR and Reynolds number between pipe and stirred cell systems is substantially 

improved. 

In later chapters it is demonstrated that an integral average of the TDR over a hemisphere 

with its origin located at the pipe exit is a better measure of the outlet turbulent energy for 

multiphase jets when upstream flow disturbances are present in the system. It is shown that 

‘global’ and centreline maxima occur in regions where it is unlikely for an interface to exist 

and are therefore of limited value in droplet size models.  

Finally, it is demonstrated that the inlet averaged TDR predicted by CFD can provide an 

excellent baseline for the prediction of mean droplet size produced by a liquid-liquid jet. The 

values from the literature span TDR and droplet sizes over several orders of magnitude. 

Using the relation between the droplet size and TDR it is shown that an upstream flow 

disturbance (in the form of an orifice plate) can have a significant impact on the droplet sizes, 

reducing the mean droplet size formed by a turbulent round jet by over a factor of two. 

This thesis provides a strong starting point for future investigation into the effect of upstream 

turbulence generating structures and the prediction of their effect on DSDs observed in a 

variety of disparate systems. It is also shown that the upstream turbulence in experimental 

systems must be accounted for to ensure that breakup dynamics are properly accounted for 

when developing empirical correlations.  
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 Introduction 

 The Macondo Event 

With the continued consumption of hydrocarbons and the depletion of easily exploited 

resources, attention has turned to less accessible reservoirs located in the deep sea. This has 

led to several engineering challenges, amongst which is how to avoid or respond to an 

uncontained blowout, such as the Macondo/Deepwater Horizon event in 2011. Even with 

modern safety technology, mistakes or unexpected phenomena rendered the safety systems 

ineffective in that event.  

This thesis considers the prediction of droplet sizes formed by a jet released into the ambient 

ocean in the event of a Blowout Preventer (BoP) stack catastrophically failing. Droplet 

formation from a liquid jet is common to a number of industries, so this work could have 

potential application in fields such as the food, agricultural, pharmaceutical and automotive 

industries.  

Understanding droplet formation is important for two major reasons. The dispersal of the oil 

needs to be tracked so that mitigation can be put into place to prevent, or at least minimise, 

the impact that the oil has on sensitive marine and coastal environments. The second reason 

relates to the question of the necessity of dispersants. While there is a significant body of 

evidence that shows that dispersants will act to lower the size of the droplets produced in a 

jet, it remains in question whether, in the event of a blowout, dispersants are necessary given 

the potential for the extreme turbulence generated inside the failed BoP stack to reduce the 

droplet size.  

This is an important question. It has been shown that one of the more common, and effective, 

dispersants, Corexit®, while having minimal effect on larger fish species (Hemmer et al., 

2010) has lethal and sub-lethal effects on smaller aquatic life, which can influence the 

transport of energy through the different levels of the ecosystem (Jasperse et al., 2018, 

Almeda et al., 2014, Rico-Martínez et al., 2013). Testing has generally shown that Corexit® 

has more of an effect on the young of aquatic species, which might limit not only the safe 

amount but also the safe duration for dispersant application (Stroski et al. (2019) . It is also 

necessary to account for the additional costs incurred in stockpiling and deploying the 

dispersants in the event of a blowout.      
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The Macondo/Deepwater Horizon blowout released ~260 million gallons of crude oil 

(Griffiths, 2012) into the Gulf of Mexico, of which a large amount surfaced and impacted 

coastal environments of the surrounding areas. In most previous losses of containment, 

including shipping accidents (e.g. Exxon Valdez) and shallow water blowouts (e.g. Ixtoc 1), 

much of the oil immediately surfaced. In the Deepwater Horizon release, a large amount of 

the oil either dissolved into the water or formed small droplets which became sequestered in 

deep ocean currents, where the oil was either consumed by marine life or fell to the ocean 

floor as marine snow. The map of area oiled in DWH-NRDA (2015) shows that even with the 

smaller oil drops being sequestered the coastal environments of the nearby states were 

significantly impacted. The DWH release is also unique in that of the 1.46 million gallons of 

dispersant deployed, nearly half (721 000 gallons) (Kujawinski et al., 2011) was injected 

directly at the wellhead to aid in the breakup and bioremediation of the oil. 

The need for dispersants is under question as it is argued (Paris et al., 2018, Aman et al., 

2015) that the turbulence generated by the release was sufficient to shift the droplet size 

distribution towards the smaller droplet size observed in the aftermath of the blowout.  

Droplet Sizes in the Macondo Blowout 

The droplet size distribution is governed by the interaction of the cohesive, or restoring, 

forces and the breaking forces. The cohesive forces include those that arise from the 

interfacial tension and the viscous interactions inside the dispersed phase. The breaking 

forces, for dispersed droplets, relate to the variations in pressure or viscous forces across the 

droplet. The variations in the small scales of the flow, which are correlated with the 

turbulence in the flow, will become greater with increasing bulk Reynolds Number. 

The smallest turbulent length scales (which are associated, in some sense,  with final droplet 

breakup, as the structures with length scales greater than the droplet size will tend to advect a 

small droplet instead of breaking it) will become smaller with an increase in bulk Reynolds 

Number. Of course, reality is far more complex. These smallest length scales are not a lower 

limit on droplet size, as smaller droplets can form as daughter droplets from breakup 

(possibly driven by simple instabilities as well as turbulence). For liquid-liquid systems in the 

far wake of a jet deformation is dominantly driven by larger scales of the flow(Eastwood et 

al., 2004). In addition, this process represents the secondary breakup of a jet, where it has 

already undergone primary breakup (typically full atomisation) and formed droplets.      
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The droplet sizes directly above the wellhead associated with the Macondo blowout were, 

understandably, not measured in-situ. As such to predict the movement of oil up from the 

wellhead and transported throughout the gulf approximations have had to be made. 

Estimation of the mean droplet (volume mean or d50) size have varied: 

• ~4.2mm (no dispersant, untreated) and 1.3mm (with dispersant, treated) by Gros et 

al. (2017) using VDROP-J.  

• Li et al. (2017) predict values of 3.3mm for the untreated release but a significantly 

lower value of 0.173mm for the treated system.  

• Aman et al. (2015), using a Weber model calibrated against stirred cell data, 

determined values of 0.075mm for the untreated d50 and 0.045mm for the treated d50.  

• Finally, Brandvik et al. (2016), (Johansen et al., 2013), using a modified Weber 

model, predicted d50 values of 4-10mm and 0.2-0.8mm for the untreated and treated 

respectively.  

As will be discussed later, all these approaches have limitations, and so care needs to be taken 

when making assumptions about the mean droplet size.  

Only under very specific conditions (such as laminar flow with low or no co-flow) will 

droplets form a monodisperse population. In the case of atomising breakup, the droplets form 

a polydisperse population. For liquid-liquid systems, this can be either a monomodal or 

polymodal (mostly bimodal) distribution (Tang, 2004). The polymodal distribution usually 

only occurs in the wave-atomisation regime while full atomisation will produce, typically, a 

monomodal distribution (Tang, 2004). In general, experimentalists have seen the droplets 

forming a log-normal (LN) or Rosin-Rammler (RR) type distribution (Pesch et al., 2020) 

(Malone et al., 2018, Aman et al., 2015) (Johansen et al., 2013).  This is necessary for the 

three models mentioned, but it should be noted that the VDROP-J model will produce a 

population as part of its function.  

While the RR and LN distributions have both been observed to be reasonable fits to the data 

the choice between the two is not trivial. As recently shown by Faillettaz et al. (2021), due to 

the strong differences in the tails of the distribution on the predicted amount of surfaced oil 

can be quite significant. The reporting and prediction of means to describe droplet size 

distributions is common in the literature. However, it should be noted that in reality, as seen 

in Macondo, atomising flows produce a distribution of particle sizes that can be non-trivial in 

shape. Care should accordingly be taken when developing and applying models to ‘real-
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world’ scenarios. It would be expected however that as the oil is relatively stable, it will come 

to a stable spherical shape some distance above the wellhead, making the mean sizes a 

meaningful indicator. For reacting jets, where the surface area/volume ratio is significantly 

more important, this may not necessarily be the case.          

Probability of Blowouts 

The likelihood and nature of blowouts are difficult to predict, as the final release of 

hydrocarbons into the environment is the result of a sequence of failures, typically both 

human and technological in nature. However, it is regarded that the High Pressure/High 

Temperature (HPHT) wells typical of deep-sea systems have a significantly higher 

probability of suffering a blowout than ‘regular’ wells. The definition of deep water will vary 

from location to location but Aird (2019) gives, as a guideline, wells between 450 – 600m for 

deep water and between 1000-1500m as ultra-deep water. At just over 1500m in depth 

(National Academy of and National Research, 2012) Deepwater Horizon would fall into the 

latter classification. Vandenbussche et al. (2012) predict that the blowout frequency for a 

HTPT well is 6.92x10-4 events per drilling operation, over 6 times greater than the frequency 

for a ‘regular’ well. Deep sea wells also have the additional issue that the wellhead is not 

reachable by human divers. If surface control is lost, as was the case for the Deepwater 

Horizon, remote-controlled deep-sea vehicles must be deployed. 

The question of droplet size distributions and their governing factors is of continuing 

significance, as new wells continue to be planned for both exploration and development. The 

Great Australian Bight was being considered for drilling by Equinor (2019) (previously 

known as Statoil). As part of their required planning they released a document showing the 

effect of the worst-case scenario (total well control loss for 129 days with no mitigation). The 

entire southern seaboard of Australia could be affected by weathered oil at a surface coverage 

greater than 10 g/m2 of oil. A more realistic simulation is given by Equinor’s Scenario 3, 

which considers the effect of a blowout being controlled after 15 days using a capping stack. 

The coast of South Australia would still be significantly affected, in particular around Port 

Lincoln and Kangaroo Island. 

Potential Root Cause/s 

The Deepwater Horizon blowout was caused by a number of technical and human errors 

(Bartlit, 2011, BP, 2010, DNV, 2011, USCSB, 2014). The root causes of the blowout were an 

improperly sealed well and the incorrect actions taken by the crew. Even so, the well 
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containment might not have been lost if the Blowout Preventer (BoP) had not also failed. In 

the early stages of the blowout the upper annular preventer (UAP) was closed but was unable 

to seal in the well. The erosive nature of the well fluids was then enough to render the UAP 

ineffective. Figure 1.1 is a sketch of the recovered remnants of the UAP; note that the metal 

fins which themselves show signs of damage are only intended to be supports for the rubber 

membrane, which was stripped away entirely.  

 

 

Figure 1.1: Illustration of the remnants of the Upper Annular Preventor (UAP) recovered 

from the BoP of the Macondo Blowout based on a picture  DNV (2011) 

After the UAP failed to seal-in the well, the middle Variable Bore Ram (VBR) was closed. 

Initially, based on the rising pressure it was believed that the well was sealed in. There was, 

however, already gas rich fluid in the riser, and closing the VBR did not prevent the gas from 

continuing up the riser and eventually finding an ignition source on the rig. The explosion 

that followed destroyed the rig and killed 11 people.  

With the loss of communication, electrical power, and hydraulic power, the emergency 

systems on the BoP should have activated and sealed in the well using the Blind Shear Ram 

(BSR). However, the emergency control systems, called the yellow and blue pods, both 

suffered failures due to miswiring. The pods contained a system controlled by a 9-volt 

battery, which in turn controlled a solenoid powered by a 27-volt battery. Miswiring in the 

blue pod caused the 27-volt battery to be drained, and so the pod was non-operational. The 

redundant yellow pod was miswired such that the two electromagnets designed to open the 

control value where opposed, freezing the valve closed. Fortunately, the miswired 

electromagnets control computer also failed, so it never activated, and the one operational 

electromagnet managed to open the valve and trigger the activation of the Blind Shear Ram.  
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Closing the Blind Shear Ram did not have the desired effect, and oil and gas continued to 

flow into the gulf.   

In the BP (2010) report the failure of the Blind Shear Ram was claimed to be due to the 

movement of the drill string inside the BoP. When the riser was blown off the Deepwater 

Horizon, the drill string moved, so that a tool joint (sometimes referred to as a collar) was 

inside the Blind Shear Ram when it was eventually activated, and the ram did not have 

enough pressure available to cut through both the drill string and collar. 

After the BoP stack was recovered from the seabed it was analysed by United States 

Chemical Safety Board (DNV, 2011). It was determined that the failure of the Blind Shear 

Ram was caused by the drill string having buckled and moving off centre. The blind shear 

ram installed was not of a self-centring type, and when the automatic mode function/deadman 

system was triggered (and the shears closed) the drill string missed the shear blades and was 

only deformed and punctured.  

The buckling of the drill pipe was determined to be due to the effect known as effective 

compression (USCSB, 2014), where, due to the massive pressure differential between the 

inside and outside of the drill string, minor imperfections in the pipe caused differential stress 

and bending. As the Blind Shear Ram was the upper ram, and due to the early failing of the 

UAP in the Lower Marine Riser Package, the oil and gas could flow freely through the 

annular space and into the riser, and ultimately into the Gulf of Mexico.  

While the failure mechanism of the BoP stack is important for future design, testing and 

maintenance, the important observation for this project is that the failure event created an 

extremely complex flow path, and the breakup of jets can be heavily influenced by upstream 

flow (in particular turbulence generation). After the riser was cut off in preparation for fitting 

the capping stack, the oil/gas that flowed into Gulf of Mexico rose directly from the BoP 

stack. The flow exiting the BoP stack did not have the distance (in fact, virtually no distance) 

in which to return to a fully developed pipe flow state prior to exit, and the turbulence 

generated by the multiple obstructions inside the BoP must be accounted for in understanding 

and modelling the breakup of the exiting jet.  

In this thesis it will be shown that current methods to estimate droplet size distributions are 

either too simple to account for the complex phenomena that occur in and around the ruins of 

a failed blowout preventer, or are computationally too expensive to deploy for application to 

the large number of scenarios that would need to be considered in disaster planning.  
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It is shown that single-phase simulations can provide data that can be used to predict the 

droplet size even when accounting for complications to the flow geometry such as the 

damage present inside the blowout preventer.  

 Computational Fluid Dynamics has been used to develop a deeper understanding of the 

effects of upstream turbulence generating structures on a free jet, as would occur inside the 

ruins of a failed blowout preventor. It is shown that these structures cause significant changes 

in both the extent and magnitude of the turbulence in the jet in the free domain. By 

combining single-phase simulations with correlations derived from first principles it is found 

to be possible to predict the droplet size that would form in a liquid-liquid system, providing 

a path forward for the future modelling of more complex physio-chemical systems.  

 Length scales and the energy cascade 

Turbulent fluid motion is characterized by the roiling, rotational nature of the flow. The 

structure of these “eddies” has been a topic of research spanning well over a century. For 

many processes, the critical question is “what size are the structures in flow?”. The answer to 

this question is far from easy to answer, as the motion of turbulent flow has eddies with 

lengths spanning many orders of magnitude. The largest occupy the energy containing range; 

as the name suggests, they contain most of the turbulent energy in the flow and move in a 

nearly inviscid manner. Below this range is the inertial subrange, home to the energy cascade, 

where the energy from the larger eddies is transported to the smallest eddies in a manner 

determined solely by ε, the energy dissipation rate. Finally, at the smallest length scales is the 

dissipation region, where the turbulent energy of the fluid is dissipated to heat by the action 

of molecular viscosity. The energy containing region is heavily influenced by the geometry of 

the flow, whereas the last two regions are sometimes identified as a ‘universal region’ where, 

properly normalised, the behaviour should be the same for high Reynolds flows in an entirely 

general sense.   

1.1.1 Length Scales of Turbulence 

These three regions are typically associated with a characteristic length scale. The energy 

containing range is represented by the integral length-scale (l0) is of the order of magnitude of 

the characteristic length of the flow domain geometry, L.  For pipe flow this is the diameter 

of the pipe, for jets the diameter of the outlet, and for an aerofoil this is the chord length 

(Figure 1.2). The structure of the eddies at this length scale are determined entirely by the 
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geometry, and so geometrical similarity is needed when comparing experiments and models 

using the integral length to scale the results. 

 

 

 

Figure 1.2: The definition of the length scale L = D for several different flows with very 

different large-scale flow patterns a) The diameter of a pipe, b) size of the 

outlet for a jet, c) the chord length of an aerofoil 

The size of the integral length scale can be estimated using dimensional reasoning, After 

Pope (2000),𝑙0 can be based on characteristic parameters k (the turbulent kinetic energy) and 

ε: 

𝑙0 ∝
𝑘3/2

휀
(1-1) 

A Turbulent Reynolds Number can be defined using k, ε, and ν, the kinematic viscosity: 

𝑅𝑒𝐿 =
𝑘1/2𝑙𝑜

𝜈
=

𝑘2

휀𝜈
(1-2) 

The next region is the inertial subrange, which contains the Taylor microscale. While Taylor 

(1935) erroneously identified these as “a measure of the smallest size of eddy”, it remains an 

important part of the analysis of turbulent flows to the point where it is often called the 

turbulence length scale. Taylor (1935) defined the length scale through: 

휀 = 15 𝜈
𝑢′2̅̅ ̅̅

𝜆2
(1-3) 

where 𝑢′̅ is the RMS of the velocity component u. Assuming that the turbulence is isotropic, 

the relation: 

𝑘 =
1

2
(𝑢′2 + 𝑣′2 + 𝑤′2) =

3

2
𝑢′2 (1-4) 

D D 

D 



9 

 

can be used to estimate the Taylor microscale as: 

𝜆𝑇 ≈ √10
𝜈𝑘

휀
(1-5) 

As before, we can define a Reynolds Number representing the flow at this length scale: 

𝑅𝑒𝜆 =
𝑢′𝜆𝑇

𝜈
= √

20

3

𝑘2

𝜈휀
 (1-6) 

At the (smallest) end, the dissipation range, lie the smallest eddies that can exist in a flow, 

characterised by the Kolmogorov Length Scales (Kolmogorov, 1941): 

𝜂 = (
𝜈3

휀
)

1/4

(1-7) 

The definition of the Kolmogorov Length Scale is a direct result of Kolmogorov’s First 

Similarity Hypothesis (Kolmogorov, 1941), which states: 

“The distributions of Fn for locally isotropic turbulence are uniquely determined by the 

parameters ε and ν”  

Fn is the 3n-dimensional conditional probability of the velocity components at a point. 

Equation 1-7 is the simplest way to form an equation with units of length under these 

conditions.  

These three length scales can be related to flow characteristics and so to each other: 

𝜂

𝑙0
= 𝑅𝑒𝐿

−3/4
(1-8) 

𝜂

𝜆𝑇
= √10 𝑅𝑒𝐿

1/4 (1-9) 

𝜆𝑇

𝑙0
=

1

√10
 𝑅𝑒𝐿

−1 (1-10) 

An important point is that these ratios demonstrate that the separation of the smallest length 

scales and the mean length scales will increase with Reynolds Number. 

These length scales are useful for discussing the nature of the turbulence and can be 

measured or determine in some experimental and computational systems, but the need to 
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determine instantaneous velocity gradients and variations to resolve k and ε make it much 

more difficult to determine for accidently released flows. In these cases, “bulk” 

Dimensionless Numbers are often used.  

Often described as the ratio of advective to viscous momentum transport, the generic 

Reynolds Number (Re) can be written as: 

𝑅𝑒 =
𝑈𝜌𝐷

𝜇
(1-11) 

where U is the characteristic velocity, D is a characteristic length scale, ρ is the density of the 

fluid and µ the viscosity.  

For flows with significant interfacial effects, like droplets and multiphase jets, the ratio of 

inertial and interfacial forces is often important, the Weber Number (We) defining it as: 

𝑊𝑒 =
𝑈2𝜌𝐷

𝜎
(1-12) 

where σ is the interfacial tension.  

For the Macondo blowout, assuming a release diameter of 0.40m (Brandvik et al., 2016), 

physical properties similar to Louisiana Sweet Crude (Malone et al., 2018), a flowrate of 

~60,000 BPD (McNutt et al., 2012) the Reynolds and Weber number can be determined as: 

𝑅𝑒~19,000 (𝑑𝑒𝑎𝑑) − 220,000(𝑙𝑖𝑣𝑒) 

𝑊𝑒~11,500(𝑙𝑖𝑣𝑒) − 12,100 (𝑑𝑒𝑎𝑑) 

A dead oil is one which has been completely degassed and a live oil (in this case) is one 

saturated with methane.  

These values are for untreated oil, i.e. dispersants not applied. Using the values for 1% 

application of Corexit (Johansen et al., 2013), which causes the IFT to drop by a factor of 31, 

the We becomes: 

𝑊𝑒 ~ 360,000(𝑙𝑖𝑣𝑒) − 380,000(𝑑𝑒𝑎𝑑) 

1.1.2 The Energy Spectrum 

The amount of kinetic energy at a certain length scale can be determined by integrating the 

energy spectrum of the turbulence. For all length scales, we have 
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𝑘 = ∫ 𝐸(𝜅)𝑑𝜅

∞

0

(1-13) 

The energy function E(κ) is a function of the wavenumber (κ) of the turbulence. In the 

inertial subregion, the function can be determined by considering Kolmogorov’s Second 

Similarity Hypothesis (Kolmogorov, 1941): 

“If the absolute values of the vectors y(k) and their differences y(k) – y(k’) (where k != k’) 

are large relative to λ, the distribution Fn are uniquely determined by the parameter ε and do 

not depend on ν”. As presented in a foot note (Kolmogorov, 1941), this hypothesis can be 

simply stated as “…the mechanism of energy transfer from larger fluctuations to smaller 

ones does not depend on the viscosity”. 

As the wavenumber has units of L-1 and the E(κ) has units of L3T-2 it follows that: 

𝐸(𝜅) ∝ 휀2/3𝜅−5/3 (1-14) 

This can be extended to the other regions using additional functions, fl and fη (Pope, 2000): 

𝐸(𝜅) = 𝐶휀2/3𝜅−5/3𝑓𝑙(𝜅𝑙0)𝑓𝜂(𝜅𝜂) (1-15) 

where C is Kolmogorov’s Constant, determined experimentally to be  ≈1.5, and fl is the 

modification in the energy containing region (Pope, 2000): 

𝑓𝑙(𝜅𝑙0) = (
𝜅𝑙𝑜

√(𝜅𝑙0)2 + 𝑐𝑙

)

5/3+𝑝0

(1-16) 

where p0 = 2 and cl is a constant of integration that ensures that the integral of the energy 

function returns the total kinetic energy. fη is the modification function in the dissipation 

region (Pope, 2000): 

𝑓𝜂(𝜅𝜂) = 𝑒−𝛽((𝜅4𝜂4−𝑐𝜂
4)

1/4
)  (1-17) 

β=5.2, and cη is a constant of integration that ensures that the integral of the dissipation 

spectrum (see Equation 1-20) returns the total dissipation rate.  

There are other choices that can be made to construct a function for the spectrum; see, for 

example, von Kármán (1948), Kraichnan (1959) , Hill (1978) and Pao (1965). 



12 

 

Using Kolmogorov’s First Similarity Hypothesis a Kolmogorov velocity scale can also be 

determined: 

𝑢𝜂 = (𝜈휀)1/4 (1-18) 

Normalizing the spectrum function using the Kolmogorov length and velocity scales, and the 

wave number by the Kolmogorov length scale, allows the energy spectrum to be related to a 

single parameter, the Taylor Reynolds Number rather than the three parameters, k, ε, and η: 

𝐸(𝜅)

𝜂𝑢𝜂
2

=  𝐶 𝜅−5/3𝜂−5/3

(

 
 
 

𝜅𝜂𝑅𝑒𝜆
3/2

√𝜅2𝜂2𝑅𝑒𝜆
3 +

40
3

√5
3 𝑐𝑙

)

 
 
 

5/3+𝑝0

𝑒
−𝛽((𝜅4𝜂4+𝑐𝜂

4)
1/4

−𝑐𝜂)
 (1-19) 

 

Figure 1.3 shows the normalised spectrum for different Rλ, noting the increase in the 

separation of the length scales and the universal behaviour into and beyond the inertial 

subregion. 

 

Figure 1.3: Model spectrum of Pope (2000) for the kinetic energy of a fluid. Different 

lines are for different Taylor Reynolds Number. The spectral energy function 

and wavenumber are made dimensionless using the Kolmogorov Length and 

Velocity scales. 

By definition, the integral of the spectrum function gives the total turbulence kinetic energy. 

Integrating over a portion of the energy spectrum function returns the amount of energy 
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contained by wavelengths inside the region. It can be seen (Table 1.1) that the majority of the 

turbulence kinetic energy of the flow is within the range lIE = l0/6 < l < 6l0. The lower bound 

of this range is usually given as the separation between the energy containing region and the 

universal scale region. 

Table 1.1:  Turbulent Energy by wavelengths (l) within the regions (l0/6 < l < 6l0) and 

(l0/6 < l < ∞). Determined by integrating over the energy spectrum function. 

Rλ % Energy within 

(l0/6 < l < 6l0) 

% Energy within 

(l0/6 < l < ∞) 

30 97.7% 99.8% 

300 81.3% 82.8% 

1000 79.4% 80.8% 

10000 78.7% 80.1% 

 

Using the kinetic energy spectrum function the dissipation can be defined (Pope, 2000): 

 𝐷(𝜅) = 2𝜈𝜅2𝐸(𝜅) (1-20) 

such that: 

휀 = ∫ 𝐷(𝜅) 𝑑𝜅 (1-21) 

Figure 1.4 shows plots, normalised by the Kolmogorov velocity scale, for multiple Rλ. As 

would be expected for normalised systems, in the universal region the plots are very similar. 

In particular, the two higher Reynolds Numbers are on top of each other with the only 

difference near zero, i.e for large wavelengths.  
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Figure 1.4: Normalised Dissipation Spectrum for the model spectrum of Pope (2000). 

Different lines correspond to different Taylor Reynolds Number. 

As with the Energy Spectrum, by integrating over a range of wavenumbers, the region where 

the majority of the dissipation takes place can be determined.  As the dissipation curve in 

Figure 1.4 shows a long low tail, to identify the region of dissipation we consider the central 

region over which 80% of the energy is dissipated. To calculate this, the lower bound, from 

κη = 0 to l10, is found and then the upper bound from κη = l90 to ∞ to is determined. The 

region l10< κη < l90 contains 80% of the dissipation.  

Table 1.2 shows that the majority of the dissipation occurs at wavenumbers greater than the 

Kolmogorov length scale but inside the dissipation region. This behaviour is exactly as 

expected, remembering that the Kolmogorov length scale is the smallest (turbulent) length 

scale that is possible in the system, not the length scale at which dissipation becomes strong.  

Table 1.2:  Table of region of 80% dissipation for differing Taylor Reynolds Number 

(Rλ). The region is defined by finding 10% of dissipation either side of the 

central 80%. 

Rλ Range of 80% of 

Dissipation 

30 8.3η < l < 39η 

300 8.7η < l < 64η 

1000 8.7η < l < 65η 

3000 8.7η < l < 65η 

𝑅𝜆 = 1000 

 
𝑅𝜆 = 300 

 
𝑅𝜆 = 100 

 
𝑅𝜆 = 30 

 𝑅𝜆 = 10 
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 While interesting from the perspective of the behaviour of the flow, it is important that 

computational methods capture both behaviours. The large energy containing eddies will 

govern the nature of the flow, and the dissipation region needs to be accurately modelled to 

ensure that turbulent energy is properly dissipated to heat.  

The energy cascade also plays an important role in the equilibrium models to be described in 

subsequent chapters. As mentioned before, the final breakup of droplets is a local 

phenomenon governed by the turbulence on the length scale at, or below, the Taylor length 

scales. Turbulence at these scales is difficult to measure even with modern equipment. It is, 

however, easy to measure the rate at which energy is being imparted to the system. For 

example,  Boxall et al. (2012) note that the power provided to a stirred cell (P) is: 

𝑃 = 𝑁𝑝𝜌𝑐𝑁
3𝐷5 (1-22) 

where Np is the power number. At steady state, the average power input must be balanced by 

the energy dissipated, so that: 

휀̅ =
𝑃

𝜌𝑉𝑇
(1-23) 

Where ρ is the density of the continuous phase, and Vt the volume of the tank. 

The average power input can then be equated with maximum dissipation rate, if necessary, by 

a geometric constant. This in turn can be used in models for predicting droplet size, enabling 

measures of the droplet size to be determined using easily determined parameters. This line 

of reasoning is typically based on the nature of the energy cascade and the universal 

behaviour of the smaller length scales. 

For continuous flows such as pipes and channels, the (mean) length scales are static along the 

streamwise direction but will vary across the radius, as illustrated in Figure 1.5. For flows 

with a smaller region of momentum input (like jets and to a limited extent stirred cells) the 

length scales will vary to a much greater extent across the domain, as shown in Figure 1.6. 
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Figure 1.5: Integral, Taylor and Kolmogorov Length scales vs the radius for a pipe, 

where the origin is at the centreline of the pipe. Taken from a RANS 

simulation at Re =25000 

For jets the smallest length scales will occur in the region just downstream of the outlet, 

where the mixing layer first forms. As the jet spreads and entrains fluid from the quiescent 

medium the local momentum will decrease. This will lead to a decrease in the local turbulent 

kinetic energy and dissipation rate. As a result, the length scales will increase with increasing 

distance downstream of the exit, once the jet has become fully established.  

 

Figure 1.6: Kolmogorov, Taylor and Integral Length Scales along the axis of a jet. From 

a simulation of RANS jet at Re = 25000. Dotted line is the exit of the pipe 

(and the beginning of the jet) dashed line is the diameter of the pipe (D = 

46mm). 
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This is important from both a physical perspective, as most of the mixing will occur in 

regions of high energy, and from a computational perspective, where larger elements can be 

used to capture the same level of detail of the turbulence further downstream of the exit. This 

latter point is particularly important in the simulation of free jets due to the large domain that 

is necessary to ensure the effects of the boundary condition are minimised. A mesh using the 

global minimum length scales would be a waste of resources, and likely too large to be 

computable. 

It should be noted that the use of ‘peak’ should be only considered in a “mean” sense. 

Turbulent flows, by definition, are intermittent in nature and the global peak (both in time 

and space) will necessarily be higher than the mean peak value that is measured. Meneveau 

and Sreenivasan (1991) showed that boundary layer peak dissipation rates can be ≈15 times 

higher than the mean, and for an atmospheric surface layer the ratio can be as much as ≈50 

times higher. While these large ratios are themselves rare, Meneveau and Sreenivasan (1991) 

show that instantaneous values on the same order of magnitude are not.  

Similarly, the turbulence can be temporarily lower in the same region. While less important 

for stirred cells and pipe flows, this can become significant for ‘once-through’ flows like a jet 

where it is inevitable that at different times larger droplets will escape by moving through a 

region of temporarily less intense turbulence.  

A final note is that the work presented here is based on a considerable number of assumptions 

and simplifications. The most obvious of these is that theoretical discussions typically 

consider isotropic turbulence. While the work of Kolmogorov has generally borne out under 

scrutiny, it is missing some crucial details.  A major omission is that it was assumed that 

energy can flow only in one direction, from the large eddies to the smaller; experimental 

work has shown that this is not entirely true. A small amount of energy will flow back up the 

cascade, a phenomenon termed backscatter (Liu et al., 1999). 

 Conclusion 

While the energy cascade is universal in some regards, it is only true for fully developed, 

isotropic and homogenous turbulence. It will be shown that for turbulent jets that this not the 

case in general and that obstructions, upstream and downstream of the inlet, can significantly 

affect the turbulent energy distribution in the flow. As such the assumption of isotropic, 

homogenous turbulence leveraged to resolve the fluid stresses in many dimensionless models 

becomes suspect. 



18 

 

The multiscale nature of turbulent fluid flow makes the application of computational methods 

both natural and difficult. To resolve the turbulent energy spectrum, it would be necessary to 

run computationally expensive scale-resolving methods. For this thesis, the more time and 

computationally efficient Reynolds Averaged Navier-Stokes (RANS) equations are used. The 

Reynolds Averaging process is an ensemble (or time) averaging processes, and the modelling 

of the turbulence means that the entire spectrum of the turbulence is modelled and reduced 

from the spectrum to scalar values.  

A measure of the maximum occurring turbulence dissipation rate from RANS-based 

simulations will be shown to be a reasonable enough to use with an experimentally 

determined correlation to allow the prediction of mean droplet size in a high-pressure stirred 

cell autoclave. The universal nature of the small-scale turbulence is clearly shown in these 

simulations, as the stirred cell that is simulated is significantly different to the experimental 

apparati used to calibrate the model in the literature.  

While the maxima are a reasonable choice for pseudo-steady processes like stirred cell, and 

pipelines, for jets the maxima can occur in regions where an interface does not exist and 

therefore is not a reasonable proxy for the energy available to cause droplet breakup. It will 

be shown that a surface averaged turbulence dissipation rate based on a hemisphere around 

the jet exit can capture the mean turbulent energy that is entering the domain. This mean 

energy-based approach works very well over a large range of turbulent dissipation rates and 

is shown to be a reasonable approach when applied to breakup models.  

This more complete approach is particularly important in the modelling of jets for disaster 

response. As discussed above the development of the jet will be complicated by the flow path 

inside the pipework (or BoP stack) which may contain a variety of flow obstructions, each of 

which will generate turbulence which will be advected downstream into the jet. By 

considering the mean turbulence at the outlet it will be possible to capture the energy 

available to break up droplets, which proves to be impossible with breakup models that 

employ dimensionless groups based on bulk flow parameters. This is demonstrated for free 

turbulent jets that contain a simple axisymmetric obstruction (in the form of orifice plates) 

located at varying distances upstream of the pipe exit.  
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 Droplets and Jets 

 The Modelling of Jet and Droplet Breakup 

In a perfect world it would be best practice to perform physical experiments to directly 

measure droplet size distributions. However, with the wide range of parameters that need to 

be explored and the difficulty in performing some experiments in representative 

environments, for example the deep-sea, it is necessary to develop models that can be used at 

least in the first case. A variety of models of varying complexity have been formulated to 

estimate droplet sizes. In the initial part of this chapter droplet breakup models will be 

considered. Some models have been extended to account for the breakup of jets, with 

modifications to the definition of the dimensionless groups to more accurately capture the 

behaviour. However, these models do not explicitly account for the generation of droplets 

from the jet core but instead consider the entire process as an event. For the relatively slowly 

reacting systems considered here, oil-in-water from an uncontained failure, this is likely 

reasonable approximation. For fast reacting systems, such as combustion systems, this is 

likely not a good assumption due to chemical reactions on the surface of the droplets possibly 

dominating the physics away from the core of the jet. Some atomisation theory will be 

discussed later in the chapter, but most of the work in the literature is based on air-liquid 

systems in co-flow, and due to the 3 order of magnitude differences in fluid densities in such 

systems the theory will not be directly applicable to the systems under consideration here. 

That said, it is still important to understand these processes, to identify any similarities to 

liquid-liquid jet systems.  

  Equilibrium Modelling 

One popular method to estimate measures (maximum, mean etc) of the droplet size 

distribution is using equilibrium equations. Equilibrium equations consider the balance 

between the interacting “forces” that occur in a system of two immiscible fluids. Classic 

papers on the subject include works by Kolmogorov (1949) and Hinze (1955).  

2.1.1.1 Weber Number Modelling 

Hinze considered the interactions of a set of “stresses” that arise within and in the flow field 

around a droplet. A generic breaking stress, τ, is theorised to arise due to fluctuations in 

velocity and pressure surrounding a droplet. Following Hinze, in dispersed emulsions the 

breaking stress is considered to arise due to turbulent fluctuations having a wavelength on the 

order of the droplet size D: 
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τ ∝ ρcv
2̅̅ ̅ (2-1) 

where ρc is the density of the continuous phase and v2  the mean of the square of the velocity 

variation between two points separated by a distance D.  

Countering the breaking stress, Hinze proposed two restoring stresses. The first arises due to 

viscosity: 

𝜏𝑣𝑖𝑠𝑐 =
𝜇𝑑

𝐷
√

𝜏

𝜌𝑑

(2-2) 

where μd is the viscosity of the dispersed fluid, D the droplet diameter, and ρd the density of 

the droplet. The second arises due to interfacial tension: 

𝜏𝑖𝑛𝑡𝑒𝑟 =
𝜎

𝐷
(2-3) 

where σ is the interfacial tension.  

From these three stresses, two independent dimensionless groups can be constructed. Hinze 

considered a generalised Weber Number: 

𝑊𝑒 =
𝜏𝐷

𝜎
(2-4) 

and an Ohnesorge Number: 

𝑂ℎ =
𝜇𝑑

√𝜌𝑑𝜎𝐷
(2-5) 

Above a certain critical Weber Number droplet breakup is expected. At Weber number values 

far above the critical value breakup is chaotic, as in the “bag” breakup process shown in 

Figure 2.1. Rather than simply breaking in two, in the bag process the droplet “shatters” into 

a large number of very small “daughter” droplets. 
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Figure 2.1: Photographs of the process by which a droplet will undergo bag break up 

(Xian-Kui et al., 2007); note the massive number of small daughter droplets 

that form. Reprinted with permission of AIP Publishing.   

  

For Weber Numbers close to the critical value the breakup process is simpler, with the 

droplet undergoing simple deformation. The largest droplet that would be able to resist 

breakup would be governed by a critical Weber Number: 

𝑊𝑒𝑐𝑟𝑖𝑡 =
𝜌𝑐 𝑣2̅̅ ̅ 𝐷𝑚𝑎𝑥

𝜎
(2-6) 

 In this situation Hinze considered that the critical Weber Number would be a function of the 

Ohnesorge Number: 

𝑊𝑒𝑐𝑟𝑖𝑡 = 𝐶1(1 + 𝜓(𝑂ℎ)) (2-7) 

where C1 is an empirical constant. 

Considering isotropic homogenous turbulence, then the variation of the square of the velocity 

is determined by the energy input per unit mass (Ε): 
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𝑣2̅̅ ̅ = C2(ΕD)2/3 (2-8) 

For an emulsion in the limit of vanishing viscosity (and hence Ohnesorge Number), Hinze 

showed that using Equation (2-6) and (2-8), Equation (2-7) can be written as: 

𝜌𝑐𝐷𝑚𝑎𝑥(Ε𝐷𝑚𝑎𝑥)
2/3 

𝜎
= 𝐶3 (2-9) 

Rearranging for Dmax gives: 

𝐷𝑚𝑎𝑥 (
𝜌𝑐

𝜎
)
3/5

Ε2/5 = 𝐶3 (2-10) 

The maximum droplet size can then be determined from the density of the continuous phase, 

interfacial tension and energy input. The energy input is not necessarily well characterised for 

all systems. Consider the correlation used for stirred cell (Shinnar, 1961): 

Ε ∝ 𝑁3𝐿2 (2-11) 

where L is the diameter of the stirred cell mixing blade/paddle, and N the rotational 

frequency. 

Substituting into equation (2-10): 

𝐷𝑚𝑎𝑥 (
𝜌𝑐

𝜎
)
3/5

(𝑁3𝐿2)2/5 = 𝐶4 (2-12) 

 

And rearranging: 

𝐷𝑚𝑎𝑥

𝐿
(
𝜌𝑐

𝜎
)
3/5

(𝑁2𝐿3)3/5    = 𝐶4 (2-13) 

Combining terms gives: 

𝐷𝑚𝑎𝑥

𝐿
(
𝜌𝑐𝑁

2𝐿3

𝜎
)

3/5

   = 𝐶4 (2-14) 

The term in the brackets can be recognised as the inverse of the Weber Number for a stirred 

cell: 

𝐷𝑚𝑎𝑥

𝐿
   = 𝐶4𝑊𝑒−3/5 (2-15) 
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Generally, the maximum droplet diameter is of less interest compared to a mean size. It has 

been found that the mean is correlated with the maximum: 

𝐷𝑚𝑎𝑥    = 𝐶5𝐷𝑚𝑒𝑎𝑛 (2-16) 

And so: 

𝐷𝑚𝑒𝑎𝑛

𝐿
   = 𝐶6𝑊𝑒−3/5 (2-17) 

The mean could be defined as the volume mean (VDM, D50), arithmetic/number mean (Davg, 

D10), volumetric mean (D43), or Sauter Mean Diameter (D32). Care needs to be taken when 

using the equations to scale results, as the constant of proportionality will vary according to 

the mean definition being sought. The D10, D43 and D32 means can be resolved from the 

underlying distribution as: 

𝐷𝑝𝑞 =
∑ 𝐷𝑖

𝑝
𝑖

∑ 𝐷𝑖
𝑞

𝑖

(2-18) 

where Di is the diameter of the ith particle in the distribution. The Volume mean (D50) 

represents the diameter which half of the total volume of the particles in the distribution lies 

either side of. 

Through a different sequence Boxall et al. (2012) also derived Equation (2-17). To fit water-

in-oil dispersions, Boxall et al. (2012) determined for the D32 that a value of C6 = 0.077, and 

for the arithmetic mean C6 = 0.063, gave a good fit for systems in the inertial subrange, 

where the Reynolds Number is high relative to the Weber Number. The change from the 

inertial to the viscous regime occurs when We4/5/Re ≈ 0.1. The constant value was tuned by 

Aman et al. (2015) to C6 = 0.1 for the arithmetic mean for oil-in-water dispersions.  

2.1.1.2 Unified Droplet Model 

Equation (2-15) is only valid in the limit where interfacial tension is the governing 

restorative force. To extend the scaling to systems where the viscous forces are important, 

work has been done to determine the appropriate form of ψ in Equation (2-7). Li et al. (2017) 

created the Unified Droplet Model. The term “unified” denotes that the model has been 

designed to handle both major components of phase break-up  observed in the aftermath of an 

oil well blowout; the breakup of the jet due to atomisation; and the breakup of the resultant 

surface oil slicks by wave action. Li et al. consider the action of viscosity through: 
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𝐷50

𝑑0
= 𝑟(1 + 10𝑂ℎ)𝑝𝑊𝑒𝑞 (2-19) 

where r, p and q are modelling constants. 

A feature of the UDM is that the length scale of the system is given by: 

𝑑0 = 𝑚𝑖𝑛 (𝐷, 𝐷𝑅𝑇𝐼) (2-20) 

where DRTI is maximum diameter of a droplet in a still media from a Rayleigh-Taylor 

Instability analysis (Grace et al., 1978): 

𝐷𝑅𝑇𝐼 = 4√
𝜎

Δ𝜌𝑔
(2-21) 

Δ𝜌 is the difference in the densities of the quiescent (bulk) media and the droplet, and g is 

gravity. For droplet breakup this is argued to be a more accurate representation of the length-

scale of the system, as with large diameter releases the dispersed fluid will always breakup, 

even if only due to capillary action. As argued by Brandvik et al. (2019), the length-scale that 

enters the dimensionless numbers should not be the length-scale of the droplets but rather that 

of the turbulence in the continuous medium. In this case DRTI is useful as a filter: 

𝐷𝑚𝑎𝑥 = min [𝐷𝑅𝑇𝐼 , 𝐷𝑚𝑎𝑥,𝑒𝑞] 

but should not be used to replace D in dimensionless numbers, as it is not representative of 

the turbulence length-scales in the fluid.  

The length scale d0 is used in the place of D as the characteristic length in all the 

dimensionless groups. The Weber Number for a jet is then defined as: 

𝑊𝑒𝑗𝑒𝑡,𝑈𝐷𝑀 =
𝜌𝑐𝑈

2𝑑0

𝜎
(2-22) 

and the Ohnesorge Number: 

𝑂ℎ𝑈𝐷𝑀 =
𝜇𝑑

√𝜌𝑑𝜎𝑑0

(2-23) 

The three parameters were tuned to wave-induced turbulence using the results of Delvigne 

and Hulsen (1994) and Reed et al. (2009), and were determined to be r = 1.197, p = 0.460, 

and q = -0.518. To account for the effects of a jet type blowout the model parameter r was 

tuned to the Deep Spill data (Johansen et al., 2001), yielding r = 14.05. This adjustment 
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means that the model is not truly universal, but rather might be considered two models with a 

common lineage. Li et al. (2017) tested the UDM  against the data of Brandvik et al. (2014b) 

and found a good agreement between the predicted and observed D50, but as can be later seen 

in Figure 2.12 it does appear to under-predict the size of dispersant treated droplets. 

However, this might not be an issue with the model, but rather due to either the resolution of 

the apparatus or the phenomena of tip streaming. As this model is one of two that that have 

been designed explicitly for jet blowouts it will be tested against the model of Johansen et al. 

(2013) when reviewing the available experimental data. 

2.1.1.3 Modified Weber Number 

As presented in the derivation of Hinze’s Weber correlation, equilibrium models are based on 

a number of approximations and assumptions. These assumptions are not definitive, and 

different models can be derived by making different assumptions. In the following section the 

derivation of a Weber/Viscosity model by Wang and Calabrese (1986) and Calabrese et al. 

(1986) is considered in full detail. While this is not a new result, it is considered instructive as 

to the assumptions built into the model and how fundamental quantities, like ε, are removed.   

 Wang and Calabrese (1986) and Calabrese et al. (1986) considered a balance between the 

disruptive and restorative energies with an accounting for the viscosity of the dispersed 

phase.  

The disruptive energy is defined as: 

𝐸𝑇 ∝ 𝐷3𝜏𝑐 (2-24) 

where τc is the turbulent energy per unit volume of the continuous phase 

The restoring energy associated with the surface tension is: 

𝐸𝑠 ∝ 𝐷2𝜎 (2-25) 

And the viscous energy of the droplet is: 

𝐸𝑣 ∝ 𝐷3𝜏𝑑 (2-26) 

Where τd is the viscous energy per unit volume inside the droplet. 

Wang and Calabrese define the turbulent energy per unit mass as: 

𝜏𝑐 = 𝜌𝑐 ∫ 𝐸(𝜅)𝑑𝜅
∞

1\𝐷

(2-27) 
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where E(κ) is the energy spectrum function, κ the wave number, and E(κ)dκ is the energy 

associated with a turbulence between κ and κ + dκ. The limits of the integration are 

determined from the assumption that any eddy with a length of D (and so a wavenumber of 

1/D) will advect rather than break a droplet. Shinnar (1961) argued that in a turbulent stirred 

reactor the droplets will be much larger than the Kolmogorov length scale, but much smaller 

than the macroscales of the system. They will therefore fall within the inertial subrange, and 

so the energy spectrum is given by: 

𝐸(𝜅) = 𝛽휀2/3𝜅−5/3 (2-28) 

where ε is the local energy dissipation rate, and β is Kolmogorov’s Constant (≈0.5 

(Sreenivasan, 1995)). The local dissipation rate is assumed to be related to the average 

dissipation rate: 

휀 = 𝐶2휀̅ (2-29) 

Under these assumptions Calabrese et al showed that the turbulence energy, τc, can be 

resolved as: 

𝜏𝑐 = 𝐶4𝜌𝑐 ∫ 휀̅2/3 𝜅−5/3𝑑𝜅
∞

1\𝐷

= 𝐶5𝜌𝑐휀̅
2/3𝐷𝑚𝑎𝑥

2/3 (2-30) 

where all constants, including those of the integration and Kolmogorov’s have been absorbed 

into C5. 

Following Hinze (1995), Calabrese et al. (1986) assumed that the viscous forces inside the 

droplet are related to the external forces via: 

𝜏𝑑 = 𝐶6𝜇𝑑√𝜏𝑐/𝜌𝑑/𝐷 (2-31) 

Assuming that the maximum droplet size will occur at the balance of the disruptive and 

restorative energies: 

𝐸𝑇 = 𝐸𝑠 + 𝐸𝑣 (2-32) 

Following Calabrese et al and substituting in Equations (2-24), (2-25), (2-26), (2-30), and 

(2-31) and letting D = Dmax: 

𝐶5𝜌𝑐휀̅
2/3𝐷𝑚𝑎𝑥

11/3
= 𝐷𝑚𝑎𝑥

2 𝜎 + 𝜇𝑑𝐷𝑚𝑎𝑥
2 √𝐶5𝜌𝑐휀2̅/3𝐷𝑚𝑎𝑥

2/3
/𝜌𝑑 (2-33) 

Simplifying gives: 
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𝜌𝑐휀̅
2/3𝐷𝑚𝑎𝑥

5/3
/𝜎 = 𝐶6 (1 + 𝐶7𝜇𝑑√

𝜌𝑐

𝜌𝑑
휀̅1/3𝐷𝑚𝑎𝑥

1/3
/𝜎) (2-34) 

where again the constants have been combined.  

Following Calabrese et al and considering  the average dissipation rate for a baffled stirred 

cell as given by (Rushton et al., 1950): 

휀̅ = 𝐶8𝑁
3𝐿2 (2-35) 

Substituting this into Equation (2-34) and expanding gives: 

𝜌𝑐𝑁
2𝐿4/3𝐷𝑚𝑎𝑥

5/3
/𝜎 = 𝐶6 (1 + 𝐶9𝜇𝑑√

𝜌𝑐

𝜌𝑑
𝑁1𝐿2/3𝐷𝑚𝑎𝑥

1/3
/𝜎) (2-36) 

Simplifying: 

𝐷𝑚𝑎𝑥

𝐿
= (

𝜎

𝑁2𝐿3𝜌𝑐
)

3/5

𝐶6 (1 + 𝐶9√
𝜌𝑐

𝜌𝑑

𝜇𝑑𝑁𝐿

𝜎
(
𝐷𝑚𝑎𝑥

𝐿
)
1/3

)

3/5

(2-37) 

Finally, using the two dimensionless numbers defined by Wang and Calabrese, a Viscosity 

Number: 

𝑉𝑖𝑡𝑎𝑛𝑘 =
𝜇𝑑𝑁𝐿

𝜎
√

𝜌𝑐

𝜌𝑑

(2-38) 

and a Weber Number: 

𝑊𝑒𝑡𝑎𝑛𝑘 =
𝜌𝑐𝑁

2𝐿3

𝜎
(2-39) 

And applying Equation (2-16) to get a measure of the mean droplet size, we arrive at the 

correlation of Wang and Calabrese (1986) for a the Sauter Mean Diameter for a dispersed 

emulsion in a baffled stirred cell: 

𝐷32

𝐿
= 𝐶11𝑊𝑒−3/5 (1 + 𝐶12𝑉𝑖 (

𝐷32

𝐿
)
1/3

)

3/5

(2-40) 

The experimental apparatus used by Wang and Calabrese was a baffled tank stirred by a 

Rushton turbine (see Figure 2.2). The continuous phase was a water-methanol mix 
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(experiments ran from 0% to 100% water cut) and the dispersed phase silicon oil (Dow 

Corning 200) with nine difference viscosities (0.001 to 1 Pa s) and interfacial tensions 

between 0.00021 and 0.0470 N/m. With a rotation rate between 84 and 282 rpm, the 170 

experiments covered a range of Reynolds (14000 to 83000), Weber (54 to 71000), and 

Viscosity (0.0041 to 640) Numbers. Fitting against this data, Wang and Calabrese (1986) 

determined the constants in Equation (2-40) to be C11 = 0.054 and C12 = 4.08 with a root 

mean square (rms) deviation of 21.1% from the experimental data.  

 

Figure 2.2: Apparatus used in the experiments of Wang and Calabrese (1986) and 

Calabrese et al. (1986) to obtain droplet data for a number of experimental 

parameters and to determine the correlation factors in Equation 2-40. Note: 

Different values of L and T where used in the experiments, see Calabrese et 

al. (1986) for details. Republished with permission of John Wiley and Sons 

To ensure that the regression was not being forced by the semi-empirical theory, Wang and 

Calabrese (1986) also consider the case where the powers are also used as fitting factors: 

𝐷32

𝐿
= 𝐴 𝑊𝑒−𝐶 (1 + 𝐵 𝑉𝑖𝐷 (

𝐷32

𝐿
)
𝐸

)

𝐹

(2-41) 

Wang and Calabrese (1986) determined that A = 0.066, B = 13.08, C = 0.66, D = 0.82, E = 

0.33, and F = 0.59. With the expansion of the fitting factors to 6, the correlation is 

substantially improved, with a rms deviation of 9.6% from the experimental data and, as can 
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be seen in Table 2.1, most of the power fits are close to the predictions of the semi-empirical 

model. The only deviation over 10% is the factor D. 

Table 2.1:  Semi-Empirical compared against the Fitted Constants for the Modified 

Weber Scaling Law of Wang and Calabrese (1986) 

Name Semi-Empirical Fitted Deviation 

C 3/5 0.66 10% 

D 1 0.82 18% 

E 1/3 0.33 1% 

F 3/5 0.59 1.7% 

 

Johansen et al. (2013) used a modified form of Equation (2-40) to determine a scaling 

method for mean droplet size prediction for multiphase jets. The modifications were: 

• The measure of the droplet distribution was changed to the volume mean diameter, 

D50 

• A different Weber Number was used for a jet: 

𝑊𝑒𝑗𝑒𝑡 =
𝜌𝑑𝑈2𝐷

𝜎
(2-42) 

noting that the Weber Number is now using the density of the dispersed phase rather than that 

of the continuous phase. This is a logical change to make as the primary breakup region is 

dominated by the dispersed phase. 

• The mean droplet was changed from the Sauter Mean Diameter (D32) to the volume 

mean diameter d50  

• A different Viscosity Number: 

𝑉𝑖𝑗𝑒𝑡 =
𝜇𝑈

𝜎
(2-43) 

noting that the root of the ratio of the densities has been dropped. The reasons for 

this modification were not stated. 

• The constants were modified to account for the change in dynamics between a jet and 

a baffled stirred cell; C11 = 15.0 and C12 = 0.8 in Johansen et al. (2013). These values 

were subsequently updated to  C11 = 24.6 and C12 = 0.08 with additional data 

(Brandvik et al., 2017b). 
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Additional corrections were introduced to account for the addition of a gas phase to the jet 

fluid. The buoyancy was accounted for using a Froude Number correction factor: 

𝑈𝑐 = 𝑈𝑛 (1 +
1

𝐹𝑟
) (2-44) 

where Fr is the Froude Number: 

𝐹𝑟 =
𝑈

√𝑔′𝐷
(2-45) 

g’ is the reduced gravity: 

𝑔′ =
𝑔(𝜌𝑐 − 𝜌𝑑(1 − 𝑛))

𝜌𝑐

(2-46) 

and n is the gas void fraction.  

Uc is used in Weber Number, and presumably the Viscosity Number, whereas the velocity in 

the Froude Number, Un, is the mean velocity of the jet corrected for the momentum of the gas 

fraction: 

𝑈𝑛 =
𝑈

√1 − 𝑛
(2-47) 

The correction assumes the additional momentum of the gas phase is minimal while the 

dispersed phase’s velocity increases so that the momentum of the two is the same. The 

assumption of negligible gas momentum is questionable at high pressures, where the density 

of the gas phase can become significant. 

Being based on bulk parameters, these scaling laws are easy to use but they are typically only 

reasonable inside the region for which they have been correlated. For example the modified 

Weber scaling of Johansen et al. (2013) has shown success with the range of experiments that 

have been carried out through their research program, but as shown by Malone et al. (2018) 

once a modification is made to the system it is possible that the correlation is less successful.  

2.1.1.4 Use of Turbulence Dissipation Rate (ε) 

With the advent of higher resolution monitoring equipment, including Particle Image 

Velocimetry (PIV) and Laser Doppler Velocimetry (LDV), directly or indirectly measuring 

the small scales of turbulence is now possible. Instead of approximating these scales using 

geometric arguments from the large scale energy input, they can be measured and correlated 
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with the droplet size of dispersed flow. Zhou and Kresta (1998a) have been successful in 

developing a correlation for stirred cells based on the maximum turbulence dissipation rate 

(TDR): 

𝐷32 = 118.6(휀𝑚𝑎𝑥𝑁𝐷2)−0.27 (2-48) 

It is worth noting that the correlation in Equation 2-48 appears to be dimensionally 

inconsistent. εmax has dimensions of L2T-3, N has dimensions of T-1 and D has dimensions of 

L. This means the term inside the brackets has dimensions of L4/T4. With the exponent this is 

~L/T which would require the leading factor to have dimensions of ~T. The equation was 

built using ND2 as it was argued that this was the better representation of the mean flow in 

the system, with εmax as a representation of the distorting force. This raises the question as to 

what the leading factor is representing. While it was determined using a regression to on the 

data, consideration could be given to determining whether it could be replaced or augmented 

with a term containing other relevant system properties like the interfacial tension, density (of 

either phase) and/or the viscosity, and thence make the equation dimensionally consistent. 

Another option is to divide the droplet diameter by an appropriate length scale and use 

additional parameters inside the bracket to make both sides dimensionless independent of the 

exponents. 

The experimental work of Zhou and Kresta (1998a) used a baffled cylindrical tank with four 

different mixing systems; A 6-bladed Rushton Turbine, a fluidfoil (A310) impeller, a High 

Efficiency (HE-3) Impeller and a Pitched Blade Radial Flow Turbine (PBT). The continuous 

phase was deionised water and the dispersed phase a heavy silicone oil. To determine the 

location of the maximum turbulence dissipation rate Zhou and Kresta (1996) scanned the 

region around the impellers (see Figure 2.3). The system was measured to 2mm above and 

below the blades and 3mm away from the tip of the blades of the impeller. The value of the 

turbulence dissipation rate was not measured directly, but estimated from the RMS value of a 

velocity component (Zhou and Kresta, 1996) : 

휀 = 10
𝑣′3

𝐿
(2-49) 

where v’ is the radial RMS velocity for the Rushton turbine in the impeller discharge stream 

at the top of the impeller blade, and the axial RMS velocity below the blades for the other 3 

impellers.  
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Figure 2.3: Schematic of system used by Zhou and Kresta (1996) to determine the value 

and location of maximum turbulence dissipation rate. Dotted lines are the 

measuring traverses. H is the height of the tank and T its diameter. Reprinted 

with permission of John Wiley and Sons. 

Using 48 data points across 7 cases, Zhou and Kresta (1998a) determined that Equation 

(2-48) fitted the experimental data with a coefficient of determination of 0.8087. The RMS 

deviation from the experimental values was calculated as 9.28%, comparable to the Wang 

and Calabrese (1986) model with 6 fitting factors, though noting that the experimental data of 

Wang and Calabrese (1986) used a wider range of dispersed and continuous phases.  

For jet breakup, Pesch et al. (2020) have applied a similar formalism to jetting flows. Using 

Equation (2-6), and considering that the mean of the square of the velocity variations can be 

related to the dissipation rate (Kolmogorov, 1941), yields: 

𝑣2̅̅ ̅(𝑟) = 𝐶12휀
2/3𝑟2/3 (2-50) 

where r is the distance between two points. Considering the largest stable droplet in the high 

Reynolds limit: 

𝑊𝑒𝑐𝑟𝑖𝑡 ≈ 𝐶13 = 𝐶12

𝜌𝑐  (휀𝑚𝑎𝑥 
2/3𝐷𝑚𝑎𝑥

2/3
 )𝐷𝑚𝑎𝑥

𝜎
(2-51) 

Expanding and rearranging gives: 

𝐷𝑚𝑎𝑥 = 𝐶14 (
𝜎

𝜌𝑐
)
3/5

휀𝑚𝑎𝑥
−2/5 (2-52) 
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Using Equation (2-16): 

𝐷32 = 𝐶15 (
𝜎

𝜌𝑐
)
3/5

휀𝑚𝑎𝑥
−2/5 (2-53) 

With a value of C15 = 1.49 reported for the experiments of Pesch et al. (2020). 

When the D32 was correlated with the maximum dissipation rate alone by considering the 

entire range of experiments: 

𝐷32 = 𝐶16휀𝑚𝑎𝑥
𝐵2 (2-54) 

Pesch et al. (2020) reported that C16 = 3590, and B2 = -0.4. With only two fitting parameters 

this is an excellent result, however it remains to be seen if the results are repeatable when 

other fluids are used. The experiments of Pesch et al. (2020) varied the release diameter and 

velocity, but not the properties of the continuous or dispersed phases.  

 

The experimental values for ε were directly measured from the variations in the velocity field 

using particle image velocimetry (PIV) for the continuous system alone (i.e without the 

dispersed phase). The only assumption made was that the flow was axisymmetric, so that 

fluctuations needed only to be measured in a 2D plane, with dissipation rate calculated as: 

휀 =
𝜇

𝜌
{−(

𝜕𝑢′

𝜕𝑥
)

2̅̅ ̅̅ ̅̅ ̅̅ ̅
+ 2 (

𝜕𝑢′

𝜕𝑦
)
2̅̅ ̅̅ ̅̅ ̅̅ ̅
+ 2 (

𝜕𝑣′

𝜕𝑥
)
2̅̅ ̅̅ ̅̅ ̅̅ ̅
+ 8 (

𝜕𝑣′

𝜕𝑦
)
2̅̅ ̅̅ ̅̅ ̅̅ ̅
} (2-55) 

u’ is the streamwise variations of the velocity, and v’ the variations of the cross-stream 

velocity.  

The system used deionised water as the continuous medium, and a light white oil (ρd= 801.42 

kg/m3, σ = 0.037 N/m) dyed red was the dispersed phase. 

 

A critical enhancement of this style of modelling is that any extra phenomena that would 

generate turbulence but would not be captured by a change in the bulk parameters is 

incorporated through the dissipation rate. It will also, as we will demonstrate later in this 

thesis, allow the use of CFD to generate an estimate of the TDR which can be successfully 

used in these models – and allows estimation of the entire TDR field, which is rarely possible 

in experimental environments.  
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 Population Balance Modelling 

A weakness of the Weber number based models, even with the enhancements of the TUHH 

team and Zhou and Kresta (1998a), is that they only predict a measure of the droplet size 

distribution, and the rest of the distribution needs to be approximated by a standard 

distribution, typically Rosin-Rammler, Normal, or Log-Normal. Population Balance Models 

(PBM) can address this issue as they consider a discrete representation of the droplet size 

distribution, which is allowed to evolve over time using integro-differential equations. The 

exact equations for the breakage and coalescence of droplets are (Tsouris and Tavlarides, 

1994): 

𝜕𝑛(𝑣, 𝑡)

𝜕𝑡
=  𝐵(𝑣, 𝑡) − 𝐷(𝑣, 𝑡) (2-56) 

where v is a droplet volume at a given time t, B is the birth rate:  

𝐵 =  ∫ 𝜆(𝑣 − 𝑣′)ℎ(𝑣 − 𝑣′, 𝑣′)𝑛(𝑣 − 𝑣′)𝑛(𝑣′, 𝑡)𝑑𝑣′ + ∫ β(v, v′)𝜈(𝑣′)𝑔(𝑣′)𝑛(𝑣′, 𝑡) ⅆ𝑣′
∞

𝑣

 
𝑣\2

0

(2-57) 

and D is a death rate of the droplets: 

𝐷 = 𝑛(𝑣, 𝑡)∫ 𝜆(𝑣, 𝑣′)ℎ(𝑣, 𝑣′)𝑛(𝑣′) ⅆ𝑣′ + 𝑔(𝑣)𝑛(𝑣, 𝑡)
∞

0

(2-58) 

In this case ν is the number of drops formed by the breakage of a drop of volume v’, β is the 

probability density of a droplet of volume v forming from the breakage of a droplet of size v’, 

g is the breakage frequency, h is the collision frequency of droplets of volume v and v’, and λ 

is the coalescence efficiency of a collision between droplets of volume v and v’.  

 

The exact form of these terms is necessarily complex, and the true exact forms are not 

known. The PBM considers a discrete version of Equation (2-56), where there exists only a 

discrete number of droplet volumes. Equations (2-57) and (2-58) are extensively modelled 

based on a combination of theoretical and phenomenological considerations [example Tsouris 

and Tavlarides (1994), Prince and Blanch (1990), Coulaloglou and Tavlarides (1977), and 

Lehr et al. (2002)].  

In deep-sea modelling two examples are:  
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• The VDROP-J model of Zhao et al. (2014a) which is an extension of VDROP (Zhao 

et al., 2014b) that includes a module to provide dissipation rate and momentum 

balances representative of a jet type flow.  

• The model from Bandara and Poojitha (2011), which is based on the plume model 

CDOG (Zheng et al., 2003).  

In both cases the simulation is Lagrangian, considering a control volume which moves in 

accordance with the jet, as predicted by correlations that include the natural expansion of the 

volume due to the spreading and entrainment of water The PBM determines the droplet 

distribution inside the control volume. Additional information (in particular the turbulence 

dissipation rate, ε) is supplied via additional correlations. 

Zhao et al. (2015) give the correlation: 

휀 = min (
0.003𝑈0

3

𝐷0
,
𝐶𝑑𝑈𝐶

3

𝑏
) (2-59) 

where U0 is the initial jet velocity, D0 the diameter of the release point, Uc the centreline 

velocity of the jet, Cd an unspecified constant only given as between 0.024 and 0.043, and b 

is the half-width of the jet: 

𝑏 = max (0.1𝑥,
𝐷0

2
) (2-60) 

x is the distance from the release point 

Bandara and Poojitha (2011) use: 

휀 = 2
||𝑽| − 𝑉𝑎

′|
3

𝑅𝑗

(2-61) 

where Rj is the radius of the buoyant jet, V the velocity of the control volume, and V’a is the 

projection of the ambient velocity in the direction of V.  

Amongst the limitations of the PBM is that the droplets are required to fit into the discrete 

bins that were determined at the beginning of the simulation, as do any of the daughter/parent 

drops which form during the simulation. They also only consider particle pair interactions, 

i.e. a droplet can only coalesce from two droplets and can only break into two daughter 

droplets. This earlier assumption is reasonable for dispersed flows, but it is known that in 

high Weber Number flows that droplets can undergo bag and catastrophic breakup where 
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they disintegrate into a large number of much smaller droplets (Chou et al., 1997), (Mohit et 

al., 2015), (Hui et al., 2010). These models are also not self-initialising,  in that they require 

an initial droplet size distribution to be supplied, with the model results showing sensitivity to 

this choice (Zhao et al., 2016). A strength of these models is the ability to track the evolution 

of the DSD during the rise of a plume. In the validation of VDROP-J, Zhao et al. (2014a)  

showed that it was capable of predicting the bimodal DSD above the release point of the 

Deep Spill experiment. As the models only track the centreline of the jet it is possible that 

further enhancements could be made by considering the radial variance of the jet.  

Population Balance Models can be linked directly with computational fluid dynamic models 

like Fluent®, e.g. Rao et al. (2016), but they are numerically expensive, and have stability 

issues. For jetting flows, they have the same issue as integrated Lagrangian models in that 

they require an initial droplet size, which is not a realistic assumption for the typical style of 

CFD which would aim to resolve the coherent jet core.  

 Direct Simulation of Atomisation 

RANS, Large Eddy Simulation (LES), and Direct Numerical Simulations of the atomisation 

process have been undertaken. In the case of the RANS simulations both PBM models and 

the Eulerian–Lagrangian Spray Atomization (ELSA) model of Vallet et al. (2001) have been 

employed. The ELSA model uses a Eulerian-Eulerian multiphase description of the core of 

the jet before transition to a Lagrangian formulation for the droplets away from the primary 

atomisation. Following the description of Hoyas et al. (2013) the flow variables are Favre-

averaged: 

�̃� =
𝜌𝑢̅̅̅̅

�̅�
 

As with Reynolds Averaging, this process introduces a closure problem which can be solved 

using RANS-like models. The interface is dealt with by introducing a liquid fraction (Y) and 

a term to model the liquid-gas surface density (Ω). While it does not track individual droplets, 

Ω can be used to extract a mean and number of droplets: 

𝐷32 =
6𝑌�̃�

𝜌𝑙Ω̃
 

𝑛 =
6�̅�𝑌�̃�𝑉𝑐𝑒𝑙𝑙

𝜋𝜌𝑙𝐷32
3  
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where Vcell is the volume of the computational cell, and �̅� is the mean density in the cell. 

According to Hoyas et al. (2013) the production and destruction terms inside the transport 

equation for Ω must be entirely modelled. As it appears that it has only been used to simulate 

the atomisation of liquid-gas sprays, it would mean that these terms would need to be 

modified to suit a liquid-liquid simulation. At the present time, accurate measurements for 

such systems are limited. Data is becoming available, such as that of Pesch et al. (2020) and 

SINTEF, but more precise descriptions of the equipment used are needed in some cases to 

allow the boundary conditions of the simulations to be well defined. 

In DNS (e.g. Canu et al. (2018))  simulations of atomisation the interface is resolved by an 

interface reconstruction method such as the Volume of Fluid (VoF) method (Hirt and 

Nichols, 1981) and its modifications (e.g. CLSVOF of Sussman and Puckett (2000)). 

Adaptive meshing (Fuster et al., 2009) can alleviate some of the burden, or alternatively LES 

may be used to model the turbulence with the atomisation process handled by a breakup 

model (e.g. Jones et al. (2017)). While potentially accurate and able to produce a distribution 

of droplet sizes, there approaches are computationally very expensive (both in terms of 

runtime and memory) and the number of different permutations of a problem that could be 

run would likely to be limited. 

The aim of this work is to provide a pathway for predictions of mean droplet size that can be 

obtained quickly and with enough accuracy to be useful. As it is a RANS-based single point 

correlation, it cannot supplant high resolution simulations that may become feasible in the 

future, but in the meantime will allow for the simulations to be selected with prior knowledge 

and limit the number of runs required to investigate interesting phenomena in a liquid-liquid 

system. 

 Instability Modelling 

The above discussion has mostly considered with the secondary breakup of droplets. The 

equilibrium models have explicitly assumed that a single droplet is under consideration. The 

PBM models that have been used to model jets do require an initial droplet size (i.e. they 

implicitly assume a dispersion). The turbulence dissipation rate models, listed under the 

Equilibrium models, are, in their current state, purely correlative in the case of Zhou and 

Kresta (1998a) or also assume a single droplet (Pesch et al., 2020) for the resolution of the 

model.  
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Liquid-air systems, like those used for combustion, have been the subject of a vast amount of 

study. This has included the study of the formation of instabilities on the interface of a jet 

during atomisation. Consider, as an example, the work of Marmottant and Villermaux (2004) 

or Varga et al. (2003) which shows the formation of instabilities on the surface on a liquid jet 

under co-flow, and in the case of Marmottant and Villermaux (2004) images of the formation 

and capillary breakup of ligaments, as well as  the formation and transition of surface 

instabilities. The theory developed by Marmottant and Villermaux (2004) for the wavelength 

appears to be solely for systems where the ratio of densities (liquid jet to medium density gas) 

is orders of magnitude from unity. This is quite different from the focus here, where the 

density ratio is near unity for most oil-water combinations. The paper of Lasheras and 

Hopfinger (2000) can also be consulted for a review of the area both in the near and far fields 

of a jet.  

Application of instability theory to liquid-liquid systems has been studied, (for example 

Kitamura et al. (1982) and Teng et al. (1995)), and produced reasonable results for the droplet 

size of laminar jets using simplified versions of the analysis of Tomotika (1935) of a liquid 

jet in a liquid medium. Even modern work like that of Patrascu and Balan (2019) is restricted 

to the laminar region; this could be due to the nature of the experiments, as Patrascu and 

Balan (2019) investigated both Newtonian and non-Newtonian flows. However, as far as the 

author has found there has been no instability analysis of turbulent liquid-liquid jets 

undergoing atomisation.  

The work of Eastwood et al (2004) studied the breakup of a liquid jet in the turbulent wake of 

a water jet. The release point of the needle was 25 diameters away from the release point of 

the jet. Using the correlation determined in the paper, the centreline TDR was still quite high 

at ~390 W/kg. By analysing the breakup of the liquid drops, Eastwood et al (2004) 

determined that it was not a resonance breakup, but rather was potentially caused by the 

inertial scales of the fluid causing the drops to strongly deform and then break by a capillary 

instability. This is in comparison to earlier work by Martínez-Bazán et al. (1999a), Martínez-

Bazán et al. (1999b) and Lasheras et al. (2002) in the same facility but with an air in water 

release, which found that the breakup was directly caused by the inertial subrange as 

described by Hinze and Kolmogorov, noting that due to the release location in the air jets the 

TDR was ~3 times higher than the water case. This again highlights that care needs to be 

taken when comparing disparate systems, and the possible change in dynamics as the 

turbulence levels change. The tendency for liquid droplets in a liquid medium to undergo 
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strong deformation before breakup has also been observed in stirred cell systems by Solsvik 

and Jakobsen (2015). 
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 Jets 

 Single Phase Jets 

The jet is one of the fundamental flow archetypes in fluid dynamics. It is characterised by the 

localised release of a coherent, high momentum stream of fluid into a secondary fluid, 

possibly (but not necessarily) of a different type. The nature of the jet is influenced by: 

• The shape of the release point, generally given as either: 

▪ Round, the release point is circular in character 

▪ Slit, where the release point is rectangular in shape, typically with a large aspect 

ratio  

• The nature of the incoming flow, where the nozzle leading to the release point can be 

(See Figure 2.4): 

▪ A straight pipe, where the flow enters the domain fully developed. 

▪ A smooth contraction, designed to produce an outflow velocity profile which is 

nearly flat (sometimes referred to a as a top-hat profile).  

▪ An orifice, where a sudden restriction increases the Reynolds Number and 

severely disrupts the flow. 

 

Figure 2.4: The three major types of inlets for round jets a) a smooth contour, b) straight 

pipe, c) a sharp-edged or orifice type inlet. Modified from Ball et al. (2012). 

Reprinted with permission of Elsevier.  

The state of the external medium will also influence the evolution of the jet. It may be: 

• Quiescent (or unspecified): the medium is generally still or quiescent. 

• Co-moving flow: the medium is moving with the direction of the jet. 

• Cross-flow: the medium is moving perpendicular to the jet. 

The Macondo blowout was arguably of a crossflow type due to the action of the deep-sea 

currents over the full depth, however as the momentum of the primary jet at the exit was so 

much greater than the local momentum of the ocean in the near region it may be considered a 
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release into a quiescent medium. The oceanic crossflow becomes particularly important for a 

buoyant bubbly plume, where the gas and oil can become separated due to buoyancy and/or 

inertial differences (see Figure 2.5). For a deep-sea blowout this will occur just above the 

primary jet. 

 

Figure 2.5: Image of separation in an air-water release under a mild crossflow. Modified 

from Zhang and Zhu (2013). Reprinted with permission of Elsevier. 

The jet outlet geometry plays an important role in the early development of a jet. The orifice 

type of outlet, where the flow is abruptly forced through a narrow opening, creates a strong 

concavity in the middle of the mean velocity profile, whereas the smooth contraction, by 

design, produces an almost flat velocity profile. The fully developed pipe outlet shows the 

expected polynomial profile. The effect of the wall can be seen clearly, in both the mean 

velocity and turbulence intensity profiles, where again the smooth contraction shows a 

significantly flatter profile than the orifice jet. However, the peaks are of a similar magnitude. 

The differences in the exit behaviour of the jet cease to have an observable effect ~ 40 

diameters downstream of the outlet for the centreline velocity, and ~10 diameters 
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downstream of the outlet for the stream-wise turbulent intensity. While the variation 

diminishes, the span-wise intensity remains significantly different beyond 60 diameters. The  

turbulent break-up of multiphase jets is critically influenced by the behaviour in the zone-of-

flow-establishment (ZFE), where we see the centreline turbulent intensity is ~50% higher for 

both the span-wise and stream-wise components in the orifice-plate jet at the point of 

maximum intensity. This peak occurs, for both systems, at approximately ~10 diameters 

away from the opening, with the sharp-edged orifice peaking slightly closer to the outlet than 

the smooth contraction. There should not be a coherent core at this point, and so secondary 

breakup is likely to be highly significant in this region.  The effect of the change in release 

geometry is observed in the half-velocity width, which for the orifice is broader well after the 

flow has reached a steady state. 

Mi et al. (2001b) studied the effect that the nozzle had on the mixing rate using a hot air jet 

system, where the centreline temperature was plotted against the reduced axial coordinates 

(axial position/diameter). It can be seen that the orifice type of outlet produces significantly 

more mixing than either of the other two types of nozzle, with the smooth contraction being 

initially similar to the orifice plate near the outlet but trends towards the characteristics of the 

pipe outlet further downstream. 

 Mi et al. (2001b) also published the mean and RMS values for the velocity just downstream 

of the outlet, at x = 0.05d for the contoured and straight pipes, and x = 0.1d for the orifice 

plate. The orifice and smooth contraction correspond well with the general shape of the 

profiles from Quinn (2006). While the pipe system appears to possess the highest initial 

 

Figure 2.6: Decay of centreline velocity and spreading rate (width of half jet) for a sharp-

edged and contoured nozzle (Quinn, 2006). Reprinted with permission of 

Elsevier 
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turbulence, with peaks similar to the orifice plate and a more even distribution of turbulence 

across the diameter of the pipe, it still exhibits the lowest rate of spreading. By analysing the 

power spectrum for the three systems Mi et al. (2001b) determined that this was likely due to 

the jet issuing from the pipe system not forming any large scale structures which would 

entrain the ambient fluid, due to the flow being fully developed as it entered the domain.  

The use of devices to disrupt the flow upstream of a jet exit is not a new idea, but interest has 

mostly been focused on disruptions positioned just before, at, or just after the nozzle exit. The 

consequences of adding disturbances to the flow field upstream of a jet exit has been found in 

the literature to often contradict intuitive expectations. In some cases, the modifications 

increase the mixing rate, and in other cases decrease it. Even amongst apparently similar 

systems differing effects have been observed, with the addition of more turbulence generating 

structures sometimes causing less spreading than is observed in systems with fewer 

obstructions.  

He et al. (2018) considered the effect of a ‘rib’ (functionally equivalent to the orifice plate 

that is considered later in this thesis) situated 1D inside the pipe and compared the behaviour 

to a straight pipe release and an orifice nozzle (termed a lip-ribbed nozzle in the paper). The 

data was derived from LES simulations, with the straight pipe results validated against 

experimental data taken by the authors. It was found that the simulation with the inner rib 

produced a jet that spread faster than either of the other two options. Figure 2.7 shows that 

the inner-ribbed system exhibited higher averaged velocity fluctuation values out to x/D =6 

compared to a straight pipe system, with the difference beyond this region becoming 

negligible. 
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Figure 2.7: Profiles of the fluctuating mean-square streamwise velocity at different 

downstream locations. He et al. (2018). Reprinted with permission of 

Elsevier.  

The lib-ribbed system shows sustained higher averaged velocity fluctuation peaks at x/D = 2, 

where interestingly the averaged velocity fluctuation at the centreline is higher for the inner-

ribbed system. While this is less important for the mixing of miscible jets, in multiphase jets 

the core may possibly be disintegrated by this stage, and the influence on droplet size could 

be important. The Power Spectral Densities (PSD) published by He et al. (2018) for the three 

systems, reproduced in Figure 2.8, show that the jet emerging from the inner-ribbed system is 

fundamentally altered compared to the other two, lacking any of the local peaks observed in 

the other two systems. While the full (numerical) spectrum is given around the exit, only the 

PSD of modes 0-3 are given further away from the exit (x/d = 6). These modes show a 

steeper inertial subrange than the -5/3 of Kolmogorov, which the authors state is due to the 

truncation of the POD modes. While a -5/3 spectrum might be expected, it has been shown by 

a number of authors that the centreline axial velocity spectrum follows a slightly different 

power law. Nathan and Mi (2001) claimed a Re independent value of m~-1.5 based on their 

experiments with a SC and set of interesting OP-type nozzles and the high Reynolds work of 

Burattini et al. (2005). As highlighted by Sadeghi et al. (2014) this assumption is likely 

suspect and due to a misread of Burattini et al’s work. On first inspection the figure showing 

the compensated spectrum does state on its y-axis that it is the axial spectrum, but the non-
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compensated spectrum, the caption, and the wording later in the document make it clear that 

is for the turbulence ϕq not the axial velocity ϕu that is used by the other authors.  

This discrepancy is further reinforced by Sadeghi et al. (2014) who calculated a Reynolds 

dependency for the value of m for ϕu, ϕv and ϕq based on a set of experiments over a 

Reynolds range of 10000 to 60000, and showed that extrapolating out to the Reynolds 

Number of Burattini et al. (2005) work gave quite a good agreement with their correlation of 

m for ϕq. The work of Mi et al (2001) showed that as you moved off the centreline of the jet, 

the spectrum tended towards an isotropic inertial sub-regime; based on their results this was 

assumed to be due to the drop in intermittency as they moved away from the centreline 

(Figure 1 of Mi 2001 shows that outside the mean velocity half radius (y12) the intermittency 

drops rapidly, by the stage that m~-5/3 (y/y12 ~1.92) the intermittency is only ~0.15). This 

lack of isotropy is also supported by the water jet experiment of Falchi and Romano (2009) 

(Re ~20000) who, using derivative ratios along the centreline, showed a slight departure from 

isotropy at x/D = 30.  

  

Figure 2.8: Power Spectral Densities derived from the streamwise velocity for the three 

jet systems for varying distances from the centreline on the plane of the 

nozzle exit. From He et al. (2018). Reprinted with permission of Elsevier.  
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Using wire rings just outside the nozzle of a smooth contraction nozzle, Sadeghi and Pollard 

(2012) investigated the effects of disrupting the jet in the region where the shear layer forms 

and in the potential core.  

In both cases it was observed that the fundamental dynamics of the jet were altered with the 

suppression of the shear-layer mode. This led to a lower spreading rate for both modified jets 

over a range of Reynold Numbers. The suppression of the large-scale turbulence structure 

also leads to a decrease in the observed turbulence intensities, with this effect appearing to 

decrease with both increasing Reynolds number and distance from the pipe exit. However, as 

shown by the power spectra, reproduced in Figure 2.9, the modified jets transitioned much 

more quickly to 3D turbulence. 

Unfortunately, the slope in the inertial sub-regime is not reported nor are compensated 

spectra plotted. The subtle nature of the differences in the slope means that the traditional 

method of extracting data from the plots is not applicable. So, it is not clear how the rings 

have altered the centreline spectra (if at all). Qualitatively, the graphs of centreline spectra 

suggest no obvious change in behaviour with and without the rings, at x/d =5 and 6. It is 

possible that the inertial sub-regime is extending out slightly further, but the graphs only 

show up to a Strouhal Number (St) of ~20, with the ringless experiments indicating a dip into 

the dissipation regime (if it is) at St ~10. This appears to be consistent with the work of Mi 

and Nathan (2010), where the very different orifice plates and a smooth contraction showed a 

similar centreline spectrum in the inertial sub-regime at the same Reynolds Number far away 

from the outlet (x/De ~ 30).  

These works highlight, assuming of course that similar behaviour occurs in liquid-liquid 

multiphase jets, that while the turbulence is developed (past Re~10,000) in a jet it does not 

develop to an isotropic state (at least along the centreline), nor is independent of Reynolds 

Number. While it has been shown to become isotropic away from the centreline it is at a 

significant distance, and whether or not enough of the droplets enter this region and breakup 

needs to be determined.  

This means that models that explicitly, or implicitly, assume an isotropic or homogenous 

state may be missing some critical behaviour. However, as will be seen in Chapter 6, it would 

appear that the mean droplet size does correlate well with a formula assuming the isotropy of 

turbulence. As such either the transition to isotropy is faster in a multiphase jet, the effect is 

minimal and obscured by other effects, the assumption that breakup in a liquid-liquid jet is 
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dominated by turbulence is suspect, or some additional effect is in-play needs to be 

investigated in future work.   

 

Figure 2.9: Spectral power for a) unmodified  b) shear-layer modified  and c) potential 

core modifed jet at a Re= 30 000 at different axial locations and a fixed (r/D 

= 0.476) radial location. From Sadeghi and Pollard (2012) reprinted with 

permission of AIP Publishing. 

The mixing effect of large scale structures is seen in the work of Mi and Nathan (1999), who 

found that adding two and four small tabs produces much higher mixing than a plain smooth 

contraction under the same experimental conditions. While the tabs profoundly altered the 

flow statistics, it was the system with two tabs that caused the jet to mix the fastest. Mi and 

Nathan (1999) reported that the decay rate, defined as 𝜕(𝑇0/𝑇𝑐)/𝜕(𝑥/𝑑), where T0 is the inlet 

temperature and Tc the centreline temperature, in centreline temperature for the two tabs was 

~0.272 compared to 0.219 and 0.256 for the systems with no tabs and four tabs, respectively. 

The effect of tabs has also been investigated for sub and supersonic jets by Zaman et al 

(1994), Lee et al (2012), and Reeder and Samimy (1996) using different number and types of 

tabs. In Zaman et al. (1994) and Lee et al (2012) found that a lower number of tabs, 4 vs 6 

and 4 vs 8 respectively was found to increase entrainment. Lee et al (2012) also reported an 

(a) 

(c) (b) 
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increase in mixing based on increased Reynolds stresses, however no scalars where 

measured. In contrast, Zaman et al. (1994) found that 4 tabs increased the entrainment more 

than 2 tabs. 

 Mi & Nathan (1999) argue that the discrepancy between their work and Zaman et al. (1994) 

could be due to the location of the measurement system in the respective experiments. 

Whatever the cause, the results indicate that entrainment or mixing is not necessarily 

enhanced continuously by the introducing more flow disturbances. 

Mi and Nathan’s power spectra (reproduced in Figure 2.10) indicate that the stronger mixing 

induced a much faster transition to a 3D turbulence structure. This is important for flow 

modelling as the assumption of near isotropic turbulence is central to the critical steps taken 

to resolve the equilibrium models.  

 

Figure 2.10: Power Spectra for the three systems considered by Mi and Nathan (a) no 

tabs, (b) 2 tabs and (c) 4 tabs. Reprinted with permission of Elsevier. 

.  

In short, the experimental work of many authors (e.g. (Lee et al., 2012, Zaman et al., 1994, 

Mi and Nathan, 2010, Mi and Nathan, 1999, Quinn and Militzer, 1989, Reeder and Samimy, 

1996, Mi et al., 2001c, Mi et al., 2001b, Quinn, 2006)) measuring scalar values, mean 

velocity, and variations in the velocity (and the corresponding Reynolds Stresses) have 

shown that the mixing and entrainment of a jet is a complex phenomenon, with, in some 

cases, an enhanced initial entrainment rate coming at the expense of less energy in the fine 
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scale turbulence (Mi et al., 2001a). Due to the nature of the internals of a failed BoP some 

influence may also be drawn from the work on self-exciting fluidic nozzles (e.g. Mi et al. 

(2001a), which have been specifically designed to ‘flap’ (noting that the symmetries that are 

carefully engineered into any of these systems will not be present in the BoP stack). This 

field is one of continuing investigation (Kohan and Gaskin, 2020, Silva et al., 2018, Breda 

and Buxton, 2019) and the paper of Nathan et al. (2006), and the citations within provide a 

good coverage of both non-reacting and reacting jets.  

Another important factor is the effect that Reynolds Number has on the statistics of a jet. It 

has been shown for square jets that the large- (Xu et al., 2013a) and small-scale turbulence 

(Xu et al., 2015) are strongly dependent on the Reynolds Number below a critical value of 

~30000. For a round jet Fellouah et al. (2009) determined that there was a critical Reynolds 

Number of ~20000 where a mixing transition occurred, and an inertial subrange emerged. 

Determining if similar limits apply for multi-phase jets is important. This is because the 

equilibrium models rely on the dynamics of the underlying jet remaining the same under 

scaling. If experimental data is not collected for the correct jetting regime, then extrapolating 

outside of the experimental region may become suspect.  

 Multiphase Jets 

The study of multiphase jets is based on foundational theory provided by Lord Rayleigh 

(1878) and later by Weber (1931) and Tomotika (1935). As the characterisation of droplets is 

difficult, early work on multiphase jets tended to focus on low Reynolds Number where the 

breakup was essentially single droplets. Kitamura and Takahashi (1982) studied an extensive 

number of liquid-liquid systems but only up to a Reynolds Number of ~2000.  
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Figure 2.11: The different liquid-liquid jet breakup regimes clearly visualised by 

Campbell et al. (2020). Left to Right these are Varicose (Rayleigh) Breakup, 

Sinuous jetting without entrainment, Sinuous jetting with entrainment, and 

Atomized jetting. Reprinted with permission from Elsevier.   

The droplet size distribution formed by a liquid jet is dependent on the regime or nature of 

the breakup process. Campbell et al. (2020) determined that there are 4 regimes for liquid-

liquid breakup in Taylor Vortex flow, see Figure 2.11. Tang and Masutani (2003) categorised 

breakup of a liquid-liquid jet into 5 different regimes (in contrast to liquid-gas jets, where the 

system is typically broken into 4 regimes (Dumouchel, 2008)). 

The five regimes are: 

• Varicose (Rayleigh) Breakup 

• Sinuous Wave Breakup 

• Filament Core Breakup 

• Wave Atomisation 

• Full Atomisation    

For liquid-air systems the four regimes are (Dumouchel, 2008): 

• Rayleigh Breakup 

• First Wind  

• Second Wind 

• Atomisation 

 The five different categories of Tang and Masutani (2003) varied by the speed of the injected 

jet. At the lowest speeds the breakup is governed by a symmetric capillary instability (the 
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famous Rayleigh Instability) that tends to generate droplets that are of the same or slightly 

large diameter than the orifice. As the speed increases the surface instability becomes non-

symmetric and the coherent length of the jet increases. With further increases of velocity 

short wavelength disturbances have enough energy to create a cloud of fine droplets from 

around the orifice while the coherent core continues to generate large droplets. In the final 

two regimes the fraction of fine droplets produced increase along with a decrease in the 

length of the coherent core, until at full atomisation the entire jet is broken into the fine 

droplets and there is no waving of the jet. Tang and Masutani (2003) determined that the 

regime ranges can be identified by the Ohnesorge and Reynolds Numbers. The full 

atomisation regime arises above the line given by: 

𝑂ℎ =
18

𝑅𝑒
 (2-62) 

And the Rayleigh breakup below the line given by: 

𝑂ℎ =
5.5

𝑅𝑒
(2-63) 

The other three regimes identified are in general between these two lines with no well-

defined boundaries between them. In later work by Masutani and Adams (2001) the location 

of the two bounding lines was updated to: 

𝑂ℎ =
63

𝑅𝑒1.26
(2-64) 

for the transition to full atomisation, and: 

𝑂ℎ =
12

𝑅𝑒1.24
(2-65) 

below which capillary instability is the mechanism of breakup. They also note that is a 

significant shift compared to  the lines established by Ohnesorge (1936), Reitz and Bracco 

(1986) and Lefebvre (1989) for a liquid-gas system. This behaviour was expected, as Reitz 

(1978) showed that the Oh-Re should be a 3D relationship with the third dimension plotting 

the significance of the density ratios.  

Work by Berard et al. (2013) showed that Equation 2-65 also proved a good delineation for 

the atomisation regime noted in their work, though they determined three (or two with one 

split by a modification) regimes of breakup rather than the five discussed previously, with the 
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Rayleigh mode entirely missing. This is likely due to the experimental systems being at 

higher Reynolds numbers than would permit capillary action to dominate, rather than any 

change in dynamics.  

As experimental techniques have improved,  the ability to measure the droplets produced by 

systems operating inside the atomisation regimes has become possible.  Masutani and Adams 

(2001) conducted a series experiments using 4 crude and silicon oils under varying 

conditions. The results captured the length of the jet and extensive data regarding droplet 

sizes, however due to the limitations of the equipment only a small range of Reynolds 

number could be run (~23 to ~795). The Sauter mean diameter of these experiments was 

captured and reported, but the system had difficulty in determining precise droplet sizes for 

an opaque medium.  

The effect on crossflow was also investigated, with combined gas and oil releases showing 

the distinctive separation due to buoyancy effects, however no DSD data was reported. The 

Deep Spill experiment conducted by SINTEF (Johansen et al., 2001) is possibly the only 

example of a large scale oil spill test. The difficulties detailed in the report show how difficult 

it is to conduct field-scale trials of this nature, but the experiment managed to successfully 

capture the droplet size distribution produced by a diesel release at a depth of ~840m in the 

North Sea. 

Since the Macondo blowout there has been a renewed effort in determining the DSD from 

oil-in-water jets. In a multi-year series of experiments, a team from SINTEF conducted 

several meso-scale experiments (experiments that are between small volume ‘bench-scale’ 

and large volume ‘field-scale’ experiment) looking into the effects of discharge velocity, 

discharge diameter, surface tension (through the application of dispersants), ambient 

pressure, gas saturation, temperature, and dispersant application technique on the droplet size 

distribution (Brandvik et al., 2013, Brandvik et al., 2014b, Brandvik et al., 2015, Brandvik et 

al., 2014a, Brandvik et al., 2016, Brandvik et al., 2017a). Note, that in this document when 

referring to a specific paper or report the reference will be given, however in some cases, for 

clarity, the term SINTEF will be used to refer to the vast body of work completed by this 

specific team at SINTEF.  

This data was used to the test and calibrate the modified Weber scaling function described in 

Section 2.1.3. Once again, the Reynolds number of the experiments were limited by 

equipment, with only the later experiments reaching higher Reynolds numbers of ~25,000. 
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While the majority of the experiments from this series were vertical jets in a still tank, the 

final phase of the program used a wave tank at the Ohmsett facility in New Jersey, where, 

due to the relatively shallow system (2.4m depth), the experiments where performed using a 

towed system to dilute the plume sufficiently for the equipment to collect data and to 

simulate the effect of a cross-current.  

The Phase-VI (Brandvik et al., 2017a) results are plotted here, as they cover the span of 

results that are of interest, effective Reynolds, Gas to Oil Ratio (GOR), and dispersant 

application at both high and low pressure. It is worth noting that the values obtained here are 

slightly different to those presented in the both the report by Brandvik et al. (2017a) and the 

resulting paper (Brandvik et al., 2019). This is a general trend for the results obtained by the 

SINTEF group. The origin of these differences is difficult to track down as the calculation of 

the droplet size is done in stages; for example the Weber and Viscosity Numbers are 

calculated, then the Modified Weber Number is calculated and finally the droplet size can be 

determined through an iterative routine. Truncation early or later could cascade through the 

later steps.  

There is also the question of the physical parameters that are used in the model. In their early 

work, Brandvik et al. (2013) report that the viscosity of the Oseberg blend is 5×10-3 Pa s (at 

40°C/shear rate 10 s-1), however if the viscosity is back calculated from the reported 

Viscosity Numbers presented in the companion piece by Johansen et al. (2013) then a value 

of ~10×10-3 Pa s is arrived at. This can be accounted for based on later work (Brandvik et al., 

2015, Brandvik et al., 2017a), where the effect of shear and temperature on the Oseberg blend 

is given explicitly and the value of ~10×10-3 Pa s corresponds well to the temperature and 

potential shear values of the jet. A similar discrepancy can be noted in the effect of gas on the 

modified velocity. In Brandvik et al. (2019) the effect of a 80% by volume gas addition is 

given as increasing the velocity by a “factor of 2.8”, however calculations by the author see 

an increase of only 2.26.  

The droplet size measured by Brandvik et al. (2019) and the calculated values from the UDM 

and Modified Weber number are plotted in Figure 2.12. 
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Figure 2.12: Experimental data of Brandvik et al. (2019)  vs the calculated values of the 

UDM (Li et al., 2017) and the Modified Weber Number (Johansen et al, 

2013). Dotted lines are linear fits to the regression data. 

The trend lines indicate an apparently linear response, with a correlation of 0.9072 for the 

Modified Weber and 0.8887 for the UDM. However, as can be seen by comparison with the 

line giving y = x both models under predict the measured droplet size. The smallest droplets 

are the result of application of the dispersant (Corexit® 9500), and this behaviour might be 

accounted for by the formation of droplets that are well below the resolution of the data 

acquisition system (a silhouette camera with an operating range of 50–12,000 μm). These 

fine droplets might be the result of a phenomena known as tip streaming, which occurs when 

a dispersant is applied to a rising droplet. The rising droplet will form long tendrils off the 

central cap, and as the dispersant will become preferentially accumulated in these strands the 

surface tension will go to extremely low local values  (De Bruijn, 1993). The exact value of 
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this lower surface tension is extremely difficult to measure experimentally and has typically 

been studied through computational models (Farhat et al., 2011, Rother and Davis, 2008, 

Eggleton et al., 2001). As the surfactant becomes concentrated in sections of the rising 

droplets it can massively lower the surface tension leading to the formation of tiny droplets of 

the oil forming, see for example Gopalan and Katz (2010) or Eggleton et al. (2001). 

 

 

Figure 2.13: A reconstructed hologram of a droplet undergoing tip streaming due to the 

application of dispersant (Gopalan and Katz, 2010). Reprinted with 

permission of American Physical Society.  

 Gopalan and Katz (2010) argued that tip streaming was the cause of the bimodal distribution, 

in particular the peak in the distribution below 2.5μm, that was observed in the dispersant 

treated trials of the wave-breaking results of Li et al. (2007). This tip streaming would be 

difficult to account for with the Equilibrium models; however the Population Balance Models 

can be modified to account for the effect of tip streaming as demonstrated by Zhao et al. 

(2017).  

Zhao et al. (2016) used a horizontally released oil jet in the Ohmsett wave tank to validate the 

models VDROP-J and JETLAG. By using a horizontal jet, the impact of the plume could be 

delayed and so a larger Reynolds Number (~60,000) could be tested. The oil analogue used in 

this test was jet fuel oil (JP5), which was argued to have a similar composition and kinematic 
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properties to the Macondo oil. It was shown that VDROP-J was able to reasonably reproduce 

the distribution that was experimentally determined. The final distribution produced by 

VDROP-J was, however, sensitive to the distribution used to initialise the model. The 

experimentally determined volume mean (D50) was found to be 240um. VDROP-J predicted 

a value of 320um, a difference of 33%. The Modified Weber Model predicted a mean of a 

493um, a variance of 106% which is better than the value predicted by the UDM, which 

predicted a value of 968 um, a difference of 303% from the experimental values.  

The difference between the two equilibrium models and the experimental value could be 

because the horizontal release still reaches the free surface relatively quickly (see Figure 

2.14), whereas the models are calibrated against data from free vertical jets and it does appear 

that the LISST probes and grab sampler are on the very edge of the plume. 

 

Figure 2.14: Experimental release from Zhao et al. (2016) of a horizontal oil jet into a 

water tank. Reprinted with permission of Elsevier.  

Belore (2014) conducted a series of experiments in the Ohmsett wave tank using two crude 

oils (Dorando & Endicott) treated with varying amounts of both dispersant and gas (methane 

and air). The aim of these experiments was to test if the presence of a hydrocarbon gas phase 

would influence the effectiveness of applied dispersant. It was concluded that for a crude oil 

like Endicott the presence of the methane can reduce the effectiveness of dispersants, while 

the same was not observed for the Dorado oil tests. Like many of the experiments, the release 

nozzle was relatively small, (maximum 4.5mm) and the flow rates necessarily low (oil flow 

rate was a maximum of 1.5 L/min). The experiments where conducted at atmospheric 
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pressures so it would be expected that the oil’s gas saturation concentration would be 

significantly lower than under the high pressure that would be observed in the deep-sea. 

Malone et al. (2018) studied the effect that dissolved gases (in this case Methane) have on the 

DSD for a Louisiana Sweet Crude (LSC) and n-decane. The aim of these experiments was to 

determine the effect that using a live oil (one saturated with gas) compared to a dead oil (no 

dissolved gas) would have on the DSD, and if available models would be able to accurately 

predict the experimental DSD. These experiments where conducted under 150 MPa of 

pressure to simulate the effect of the deep-sea. It was shown that the effect of the dissolved 

methane was to increase the mean and maximum droplet size, but it had little effect on the 

minimum droplet size. It was also shown that while the models of Li, et al. (2017) and 

Brandvik et al. (2016) are able to predict the D43 of the dead n-decane and live and dead 

Louisiana Sweet Crude (LSC) to a reasonable extent, the live n-decane was very poorly 

reproduced by both models. This is suggesting that the bulk parameters approach of both 

models had limitations that needed to be investigated further. It should be noted that in these 

experiments the ambient and reservoir pressures were the same, so the oil remained live and 

did not experience the massive depressurising that the Macondo well did (of course this was 

not the purpose of the experiment and is noted just for completeness). 
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Figure 2.15: Measured vs Predicted D50 values for the experimental data of Malone et al. 

(2018). The grey line y =x, and is to guide the eye, dotted lines are linear fits 

to the data 

Figure 2.15 shows how the data from the experiments of Malone et al. (2018) fits against the 

Modified Weber Numbers and the Unified Droplet Model. There are some slight differences 

in the calculated droplet sizes reported here and the values in the paper. The origin of this 

difference is likely due to the use of the rounded We and Re numbers. Density and viscosity 

of the dispersed phases are provided by Malone et al. (2018), the density of the saltwater was 

calculated as 1032kg/m3 based on the correlation of Nayar et al. (2016) with S = 35g/kg, t = 

20°C, P = 15MPa (the pressure is greater than the 12MPa range of validity given by Nayar et 

al. (2016) but the number produced is reasonable)  and the velocity was calculated from the 

volumetric flow rate and release diameter. The data points to right hand side of the plot are 

the live n-decane and cause the severe degradation of the R2 values of the plot; without them 

the correlation improves to 0.95 and 0.92 respectively. The cause of this could be that neither 

model is sensitive enough to the change of the surface tension and viscosity caused by the 

addition of gas to the oil. For the LSC the addition of methane causes a full order of 

magnitude decrease in the viscosity, whereas the n-decane shows a factor of four decrease. 
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The LSC shows an increase in IFT whereas the n-decane shows a decrease, but both are of a 

similar order of magnitude.    

The application of different dispersants, Corexit® 9500A, Tergitol®, and a mixture of silica 

nano-particles and Span® 20 was tested by Yu et al. (2015) at different Reynolds Number 

and dispersant dosages. They showed that while all the dispersants had the desired effect of 

shifting the mean down, Corexit® 9500A had the most significant effect of the tested 

dispersants. The addition of 5% weight by volume (w:v%) of Corexit® 9500A lowered the 

surface tension by a factor of over 1500 (51 mN/m to 0.03 mN/m), and produced a volume 

mean of 2.2μm. Unfortunately, the droplets formed by jetted dodecane alone could not be 

measured due to immediate coalescence and emulsification of the oil. They also note the 

environmentally benign Span® 20/silica nano-particle mixture at 5 w:v% is sufficiently 

strong enough to drop the D43 below 30μm, which was argued to be enough to sequester the 

oil from a deep-sea blowout. As the volume mean was not reported it is not possible to use 

this data to compare the models of Johansen et al. (2013) or Li et al. (2017). 

 

Using sugar water and silicone oil Xue and Katz (2019) investigated the formation of 

compound droplets that can form in buoyant liquid-liquid jets. Compound droplets, in this 

scenario, are droplets of water in droplets of oil in water. The compound droplets are 

observed only for the higher of the three Reynolds flows (Re = 1358 and 2122), and form in a 

large fraction of large (>2mm) droplets. This highlights the complexity of possible 

interactions that might need to be accounted for in liquid-liquid systems.  

 

 Conclusion  

In this chapter the current state of the modelling and experimental work for liquid-liquid jets 

has been reviewed. Working through the Calabrese et al model it was shown that while the 

original derivation contained fundamental parameters of the turbulence, they are 

approximated using bulk parameters to make the model resolvable. These changes make the 

model insensitive to changes to the system that cannot be captured by changes in the bulk 

parameters, (e.g. the velocity or length scale of the system). More complex models, like the 

population balance model have the additional benefit of producing an approximation to the 

full DSD, however it has been shown that the need to supply an initial droplet size can have a 
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significant effect on the final droplet size produced by a jet. Direct simulation of the 

atomisation is possible but it still requires a considerable amount of computational power.  

There has been a good amount of research into the effect of turbulence generator structures 

at, and just beyond the nozzle of a jet. It has been shown that these structures can 

significantly alter the mixing, and entrainment rates of jets along with causing significant 

changes to the energy spectrum of the turbulent flow.  

As discussed earlier, the vertical jet that formed from the Macondo Wellhead initiated after 

the riser was cut off. The flow path for the oil/gas was through the damaged BOP stack was 

complicated by the presence of the damaged annular preventers, rams, and the drill string. 

The additional turbulence generated by this has, to the author’s knowledge, never been 

captured in the experiments. So, while we have an extensive catalogue of data to draw upon 

from the above experiments, it is possible that they are not entirely representative at the jet 

that would form for an actual blowout. As demonstrated by the limited Reynolds Numbers 

investigated, considering additional phenomena like the flow path could be prohibitively 

difficult in experiments, and so CFD can be used to explore this knowledge gap.The overall 

aim of this work is to produce a model that, using a measure of the average turbulent energy 

entering the system (ε, the turbulent kinetic energy dissipation rate), can produce a useful 

estimation of the mean droplet size produced from the breakup of a turbulent round liquid jet. 

By using ε instead of the bulk parameters preferred in existing models it is hoped that the 

model will have a broader range of applicability than the currently available models. As the 

use of experiments to determine the level of ε at the flow outlet may be prohibitively difficult, 

this model will be developed and tuned using values obtained by a RANS simulation.  
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 Computational Fluid Dynamics Theory 

 The Finite Volume Method 

The finite volume method (FVM) is a technique for solving differential equations that applies 

Gauss’s Theorem to convert a set of volume integrals into surface integrals over a discretised 

domain. The partial differential equations are transformed into a set of algebraic equations, 

which can then be solved using standard methods.  

Consider the steady state transport equation for an unknown variable φ being transported by a 

fluid with density ρ and velocity u: 

𝜕(𝜌𝑢𝑖𝜙)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑖
(𝜅

𝜕𝜙

𝜕𝑥𝑖
) + 𝑆𝜙 (3-1) 

κ is a coefficient of diffusion (which could be a constant or a function) and Sφ is a source 

term. Integrating over a generic control volume Ωi: 

∫
𝜕(𝜌𝑢𝑖𝜙)

𝜕𝑥𝑖
ⅆ𝑉

Ωi

= ∫
𝜕

𝜕𝑥𝑖
(𝜅

𝜕𝜙

𝜕𝑥𝑖
) ⅆ𝑉 +

Ωi

∫ 𝑆𝜙 ⅆ𝑉
Ω𝑖

 (3-2) 

The second term on the Right-Hand Side (RHS) can be evaluated using a midpoint numerical 

quadrature: 

∫ 𝑆𝜙 𝑑�⃗�
Ω𝑖

≈ 𝑆𝜙(𝑥𝑖)Δ𝑉 (3-3) 

The term on the left-hand side (LHS) and the first term on the RHS are transformed using 

Gauss’ Divergence Theorem: 

∭ ∇. �⃗� 𝑑𝑉 = ∯ (𝐹 ⃗⃗⃗⃗ ⋅ �⃗⃗�)𝑑𝑆
𝑆Ωi

 (3-4) 

S is the surface of the element Ω, dS a surface infinitesimal, and �⃗⃗� an outward surface 

normal. The physical meaning of the theorem is particularly obvious for fluid dynamics; the 

change of momentum inside a volume is equal to the amount of momentum crossing the 

boundaries.  Applying Gauss’ Theorem to Equation (3-2) gives: 

∫ 𝜌𝑢𝑖𝜙 𝑛𝑖  𝑑𝑆
∂Ωi

= ∫ 𝜅
𝜕𝜙

𝜕𝑥𝑖
𝑛𝑖 ⅆ𝑆 +

∂Ωi

𝑆𝜙(𝑥𝑖)Δ𝑉 (3-5) 
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Recasting the equation in terms of the surface fluxes facilitates an arbitrary discretisation of 

the underlying domain. This allows the use of conventional triangular and quadrilateral 

elements for 2D domains, hexahedra and tetrahedral in 3D, as well as arbitrary polygonal or 

polyhedral elements.  

 

Figure 3.1: Some allowable 2D control volumes for the finite volume method a) the 

triangle b) quadrilateral, c) arbitrary polygonal. The central dot represents 

the location at which the elemental variables are stored, the arrows represent 

the direction of surface normal. 

To resolve the integrals in Equation (3-5), the flux is considered to be constant over each 

facet of the surface, so the integral becomes a sum: 

∫ 𝜙 𝑛𝑖  𝑑𝑆
∂Ωi

≈ ∑𝜙 𝑛𝑖𝐴𝑗

𝑗

(3-6) 

∑𝜌𝑢𝑖𝜙𝑛𝑖𝐴𝑗

𝑗

= ∑𝜅
𝜕𝜙

𝜕𝑥𝑖
𝑛𝑖𝐴𝑗

𝑗

+ 𝑆𝜙(𝑥𝑖)Δ𝑉 (3-7) 

where Aj is the area of the jth face.  

In typical generic solvers, all flow variables are stored at the centre of the volume, and it is 

necessary to reconstruct the diffusive and convective fluxes at the faces.  

 

 

 

 

𝜙𝑃 𝜙𝐸  

𝐴𝑤 𝐴𝐸  

𝜙𝑊 

𝛿𝑥𝑃𝐸 

Figure 3.2: A one dimensional finite volume discretisation, volumes (Ω) with values φ 

and the western (of area Aw) and eastern (of area AE) faces of the cell Ωi. The 

cell centres P and E are separated by a distance δxPE 
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Consider a one-dimensional diffusion process. As diffusion has no built-in ‘direction’ it is 

natural to consider a central difference formula to reconstruct the gradient. For the eastern 

face of the control volume in Figure 3.2 this gives: 

(κ A
𝜕𝜙

𝜕𝑥𝑖
)
𝑒

= 𝜅𝑒𝐴𝑒

𝜙𝐸 − 𝜙𝑃

𝛿𝑥𝑃𝐸
 (3-8) 

If the diffusivity is not a constant, then κe can be the average (distance weighted or simple 

mean) of the two node values. The central difference formula is 2nd order accurate and is 

used for all diffusion operators in Fluent™. Higher order discretisations can be constructed, 

but this requires the set of cells interacting with the cell being evaluated (the stencil) to be 

extended beyond the nearest neighbours and becomes computationally expensive on 

unstructured meshes. On unstructured meshes equation 3.8 is not sufficient, and additional 

work is necessary to maintain the order of accuracy. Discussion of the procedure can be 

found in textbooks on the finite volume method (see for example. Malalasekera and Versteeg 

(2007), Ferziger and Peric (2002)).  

The convection term in Equation (3-5) is more complicated, as the velocity term gives a 

preferential direction to the transport of species. There are three criteria that a valid 

discretisation of the convective term should have (Malalasekera and Versteeg, 2007): 

• Transportivness: The scheme should take into account the direction that the medium 

is flowing. 

• Boundness:  The scheme should not introduce a local min or max, i.e. it should be 

bounded by the values used to construct the flux.  

• Conservativeness: The scheme should be constructed such that flux entering a cell 

should be equal, and opposite, to that leaving the neighbouring cell through the same 

face. 

The upwind differencing scheme satisfies these rules. Upwind differencing applies the nodal 

value immediately upwind of the face at the face. For a 1D system, at the eastern face of the 

element this gives: 

(𝜌𝑢𝑖𝐴𝑗𝜙)
𝑒

= 𝜌𝑢𝐴𝑒𝜙𝑃 (3-9) 

The basic upwind scheme is only 1st order accurate, which isn’t sufficient for a fluid 

dynamics simulation (Roache et al., 1986). A second order scheme can be found by using a 

reconstructed gradient (Barth, 1991): 
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𝜙𝑓𝑎𝑐𝑒 = 𝜙𝑈𝑊 + ∇𝜙𝑈𝑊 ⋅ 𝑟 (3-10) 

where r is the displacement vector between the face and cell centres.  

 

The reconstruction of the gradients is performed using a least-squares gradient reconstruction 

(LSGR) on the Taylor Series expansion about the point. Considering the triangulation in 

Figure 3.3, then the Taylor Expansion for a point is: 

𝜙𝑖 = 𝜙𝑝 + ∇𝜙𝑝 ⋅ 𝑟𝑖𝑃⃗⃗ ⃗⃗ ⃗ (3-11) 

and so: 

 (

𝛿𝑥𝑃1 𝛿𝑦𝑃1

𝛿𝑥𝑃2 𝛿𝑦𝑃2

𝛿𝑥𝑃2 𝛿𝑦𝑃3

) ⋅

(

 

𝜕𝜙𝑃

𝜕𝑥
𝜕𝜙𝑃

𝜕𝑦 )

 = (
𝜙1 − 𝜙𝑃

𝜙2 − 𝜙𝑃

𝜙3 − 𝜙3

) (3-12) 

As the system is over constrained, it must be solved using a least-squares approach.  

This process can be used to reconstruct gradients of a higher order, but, as before, to obtain 

the information necessary to ensure the system of equations is not under-defined it is 

necessary to extend the stencil beyond immediate neighbours of the volume under 

consideration.  

Other options are available; for example Gauss’ Divergence Theorem can be leveraged again 

to resolve the gradients but this is a more expensive method that isn’t necessarily more 

accurate than the LSGR method (Mishriky and Walsh, 2017).  

2nd order methods can become unbounded in the region of strong gradients and 

discontinuities. To prevent this, gradient limiters can be applied. Gradient limiters will clip 

the gradient if it is producing a value that will cause the reconstructed flux to overshoot or 

undershoot the cell centre values. The default limiter used in this work is Fluent’s™ Standard 

limiter which is a MinMod function based on the work of Barth and Jespersen (1989): 

𝜙1 
𝜙2 

𝜙𝑃 

𝜙3 

𝑟𝑃1 
𝑟𝑃2 

𝑟𝑃3 

Figure 3.3: Representation of a volume in a unstructured mesh with the connections to 

the surrounding elements 
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𝜓(𝑟) = max (0,𝑚𝑖𝑛 {1,
4

𝑅+1
,

4𝑅

𝑅+1
}) (3-13)

where: 

𝑅 =
𝜙𝑖+1 − 𝜙𝑖

𝜙𝑖 − 𝜙𝑖−1
 (3-14) 

and is applied to the gradient as a scalar multiplier (Berger et al., 2005): 

𝜙𝑖 = 𝜙𝑃 + 𝜓∇𝜙 ⋅ 𝑟 (3-15) 

 Velocity-Pressure Coupling 

The Navier-Stokes Equations are a set of strongly coupled nonlinear equations, with the 

incompressible constraint meaning that there is no transport equation for the pressure (via the 

density and an equation of state). There are several segregated guess-and-correct algorithms 

which split the pressure and velocity terms and solve them sequentially until the system is 

converged. The SIMPLE method of (Patankar and Spalding, 1972) continues to see use in 

modern algorithms along with modified forms such as SIMPLEC (Van Doormaal and 

Raithby, 1984), and PISO (Issa, 1986).  

The Coupled Method (ANSYS Inc., 2015a) solves the pressure-velocity equations 

simultaneously. This does mean that more memory is used to hold all the intermediate values 

(around 1.5-2 times the amount used in SIMPLE) and that each iteration of the solver is 

slower. However, the Coupled Method converges in less iterations and from experience has 

significantly improved convergence behaviour. As a result, it has been the pressure-velocity 

coupling algorithm of choice for the work presented in this thesis.  

The Coupled Method (ANSYS Inc., 2015a) works by forming the momentum and pressure 

equations into a single matrix which is then iteratively solved. Consider a generic form of the 

discretised momentum equation: 

𝑎𝑝𝑢𝑗 = ∑𝑎𝑛𝑏𝑢𝑖 + ∑𝑝𝑓𝐴𝑘 

𝑓

+ 𝑆

𝑛𝑏

(3-16) 

where ap, 𝑎𝑖𝑗 are the coefficients of the velocity whose precise form will depend on the 

selected discretisation method (Upwind, Central Difference etc.), Pf is the discrete value of 

the pressure at a face f, Ak is the projected area of the face at which the flux is being 

constructed, and S a source term for additional dynamics. As the pressure discretisation term 
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will be constructed from neighbouring terms (using Standard (Rhie and Chow, 1983), or 

PRESTO! (ANSYS Inc., 2015a) etc. methods) it may be written: 

∑𝑝𝑓𝐴𝑘 

𝑓

= −∑ 𝑎𝑢𝑘𝑝𝑝𝑗

𝑗

(3-17) 

This allows us to write, for the ith cell that the kth component is: 

∑𝑎𝑖𝑗
𝑢𝑘𝑢𝑘𝑢𝑘,𝑗

𝑗

+ ∑𝑎𝑖𝑗
𝑢𝑘𝑝

𝑝𝑗

𝑗

= 𝑏𝑖
𝑢𝑘 (3-18) 

where the notation of 𝑎𝑤𝑧
𝑥𝑦

 is the coefficient (a), x the origin of the term (uk would be from the 

kth momentum equation), y is the term the component it is interacting with, w is the cell 

which is being considered and z is the neighbouring cell.  

The continuity term is discretised as: 

∑(𝑗�̂� + 𝑑𝑓(𝑝𝑐0
− 𝑝𝑐1

)

𝑓

)𝐴𝑓 = 0 (3-19) 

where Ĵ contains the velocity flux terms, and df is a distance function. The appearance of 

pressure is due to the inclusion of the Rhie-Chow flux terms (Rhie and Chow, 1983), which 

are to prevent the pressure field from “checkerboarding” (forming a non-physical rapidly 

oscillating pattern). This term may be written in terms of the cell index as: 

∑∑𝑎𝑖𝑗
𝑝𝑢𝑘𝑢𝑘𝑗

𝑗𝑘

+ ∑𝑎𝑖𝑗
𝑝𝑝𝑝𝑗

𝑡

= 𝑏𝑖
𝑝 (3-20) 

Equations 3-20 and 3-18 are written in terms of the same unknowns, which allows them to 

be combined and written as a single matrix equation. This equation can then be passed to a 

linear solver such that all components, pressure and velocity are updated simultaneously: 

𝐴𝑖𝑗 ⋅ 𝑋𝑗
⃗⃗⃗⃗ = 𝐵𝑗

⃗⃗⃗⃗ (3-21) 

where 

𝐴𝑖𝑗 =

[
 
 
 
 
 
𝑎𝑖𝑗

𝑝𝑝 𝑎𝑖𝑗
𝑝𝑢 𝑎𝑖𝑗

𝑝𝑣 𝑎𝑖𝑗
𝑝𝑤

𝑎𝑖𝑗
𝑢𝑝 𝑎𝑖𝑗

𝑢𝑢 𝑎𝑖𝑗
𝑢𝑣 𝑎𝑖𝑗

𝑢𝑤

𝑎𝑖𝑗
𝑣𝑝 𝑎𝑖𝑗

𝑣𝑢 𝑎𝑖𝑗
𝑣𝑣 𝑎𝑖𝑗

𝑣𝑤

𝑎𝑖𝑗
𝑤𝑝 𝑎𝑖𝑗

𝑤𝑢 𝑎𝑖𝑗
𝑤𝑣 𝑎𝑖𝑗

𝑤𝑤
]
 
 
 
 
 

(3-22) 
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�⃗�𝑗 = [

𝑝𝑖

𝑢𝑖

𝑣𝑖

𝑤𝑖

] (3-23) 

�⃗⃗�𝑗 =

[
 
 
 
 
𝑏𝑖

𝑝

𝑏𝑖
𝑢

𝑏𝑖
𝑣

𝑏𝑖
𝑤]
 
 
 
 

(3-24) 

 

 Turbulence Modelling 

As we are interested in isothermal, incompressible flow, we limit this discussion to the 

incompressible Navier-Stokes Equations (NSE): 

𝜌
𝜕𝑢𝑖

𝜕𝑡
+ 𝜌 𝑢𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
= −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
(𝜇

𝜕𝑢𝑖

𝜕𝑥𝑗
) + 𝐹𝑖 (3-25) 

𝜕𝑢𝑖

𝜕𝑥𝑖
= 0 (3-26) 

where Fi is a body force (buoyancy, electromagnetic etc). 

These equations can only be solved explicitly in very simple systems and under the 

assumption of laminar flow. For turbulent flows, the use of numerical systems is necessary. 

The complexity of the simulation will depend on the available resources and information that 

is required from the simulations. 

Direct Numerical Simulation (DNS) is the most complete simulation that is possible; 

however, it comes at an extreme cost in both computing power and memory. At the other end 

of the spectrum, Reynolds Averaged Navier-Stokes (RANS) can be run at steady state, and 

domain symmetries can be exploited to simplify the domain, even as far as reducing the 

system to 2D. The downside of RANS modelling is that in construction of the models 

significant assumptions and simplifications are made, which means that care needs to be 

taken when selecting the underlying model and analysing the results. By their nature, the 

RANS models do not resolve the smaller scales of flow. To capture the transient nature of 

turbulent flow it is necessary to use DNS, or the hybrid class of Scale Resolving Methods, 

which fill the gap between DNS and RANS. These include Large Eddy Simulations, which 

aim to capture only the large energy containing structures, and Hybrid methods, which use 
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simplified models in the near-wall region (where the mesh requirements are the most 

punishing) and Large Eddy Simulation (or DNS) in the critical main flow areas. 

 DNS 

Solving the NSE directly with no additional modelling of the physics is termed Direct 

Numerical Simulation. As the simulation does not rely on an underlying model, DNS is 

potentially the most accurate of the available flow simulation technologies. As turbulence is 

inherently 3D and transient, DNS comes at significant cost. This cost is amplified by fluid 

flows being multiscale; there are structures that, must be resolved across a wide range of 

length scales. For example, atmospheric systems will have largest scales on the order of tens 

of kilometres, while the smallest scales of turbulence will be on the order of 0.1mm, a range 

of 8 orders of magnitude (this is from assuming L = 10km, U = 17 m/s, -> epsilon = 0.4913 

m2/s3 → η= 0.297mm). The largest scales (L) will require a model domain several times 

larger (for free jet simulations, this can be several hundred times L) to ensure that the 

dynamics are not hampered by the imposition of boundary conditions. The smallest scales, 

the Kolmogorov microscales (η), where the turbulent motion is entirely halted due to 

molecular viscosity, occur when the local Reynolds number is ~1, leading to the scaling: 

𝜂

𝐿
∝ 𝑅𝑒−3/4 (3-27) 

As the Reynolds number increases, the size of smallest scales decreases as well. Considering 

a fixed parameter L (say the diameter of a pipe), a doubling of the velocity, and hence 

Reynolds Number, will lead to the smallest scales decreasing in size by a factor of ~1.7, 

which needs to be captured by a correspondingly finer mesh (resulting in 4,9 times as many 

elements in a 3D mesh). 

Turbulent flows are inherently transient, and time step size must also be controlled to capture 

the scale of the motion. It is necessary that information (for incompressible fluids this is 

simply the fluid, for compressible flows information carried by pressure waves would need to 

be considered as well) not flow across multiple cells in a single timestep. This gives a 

condition on the timestep like the Courant-Friedricks-Lewy (CFL, Courant et al. (1928)) 

condition:  

C = Δ𝑡 (∑
𝑢𝑖

Δ𝑥

3

𝑖

) ≤ 𝐶𝑚𝑎𝑥 (3-28) 
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where C is the Courant Number, and Cmax is maximum allowed Courant number. For 

DNS/LES CMAX is limited to ~0.3 for accurate solutions.  

These conditions, together, mean that for a system as simple as the decay of homogenous 

turbulence in a box requires computational power that scales with Re3 (Pope, 2000). The 

analysis by Pope (2000) considered a box 8 times the largest wavelength, and a uniformly 

fine mesh. As mentioned earlier the domain required for a free jet would be several hundred 

times the diameter.  

This illustrates the computational cost of a DNS simulation is extreme and is generally 

limited to small domains and relatively low Reynolds numbers. Some more complex DNS 

simulations have been run, for example Shinjo and Umemura (2010) ran a DNS simulation of 

a liquid-air multiphase jet to study primary atomisation. The Reynolds number was ~thirteen 

to 150 times smaller than that seen on the DWH, and the Weber Number varied between 

comparable (no dispersant) to over twenty-five times less (with dispersant). These simulation 

took ~17 days on 5760 cores (~1/3 of the total power available on the JAXA Supercomputer 

System) for 6 billion elements, with the authors noting that the mesh was neither fine enough 

to capture the smallest droplets nor was the domain large enough to fully capture the 

dynamics of the jet.  

This means that some modelling of the turbulence is a practical necessity. This may take the 

form of time/ensemble modelling in RANS, or spatial modelling in LES. 

 RANS 

The Reynolds Averaging procedure can be thought of as either a time-averaging of the NSE 

or as an ensemble average of many experiments. The procedure is defined using the Reynolds 

Decomposition (Reynolds, 1895): 

𝑢(𝑡, 𝑥, 𝑦, 𝑥) = 𝑢(𝑥, 𝑦, 𝑧)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + 𝑢′(𝑡, 𝑥, 𝑦, 𝑧) (3-29) 

The quantity with the overbar is the ensemble average and the primed quantity is the 

fluctuating quantity where: 

𝑢′̅ = 0 

 This action has the following properties: 

u + v̅̅ ̅̅ ̅̅ ̅ = �̅� + �̅� (3-30) 

au̅̅ ̅ = 𝑎�̅� (3-31) 
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�̅�𝑣̅̅̅̅ = �̅��̅� (3-32) 

where a is some constant. The last property implies: 

u̅̅ = �̅� (3-33) 

In addition, the action is assumed to commute with integration and differentiation: 

∂u

𝜕𝑥𝑖

̅̅ ̅̅
=

𝜕�̅�

𝜕𝑥𝑖

(3-34) 

∫ 𝑢(𝑥, 𝑡) 𝑑𝑥 𝑑𝑡̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = ∫ �̅� 𝑑𝑥 𝑑𝑡 (3-35) 

By applying the Reynolds Averaging and these rules to the Navier-Stokes we arrive at the 

Reynolds Averaged Navier-Stokes (RANS): 

∂u̅𝑖

𝜕𝑡
+ 𝜌�̅�𝑗

𝜕�̅�𝑖

𝜕𝑥𝑗
= −

𝜕�̅�

𝜕𝑥𝑖
+ 𝜇 (

𝜕2�̅�𝑖

𝜕𝑥𝑗𝜕𝑥𝑗
) −

𝜕𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅

𝜕𝑥𝑗

(3-36) 

∂u̅𝑖

𝜕𝑥𝑖
= 0 (3-37) 

The last term in Eq. (3-36) is the Reynolds Stress Tensor: 

𝜏𝑖𝑗 = 𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ (3-38) 

The Reynolds averaging process adds 6 unknowns without introducing additional equations. 

With 10 unknowns and 4 equations, the RANS equations are not closed, and a unique 

solution is not possible. Any attempt to close the equations by building transport equations 

for the 2-point correlations (the Reynolds Stresses) introduces three-point correlations, along 

with pressure-strain correlations. Building transport equations for these terms introduces even 

higher order correlations and so on to infinity.  

Turbulence modelling is the process by which the RANS equations are closed through 

modelling the Reynolds Stress Tensor. This process typically involves between 0 (Prandtl, 

1925) and 28 (Kolovandin and Vatutin, 1970) additional coupled differential equations. 

A common method for closing the RANS equation is via the Boussinesq Eddy Viscosity 

Hypothesis (Boussinesq, 1877): 

𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ =
2

3
𝑘𝛿𝑖𝑗 − 2𝜈𝑡𝑆𝑖𝑗 (3-39) 
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where νt is the(kinematic) Eddy Viscosity and k the turbulence kinetic energy, δij is the 

Kronecker delta, and Sij is the mean strain rate tensor: 

𝑆𝑖𝑗 =
1

2
(
𝜕𝑢�̅�

𝜕𝑥𝑗
+

𝜕𝑢�̅�

𝜕𝑥𝑖
) (3-40) 

The eddy viscosity is a property of the flow conditions, and is modelled as the product of a 

turbulence velocity (Vt) and length scale (lt): 

𝜈𝑡 = 𝜌𝑙𝑡𝑉𝑡 (3-41) 

This assumes that the momentum transfer by turbulent eddies can be modelled in the same 

manner that viscosity transports momentum in a gas. A critical issue of this model is that is 

assumes that the turbulent viscosity is isotropic, which is clearly false for a large range of 

flows. 

With the Boussinesq Hypothesis the number of unclosed unknowns drops from six to one, the 

eddy viscosity. Turbulence models have accordingly been formulated to model the turbulence 

length and velocity scales to determine this value. Early attempts of Prandtl (1925) and  

Prandtl (1945) used zero and one additional differential equations to compute the turbulent 

viscosity. These methods suffered from several defects, including that it was necessary for 

the modeller to explicitly specify the turbulence length scale. There are a number of other 

zero and one equation models, but with the increase in computing power and the increased 

versatility of two-equations models they have generally been rendered obsolete. The 

exception to this is the Spalart-Allmaras Turbulence (SA) Model , (Spalart and Allmaras, 

1994), which models the transport of the eddy viscosity directly and has seen success in the 

aerodynamics field, for which it has been heavily tuned, and within the boundary layer in 

Detached Eddy Simulation, a hybrid LES-RANS model. 

The two-equation models have the advantage of being self-sufficient models, as using two 

equations the turbulence velocity and length scale can both be computed from the local 

conditions in the flow itself. Following Prandtl (1945) and Kolmogorov (1942), the velocity 

scale is taken as the root of the turbulence kinetic energy: 

𝑉𝑡 = √𝑘 (3-42) 

Exact transport equations can be derived through algebraic manipulations and Reynolds 

averaging of the Navier-Stokes equations. As with the process for deriving the RANS 
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equations, this process inevitable introduces higher-order correlations that need to be 

modelled. Consider the exact form for the transport of k: 

𝜌 (
𝜕𝑘

𝜕𝑡
+

1

𝜕𝑥𝑖

(𝑘 �̅�𝑖)) =
1

𝜕𝑥𝑖
(−𝑝′𝑢𝑖

̅̅ ̅̅ ̅ + 2𝜇𝑢𝑖
′𝑠𝑖𝑗

′̅̅ ̅̅ ̅̅ −
1

2
𝜌𝑢𝑖. 𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅̅ ̅̅ ̅) − 𝜇𝑠𝑖𝑗

′ 𝑠𝑖𝑗
′̅̅ ̅̅ ̅̅ − 𝜌 𝑢𝑖𝑢𝑖̅̅ ̅̅ ̅. 𝑠𝑖𝑗̅̅ ̅ (3-43) 

As expected, it contains terms that need to be modelled, however the equation does provide 

some insight into the nature of the production, transport and destruction of the turbulence 

kinetic energy.  

Using the turbulence kinetic energy as the turbulence velocity scale, the turbulence length 

scale is determined by the equation: 

𝑙 = 𝑘𝑛𝑧𝑚 (3-44) 

where z is an additional term and n and m are powers such that l has units of the length. The 

turbulent viscosity is thus given by: 

𝜇𝑡 = 𝜌 𝑘𝑛+1/2𝑧𝑚 (3-45) 

Several different functions have been proposed in the literature for determining the length 

scale using Equation 3-44. Table 3.1 provides a very brief overview of some these models. 

Table 3.1:  Table of some proposals for the length determining equation for turbulence 

modelling 

Author/s Variable (z) Units 

Kolmogorov (1942) ω 1/s 

Wilcox (1988) ω 1/s 

Jones and Launder (1972) ε m2/s3 

Rotta (1951) Ψ (𝑘𝑙) m3/s2 

Menter et al. (2006) Φ (√𝑘𝑙) m2/s 

 

Of the models in Table 3.1, the most successful are the k-ε and k-ω family of models, which 

have seen modifications to improve their behaviour over the years and remain popular today. 

There has also been some renewed interest in the k-kl models (see Adbol-Hamid et al. 

(2015)), as, much like the k-ω model, they can integrated through the boundary layer and l is 

determined naturally through kl/k.  
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As with the turbulence kinetic energy, it is possible to construct an exact transport equation 

for the length scale determining variable. Consider, for example, the exact transport equation 

for the turbulence dissipation rate (ε) (Kozuka et al., 2009): 

𝜕휀

𝜕𝑡
+

1

𝜕𝑥𝑖

(휀�̅�𝑖) = 𝜈
𝜕𝑢𝑖

′

𝜕𝑥𝑚

𝜕𝑢𝑘
′

𝜕𝑥𝑚

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
(
𝜕�̅�𝑖

𝜕𝑥𝑘
+

𝜕�̅�𝑘

𝜕𝑥𝑖
) + 𝜈

𝜕𝑢𝑖
′

𝜕𝑥𝑚

𝜕𝑢𝑘
′

𝜕𝑥𝑚

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
(
𝜕�̅�𝑘

𝜕𝑥𝑚
+

𝜕�̅�𝑚

𝜕𝑥𝑘
) +

𝜈𝑢𝑘
′

𝜕𝑢𝑖
′

𝜕𝑥𝑚

̅̅ ̅̅ ̅̅ ̅̅ ̅ 𝜕2�̅�𝑖

𝜕𝑥𝑚𝜕𝑥𝑘
+ 2𝜈 

𝜕𝑢𝑖
′

𝜕𝑥𝑚

𝜕𝑢𝑘
′

𝜕𝑥𝑚

𝜕𝑢𝑖
′

𝜕𝑥𝑘

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
+

𝜕

𝜕𝑥𝑘
(𝜈 𝑢𝑘

′
𝜕𝑢𝑖

′

𝜕𝑥𝑚

𝜕𝑢𝑖
′

𝜕𝑥𝑚
 

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
) +

𝜈
𝜕2

𝜕2𝑥𝑘
(𝜈 𝑢𝑘

′
𝜕𝑢𝑖

′

𝜕𝑥𝑚

𝜕𝑢𝑖
′

𝜕𝑥𝑚
 

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
) −

2

𝜌

𝜕

𝜕𝑥𝑘

𝜕𝑢𝑘
′

𝜕𝑥𝑚

𝜕𝑝′

𝜕𝑥𝑚

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
− 2 (𝜈

𝜕2𝑢𝑖
′

𝜕𝑥𝑚𝜕𝑥𝑘

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
)

2

  (3-46)

 

 Pope (2000) argues that this is not a useful starting point, as the dissipation rate should be 

viewed as the energy-flow rate in a cascade and is determined by the large-scale motions, 

whereas the exact transport equation is based on motion scales in dissipation range. However, 

some authors (see for example Harlow and Nakayama (1968), and Hanjalić and Launder 

(1972)) have started with the exact transport equation and made empirical arguments for the 

unclosed terms. This is the same process that is used to reduce Equation 3-43 for the 

turbulence kinetic energy to a computable form: 

𝜌 (
𝜕𝑘

𝜕𝑡
+

1

𝜕𝑥𝑖

(𝑘 �̅�𝑖)) =
1

𝜕𝑥𝑖
(
𝜇𝑡

𝜎𝑘

𝜕

𝜕𝑥𝑖
𝑘 ) + 𝜇𝑡 (

𝜕�̅�𝑖

𝜕𝑥𝑘
+

𝜕�̅�𝑘

𝜕𝑥𝑖
)

𝜕�̅�𝑖

𝜕𝑥𝑘
 − 휀 (3-47) 

and for ε: 

𝜌 (
𝜕휀

𝜕𝑡
+

1

𝜕𝑥𝑖

(휀 �̅�𝑖)) =
1

𝜕𝑥𝑖
(
𝜇𝑡

𝜎𝜀

𝜕

𝜕𝑥𝑖
휀 ) +

𝐶𝜀,1𝜇𝑡휀

𝑘
(
𝜕�̅�𝑖

𝜕𝑥𝑘
+

𝜕�̅�𝑘

𝜕𝑥𝑖
)

𝜕�̅�𝑖

𝜕𝑥𝑘
 − 𝐶𝜀,2

휀2

𝑘
(3-48) 

The above form is from the work of Launder and Spalding (1974), considered to be the 

seminal (or at least the most often cited source for the) k-ε model. The empirical process has 

reduced the equations to a computational state; however, it has introduced several constants 

that need to be fitted against experimental data. Other scale determining equations, along 

with the modelling constants, can be found in the originating papers (e.g. SST: (Menter, 

1994)), textbooks (e.g. Malalasekera and Versteeg (2007) ), or the NASA turbulence 

webpage (NASA, 2019). 

While the two-equation models are fully closed and in principle can be used to resolve 

generic flows, the complex terms which have been modelled are the key governing 

parameters. This means that the models can predict different behaviour even in simple flow. 
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Additionally, while the constants are generally tuned to be as generic as possible it is almost 

always the case that turbulence models perform best when used for simulations that are 

similar to the original case they were created to solve. This requires that turbulence models be 

tested against similar flows to ensure that the correct model is chosen before being used in a 

new situation, or to gather further insight to experimental results.  

Another issue with the Boussinesq Hypothesis is that it is explicitly models a non-linear 

process as linear. As a result, transitional effects cannot be captured, which has led to the two 

equation models being augmented with additional equations to capture the transition. See, for 

example, the 3-equation k-kl-ω model (Walters and Cokljat, 2008) (where kl is laminar 

kinetic energy) and the 4-equation Transition SST (Langtry and Menter, 2009). There has 

been research into building nonlinear (e.g. nonlinear k-ε, nonlinear k-kl (Speziale, 1987)) 

models which expand the Boussinesq Hypothesis to consider higher-order terms of the 

velocity gradients: 

𝜏𝑖𝑗 = −𝜈𝑡𝑆𝑖𝑗 + 𝑐1

𝜈𝑡

휀𝑘
(𝑆𝑖𝑘𝑆𝑗𝑘 −

1

3
𝑆𝑚𝑘𝑆𝑚𝑘𝛿𝑖𝑗)

+𝑐2

𝜈𝑡

휀𝑘
(Ω𝑖𝑘𝑆𝑘𝑗 + Ω𝑗𝑘𝑆𝑘𝑖)

+𝑐3

𝜈𝑡

휀𝑘
(Ω𝑖𝑘Ω𝑗𝑘 −

1

3
Ω𝑙𝑘Ω𝑙𝑘𝛿𝑖𝑗) +

2

3
𝑘𝛿𝑖𝑗 (3-49)

 

where Ωij is the rotation rate tensor: 

Ω𝑖𝑗 =
1

2
(
𝜕𝑢�̅�

𝜕𝑥𝑗
−

𝜕𝑢�̅�

𝜕𝑥𝑖
) (3-50) 

Due to the additional complexity of the non-linear models and the sufficient accuracy of the 

linear models they have not seen extensive use.  

Another option for solving for the Reynolds Stresses is through building transport equations 

for them. Such Reynolds Stress Models do not use the Boussinesq Hypotheses; rather they 

solve transport equations for the Reynolds Stresses. However, as discussed earlier due to the 

appearance of higher-order closures and the pressure-strain correlations the RSM models still 

require extensive modelling to close. The nature of the modelling of the Reynolds Stresses 

means that an additional equation is needed to determine the length-scale parameter. 

Successful models have been built using both the ε and ω models. The exact form of the 

Reynolds Stress may be written as:  
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∂(ρ ui
′𝑢𝑗

′̅̅ ̅̅ ̅)

𝜕𝑡
+ 𝐶𝑖𝑗 = 𝐷𝑇,𝑖,𝑗 + 𝐷𝐿,𝑖,𝑗 + 𝑃𝑖𝑗 + 𝐹𝑖𝑗 + 𝜙𝑖𝑗 − 휀𝑖𝑗 + 𝑆𝑜𝑖𝑗 (3-51) 

where Cij is the Convection term: 

𝐶𝑖𝑗 ≡
𝜕(𝜌𝑢𝑘ui

′𝑢𝑗
′̅̅ ̅̅ ̅)

𝜕𝑥𝑘
(3-52) 

DT,i,j is the Turbulent Diffusion term: 

𝐷𝑇,𝑖,𝑗 ≡ −
𝜕

𝜕𝑥𝑘
(𝜌ui

′𝑢𝑗
′𝑢𝑘

′̅̅ ̅̅ ̅̅ ̅̅ ̅ + 𝑝′(𝛿𝑘𝑗𝑢𝑖
′ + 𝛿𝑖𝑘𝑢𝑗

′)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ (3-53) 

DL,i,j is the Molecular Diffusion term: 

𝐷𝐿,𝑖,𝑗 ≡
𝜕

𝜕𝑥𝑘
(𝜇

𝜕ui
′𝑢𝑗

′̅̅ ̅̅ ̅

𝜕𝑥𝑘
) (3-54) 

Pij is the Stress Production: 

𝑃𝑖,𝑗 ≡ −𝜌 (ui
′𝑢𝑘

′̅̅ ̅̅ ̅̅
𝜕𝑢𝑗

𝜕𝑥𝑘
+ uj

′𝑢𝑘
′̅̅ ̅̅ ̅̅ 𝜕𝑢𝑖

𝜕𝑥𝑘
) (3-55) 

ϕij is the Pressure Strain term: 

𝜙𝑖,𝑗 ≡ 𝑝′ (
𝜕𝑢𝑖

′

𝜕𝑥𝑗
+

𝜕𝑢𝑗
′

𝜕𝑥𝑖
)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
(3-56) 

εij is the Dissipation term: 

휀𝑖,𝑗 ≡ 2𝜇
𝜕𝑢𝑖

′

𝜕𝑥𝑘

𝜕𝑢𝑗
′

𝜕𝑥𝑘

̅̅ ̅̅ ̅̅ ̅̅ ̅̅
(3-57) 

Fij is the Production by System Rotation: 

𝐹𝑖𝑗 ≡ −2𝜌Ω𝑘(uj
′𝑢𝑚

′̅̅ ̅̅ ̅̅ ̅ 휀𝑖𝑘𝑚 + ui
′𝑢𝑚

′̅̅ ̅̅ ̅̅ ̅ 휀𝑗𝑘𝑚) (3-58) 

Where εijk is the Levi-Civita symbol, and Soij is a source term. 

It can be observed that some of the terms, Cij, DLij, Pij and Fij contain only terms relating to 

the Reynolds Stresses and mean components of the velocity so do not require any further 

modelling. The other terms, Dt,ij, ϕij and εij all require further modelling. 

The pressure-strain correlations (ϕij) are, arguably, the most sensitive part of the modelling. 

Linear models have been derived, such as (LRR, Launder et al. (1975)):  
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𝜙𝑖𝑗 = −𝐶1
′𝜌

휀

𝑘
(𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ −

2

3
𝛿𝑖𝑗𝑘) − 𝐶2

′ (𝑃𝑖𝑗 + 𝐹𝑖𝑗 − 𝐶𝑖𝑗 +
1

3
𝛿𝑖𝑗(𝑃𝑘𝑘 − 𝐶𝑘𝑘)) (3-59) 

where C1 and C2 are modelling constant., Quadratic forms have also been proposed (SSG, 

Speziale et al. (1991)): 

𝜙𝑖𝑗 = −(𝐶1𝜌휀 +
1

2
𝐶1

∗𝑃𝑘𝑘) 𝑏𝑖𝑗 + 𝐶2𝜌휀 (𝑏𝑖𝑘𝑏𝑘𝑗 −
1

3
𝑏𝑚𝑛𝑏𝑚𝑛𝛿𝑖𝑗)

+ (𝐶3 − 𝐶3
∗√𝑏𝑖𝑗𝑏𝑖𝑗) 𝜌𝑘𝑆𝑖𝑗

+𝐶4𝜌 (𝑏𝑖𝑘𝑆𝑗𝑘 + 𝑏𝑗𝑘𝑆𝑖𝑘 −
2

3
𝑏𝑚𝑛𝑆𝑚𝑛𝛿𝑖𝑗)

+𝐶5𝜌𝑘(𝑏𝑖𝑘Ω𝑗𝑘 + 𝑏𝑗𝑘Ω𝑖𝑘)

(3-60)

 

where bij is the Reynolds Stress anisotropy tensor: 

𝑏𝑖𝑗 =
𝜌 𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ −

2
3 𝜌𝑘𝛿𝑖𝑗

2𝜌𝑘
(3-61) 

and C1, C1
*, C2, C3, C3

* C4 and C5 are modelling constants.  

In the case of general flows, with 7 additional coupled differential equations the RSM models 

are expensive to solve and difficult to converge. Their native ability to handle anisotropy 

needs to be balanced against these disadvantages. 

As the RANS turbulence closures models all levels of turbulence it means that they can be 

run in a steady-state mode and geometric symmetries can be exploited to reduce the model 

size. This improves the ‘turn-around’ time for the simulations as it reduces computational 

burden in two ways: 

• Meshes can be considerably coarser for RANS and, in some cases, can be reduced to 

2D. Both reduce the solve time by having less elements. 

• In steady-state mode there is no need to simulate multiple time steps to come to a 

statistical steady state and gather data once it has been reached. 

For these reasons, RANS will be used for most of the simulations presented in this thesis. The 

choice of which RANS model has been found to depend on the system being modelled. In the 

final chapter of the thesis some initial results will be presented using the scale-resolving 

Stress Blended Eddy Simulation (SBES) (Menter, 2016) model. 
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 Droplet Size Prediction in Stirred Cells and Pipelines 

 Introduction 

Multiphase breakup is difficult to model computationally due to the onerous computational 

requirements imposed by the underlying physics. All interfaces must be resolved sufficiently 

to ensure that the modelling of the behaviour of the interface is physical. The forces 

responsible for the breakup arise below the integral scale, necessitating the use of scale-

resolving methods to model them correctly. In dilute flows, such as those observed in 

pipelines, in stirred cells with low loading, and in the far-field of jets, it may be possible to 

use correlations and simulations of single-phase systems to predict system behaviour with 

sufficient accuracy. In this chapter, it is demonstrated that it is possible to use single-phase 

simulations to predict the maximum turbulence kinetic energy dissipation rate and hence 

apply an experimentally calibrated equation to accurately predict droplet sizes for dispersed 

droplets in a turbulent system. It is also shown that the Kolmogorov length-scales provide a 

good lower limit for the smallest droplet size, though as will be discussed in the chapter this 

should not be considered a universal behaviour.  

In the years following the Macondo blowout there was additional interest in the predicting 

droplet size distribution that would form from a similar event in the future. One of the 

systems used to predict the DSD in the turbulent flow around a wellhead is a high pressure 

stirred cell autoclave used by Aman et al. (2015). While producing large-scale turbulent flow 

that is fundamentally different from a jet, the stirred cell is a well-studied system that is also 

used extensively in other industrial processes. As such it will be used as a starting point for 

our investigation into the application of singe-phase CFD to the determination of mean 

droplet size in a turbulent flow. In addition the strongly swirling flow in a stirred cell may be 

of some interest if the flow inside the riser was of a churn type, a possibility raised by 

Boufadel et al. (2018). The rate of the swirl is likely to be significantly higher in a stirred cell, 

whereas reproducing churning flows requires a pipe diameter of order 10cm (Boufadel et al., 

2020) which is only rarely seen in liquid-liquid jets. Rotation is also important for the 

behaviour of buoyant plumes (Fabregat Tomàs et al., 2016) but a stirred cell would not be 

useful in this regard and it is noted just for completeness.  

The simulation uses a 2D simplification to reduce the computational effort and exploit the 

geometric properties of the stirred cell. The system is a baffle and vane (or paddlewheel) type 

stirred cell with a high gap to vane height ratio. To capture the interaction between the baffle 
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and vane/turbine the transient sliding mesh technique was selected over stationary Multiple 

Reference Frame technique, as it has shown to be better able to capture the flow dynamics 

(Jahoda et al., 2009). The SM approach rotates the inner mesh at the same velocity as the 

vane, while the outer mesh, containing the baffles, remains static. The interaction between the 

two meshes is captured automatically by the underlying solver.These findings prompted 

consideration of a turbulent Reynolds number definition to enable predictions to be made for 

flows in pipelines using correlations developed for use with stirred cells. This is an important 

step, as while the systems share some critical similarities, namely that they are both 

continuous systems, they are fundamentally different at the integral scales. By using a 

turbulent Reynolds number based on the scales of turbulence we show that the systems can 

be correlated, and thus enable the scaling of stirred cells correlations for use in industrial 

pipelines.  

The correlations of Zhou and Kresta (1998a): 

𝐷32 = 118.6(𝜖𝑚𝑎𝑥𝑁𝐷2)−0.27 (4-1) 

and Wang and Calabrese (1986): 

𝐷32

𝐿
= 0.054 𝑊𝑒−3/5 [1 + 4.08 𝑉𝑖 (

𝐷32

𝐿
)
1/3

 ]

3/5

(4-2) 

are used to estimate the Sauter mean droplet size (D32), and compare the results with the 

observations of the  experiments of Aman et al. (2015). Equation (4-2) was chosen as it is 

determined from a Semi-Empirical form by Wang and Calabrese (1986), and it should 

therefore have better extrapolation properties. It is also the basis for the jet model of Johansen 

et al. (2013), so the ability of Equation (4-2) to handle a dissimilar system will be of interest.  

This is important, as the lower Reynolds Number of Wang and Calabrese (1986) was 13000,  

while the upper Reynolds Number of Aman et al. (2015) was 5738. The Turbulent 

Dissipation Rate for Equation (4-1) has been determined from a series of 2D simulations 

using computational fluid dynamics. The parameters for Equation (4-2) are given or 

extrapolated from the work of  Aman et al. (2015). Equation (4-2) shows the best 

performance in the lower Reynolds Number region, but when the RPM is increased to the 

range Equation (4-1) was derived for it performs the better of the two. While both 

correlations where built using different equipment than those of Aman et al. (2015), the 
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success of Equation (4-1) argues the applicability of correlations built from turbulent 

parameters compared to more sophisticated methods using bulk parameters.  

We also investigate the Kolmogorov lengths predicted by the simulation, using: 

𝜂 = (
𝜈3

𝜖
)

1/4

(4-3) 

against the smallest droplets observed by Aman et al (2015). It is observed that these lengths 

provide a reasonable estimate to the smallest droplet size observed. 

In the field of flow assurance, both internal and external, there is a need to determine how to 

accurately scale the phenomena observed in a bench-top stirred cells to full scale systems. 

The later section of this chapter investigates scaling of stirred cell turbulent dissipation rates 

to a pipeline using the standard definition of the Reynolds Number and two new alternative 

definitions of a Reynolds Number. The first continues to use the bulk parameters approach of 

the traditional Reynolds number, but replaces the length scale of the stirred tank equation 

with the swept circumference; and the second uses simulation data to construct a turbulent 

Reynolds number using the turbulence kinetic energy. Both perform similarly and offer 

considerable improvement over the standard definition in scaling.  

 Turbulence Model Testing 

Before evaluating correlations and approaches to scaling, it is first necessary to determine 

which of the available turbulence closure models best reproduces the flow observed inside 

the experimental system in CFD models. As the large-scale motion of the pipe and stirred cell 

are different, it is necessary to identify the preferred closure model for each system 

separately. As the turbulent flow parameters are of the most interest in this work the 

turbulence kinetic energy (TKE) is used to evaluate the model.  

As RANS based pipe simulations show steady-state axisymmetric behaviour it is possible to 

test a wide-range of models at a moderate, turbulent Reynolds Number. However, for baffled 

stirred cells the flow fields are intrinsically transient and 3D. To enable testing of a number of 

closure models, an unbaffled system at a lower Reynolds Number is chosen. The swirling, 

anisotropic, structure of the flow which causes difficulties for RANS models should be 

sufficiently established at the lower Reynolds Number to properly test the models.  
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 Pipelines 

Flow in a cylindrical pipeline is a well-characterised phenomenon, and when the system is in 

the laminar region is one of the few situations where the Navier-Stokes equations can be 

resolved explicitly. When the flow is turbulent the various RANS closure models produce 

marginally different predicted profiles for both the mean flow and the turbulence fields.  For 

this set of simulations, we are interested in the peak turbulence values that will occur in the 

shear layer near the wall. The models are tested against three criteria; peak TKE, central 

TKE, and Mean Percentage Difference (MPD) across the flow: 

𝑀𝑃𝐷 = 100 ×
1

𝑁
∑

|𝑥𝑖,𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 − 𝑥𝑖,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡|

𝑥𝑖,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡

𝑁

𝑖=1

(4-4) 

where xi is the parameter of interest at the point i, and N is the total number of data points. 

Simulation data is interpolated to the location of the experimental data when necessary.  

 The experimental data is taken from Pashtrapanska et al. (2006), with the TKE reconstructed 

from the presented fluctuations of the tangential, radial and axial velocities. 

Table 4.1:  Data of physical properties from the experimental work of Pashtrapanska et 

al. (2006). Data marked with an asterisk has been calculated from the 

experimental data. The density for diesel is taken from the Fluent material 

database.  

Liquid Diesel 

D 50mm 

Re 30×106 

ν 3.9×10-6 m2/s 

Density* 730 kg/m3 

µ* 0.002847 kg/ms 

Ub* 2.34 m/s 

�̇�* 3.35404 kg/s 

 

The simulations are performed using a short section of the pipe with a periodic boundary 

condition. This means that the entire flow is fully developed and only a short section of pipe 

needs to be simulated, significantly reducing the simulation time. As RANS reproduces the 

mean state of the system, the symmetry of the system can be exploited, and the simulations 

are run in axisymmetric mode. The simulations are performed using the second order 
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methods for pressure, momentum and all turbulence quantities (k, ω, ε, and Reynolds 

Stresses). The solver is Fluent®’s Coupled Solver, which solves the coupled pressure-

velocity equations simultaneously. The pseudo-transient option for the Coupled solver is used 

as it has shown to be stable and fast for short periodic systems.  

It is necessary to have a solution that is as independent of the underlying discretisation as 

possible. The Standard k-ω model (Wilcox, 1998) with the Low Reynolds Corrections 

(Wilcox, 2006) was used with three meshes, detailed in Table 4.2, to determine a suitable 

mesh.  To ensure that the boundary layer was captured, the mesh used the first layer height 

inflation (set at 0.05 mm), with a growth ratio of 1.2 and the number of layers set to ensure a 

smooth transition to the mean element sizing. The key characteristics of the three meshes are 

described in Table 4.2, along with the peak TKE observed. Table 4.2 and Figure 4.1 show 

that a mesh independent solution is obtained with a relatively small number of elements for 

this geometry. This is to be expected as we are dealing with a simple, fully developed 

axisymmetric flow, with no flow development in the axial direction. As the variation between 

M0 and M1 is zero and the variation between M1 and M2 is only 0.041%, mesh M1 is 

selected as the test mesh., This mesh is shown in Figure 4.2. 

Table 4.2:  Mesh quantities and peak TKE for the three meshes tested for mesh 

independence study. As the variation is non-existent between the three M2 

was selected as the test mesh. 

Mesh Main 

Sizing 

[mm] 

Inflation 

Layers 

[#] 

Volumes Peak TKE 

[J/kg] 

Variation 

[%] 

M0 2 18 3100 0.0726 - 

M1 1 16 8200 0.0726 0 

M2 0.5 12 24800 0.07257 0.041 
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Figure 4.1: Turbulent Kinetic Energy predicted by the simulation across a section of pipe 

for three different meshes. Note: All three are plotted here, they completely 

overlay each other. 

 

Figure 4.2: Mesh 'M1' determined to be a sufficiently fine mesh for the turbulence model 

testing for the pipe flows. 

 

All the two-equation models available in Fluent were tested: 

• Standard k-ω (SKW) (Wilcox, 1998), 

• Baseline k-ω (BSL) (Menter, 1993) 

• Shear-Stress Transport k-ω (SST) (Menter, 1993) 

• Standard k-ε (SKE) (Launder and Spalding, 1972) 

• Renormalizable Group k-ε (RNG) (Yakhot and Orszag, 1986) 

• Realizable k-ε (RKE) (Shih et al., 1995) 
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The Reynolds Stress Models were limited to the ε-based Linear Pressure-Strain (Gibson and 

Launder, 1978) Model and the two ω-based models, the BSL (ANSYS Inc., 2015a) and 

Stress-Omega (Wilcox, 2006) Models. The one equation models are not tested as we are 

interested in the turbulence kinetic energy, which they do not resolve.  The Low Reynolds 

number (LR) options for four of the ω-based models are also tested (Standard k-ω, BSL, SST, 

and RSM-SO), as the work by Wilcox was specifically designed to capture the peak in the 

TKE in the near wall region. In other words, this is one of the few situations where we, 

arguably, have a canonical turbulence model (SKW_LR) that could be chosen. 

The first test is to ensure that the turbulence models can reproduce the mean values observed 

by Pashtrapanska et al. (2006). In general, all models provided similar predictions, with all 

underpredicting the mean velocity. As the MPD value is sensitive to the near zero values that 

occur in the near-wall region, the Absolute Average Deviation (AAD) is also included: 

𝐴𝐴𝐷 =
1

𝑁
∑|𝑥𝑖,𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 − 𝑥𝑖,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡|

𝑁

𝑖=1

(4-5) 

Table 4.3:  Comparison of velocity AAD between the data of Pashtrapanska et al. 

(2006) and numerical values from the simulations using different turbulence 

models. 

Model AAD [m/s] MPD [%] 

SST 0.0959 13.4 

BSL 0.0899 13.0 

SKW 0.0886 13.1 

SST_LR 0.0895 12.6 

BSL_LR 0.0865 12.5 

SKW_LR 0.0885 12.9 

RNG 0.0815 12.4 

SKE 0.0868 12.5 

RKE 0.0809 12.4 

RSM-BSL 0.0922 13.1 

RSM-SO 0.0937 13.6 

RSM-LPS 0.0990 13.1 

RSM-SO-LR 0.1014 14.5 
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Table 4.4 shows the percentage difference between the peak and central TKE levels, and the 

mean percentage difference (MPD) across the entire flow, relative to the experimental data. 

The peak and MPD are the two values of interest for this work and so the average of the two 

will be used to determine which model to be used. 

Table 4.4:  Simulation values compared to the experimental values for the peak TKE, 

TKE at the pipe centreline and the average of the percentage difference 

across the entire pipe. LR means that the Low Reynolds modifications are 

being used. 

Name Peak 

TKE 

[J/Kg] 

Difference 

from 

Experimental 

Values [%] 

Central 

TKE 

[J/kg] 

Difference 

from 

Experimental 

Values [%] 

Mean 

Percentage 

Difference 

[%] 

Average of 

MPD and 

Peak TKE 

Difference 

Experiment 0.0677 - 0.0120 - - - 

SST 0.0467 31.1 0.0199 66.0 25.1 28.1 

BSL 0.0477 29.6 0.0156 29.9 20.6 25.1 

SKW 0.0472 30.3 0.0139 16.4 20.3 25.3 

SST_LR 0.0732 8.1 0.0214 78.6 16.9 12.5 

BSL_LR 0.0747 10.3 0.0164 36.6 12.5 11.4 

SKW_LR 0.0725 7.0 0.0142 18.1 6.7 6.9 

RNG 0.0620 8.5 0.0217 81.3 16.4 12.4 

SKE 0.0620 8.5 0.0212 76.6 14.5 11.5 

RKE 0.0612 9.6 0.0174 45.6 9.4 9.5 

RSM-BSL 0.0477 29.5 0.0149 24.0 20.0 24.8 

RSM-SO 0.0456 32.6 0.0132 10.0 22.5 27.6 

RSM-LPS 0.0661 2.5 0.0198 65.0 12.2 7.3 

RSM-SO-

LR 

0.0602 11.2 0.0132 10.0 13. 0 12.1 

 

The RMS-LPS offered the most accurate prediction peak value of the TKE, with a deviation 

of only 2.5% from the experimental values. The Standard k-ω model with the Low Reynolds 

Corrections was able to predict the general form of the TKE across the flow most accurately 

with an MPD of only 6.7%.  
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In general, the models poorly predicted the value of the central TKE. The minimum deviation 

was 10% predicted by RSM-SO with Low Reynolds corrections. The RSM-LPS was 

particularly poor with a deviation of 65% from the experimental values. Of the two equation 

models, the Standard k-ω model performed the best with a deviation of just over 16%.  

The effect of the Low Reynolds corrections is worth noting. For all the ω-based models the 

Low Reynolds corrections substantially improved the prediction of the peak value of the 

TKE. The Standard k-ω model went from a deviation of ~30% to only 7% with the inclusion 

of LR corrections. Similarly, the MPD was also improved across all models. However, the 

extra TKE produced and transported into the mean flow has meant that the central TKE 

values are worse for all the k-ω models, and very slightly improved for the RSM-SO model. 

Using the criteria described above the Standard k-ω model with the Low Reynolds 

Corrections performed the best in reproducing the experimental data and was used for 

simulations. The predictions of this closure model are plotted against the experimental data in 

Figure 4.3.   

 

Figure 4.3:  Plot of the TKE determined by Pashtrapanska et al. (2006) vs the selected 

RANS model, the Standard k-ω with the Low Reynolds Correction. 
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 Stirred Cells 

The testing of the turbulence closure models was repeated for the stirred cell experiments, as 

they differ from a simple pipe flow at the integral level.  As the flow fields were not captured 

by Aman et al. (2015) it is necessary to use results from a similar experiment. The work by 

Dong et al. (1994) offers flow fields that have been directly sampled. Dong et al. (1994) used 

an eight-bladed paddle-type stirrer running at 100RPM in a cylindrical tank, with no baffles 

and a free surface at the top of the system. The lack of baffles means that the system will not 

produce exactly the same flow fields as the system of Aman et al (2015), but the strongly 

rotating flow and the corresponding anisotropy of the turbulence is similar.  

The system of Dong et al. (1994) was modelled using a steady-state moving reference frame 

formulation. The symmetry can be exploited and so only an eighth of the system needed to be 

modelled. The free surface is modelled as a free-slip wall, as modelling the free-surface is 

prohibitively expensive, and should not influence the predictions needed in the current 

investigation. 10 inflation layers were used on all non-slip boundary surfaces, with a y+ < 1 

on all meshes tested to ensure that the boundary layer effects were captured. The inflation 

layers used Fluent’s “Last Aspect Ratio” method, starting from a first layer height of 0.1mm 

on all non-slip walls (the paddles, driveshaft, bottom and walls) increasing to the final 

element height of the inflation layer being 40% of the size of the interior elements. The 

transition ratio of the elements was set automatically to fit these requirements.  

Based on the information in the Theory (ANSYS Inc., 2015a) and User Guides (ANSYS Inc., 

2015b) the 3rd Order MUSCL interpolation method was selected for the momentum and 

turbulence equations, due to its smaller numerical dissipation compared to the other 

interpolation methods. PRESTO! was selected for the pressure interpolation due to the 

strongly swirling flow, and the Coupled method was used for pressure-velocity coupling due 

to its reliable convergence properties. All constants and any other properties where left as 

their default values. This investigation limits itself to the two-equation turbulence models, 

namely the Standard, Renormalization Group and Realizable k-ε models, and the SST- k-ω 

model. The Standard k-ω model would not converge using the numerical schemes and was 

omitted from this analysis. To ensure that the differences observed are solely due to the 

model and not the underlying mesh, the RNG model was used to conduct a mesh 

independence study. The data was taken by averaging over the angle of a plane at the 

midpoint (z = 0.05 m), to reproduce the effect of the time averaging used in the experimental 
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work. Figure 4.4  shows the averaged turbulence kinetic energy for the three different 

meshes.  

 

Figure 4.4: Plot of normalised average turbulent kinetic energy vs normalised radius at 

the midplane of the domain from the simulation using the RNG turbulence 

model. rb is the radius of the paddle blade, and vtip is the velocity at the tip of 

the paddle. 

The three different meshes consisted of polyhedral elements with three different body sizing 

zones applied; 

• “Main” sizing applied to the entire domain, with two layers of refinement;  

• Zone One covering the full width of the domain between z = 35 mm and z = 65 mm; 

and  

• Zone Two closer to the blades between z = 40 mm and z = 60 mm to a radius of 20 

mm. The details for the three meshes are given in Table 4.5.  

Table 4.5:  Table of values for the mesh convergence analysis of Dong et al. (1994) 

Mesh 

Main 

Sizing 

[mm] 

Zone One 

Sizing [mm] 

Zone Two 

Sizing [mm] 

Total Cell 

Count 

 

 

Y+ 

Mesh 1 5 2.5 1.25 16808 [0.06, 0.59] 

Mesh 2 2 1 0.5 131258 [0.05, 1.00] 

Mesh 3 1.2 0.6 0.3 494869 [0.04, 1.00] 
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It can be seen in Figure 4.4 that there is little difference in the predictions of Mesh 2 and 

Mesh 3, and the difference between the predicted maximum TKE on Mesh 2 and Mesh 3 is 

0.94%, so Mesh 2 was used for the analysis of the turbulence models. The first set of tests 

look at the difference between the ‘unmodified’ predicted turbulence and the experimental 

data. Table 4.6 shows the mean of the absolute variation of the normalised TKE between the 

simulation and the experimental results of Dong et al. (1994) for the four models tested.  

Table 4.6:  Mean absolute difference of the normalised turbulence kinetic energy 

provided by the simulations from the experimental results of Dong et al. 

(1994) for different turbulence models. 

Turbulence model Mean variation between experiment 

and simulation TKE [m2/s2] 

RKE 0.0157 

RNG 0.0145 

SKE 0.0156 

SST 0.0309 

 

Table 4.7:  Options tested with the RNG turbulence model and the variation of the mean 

normalised TKE from Dong et al. (1994). 

Turbulence Model Mean variation between simulation 

and experiment TKE [m2/s2] 

Standard 0.0145 

Curvature Correction 0.0193 

Differential Viscosity (DV) 0.0143 

Swirl Dominated (SD) and DV 0.0139 

DV and Kato-Launder Limiter (KL) 0.0118 

SD DV KL 0.0116 

 

The RNG model produced the most accurate mean result of those tested. There are also 

additional options designed to extend the applicability of the model.  

Table 4.7 shows that with the optional Swirl Dominated flow (ANSYS Inc., 2015a), 

Differential Viscosity, and Kato-Launder Limiter (Kato and Launder, 1993) activated we 

observe the closest match to experimental data. It’s worth commenting that the Differential 

Viscosity isn’t a later addition to the RNG model but was rather part of its original derivation 
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by Yakhot and Orszag (1986); when it is not used the calculation deploys a simpler algebraic 

form that is valid in the high Reynolds limit. As the meshes used here are all designed to have 

a wall y+ < 1 it should be expected that the differential viscosity improves the accuracy of the 

model. In Figure 4.5 the RNG model with the best fit to the experimental data is shown with 

the Average Absolute Deviation (AAD) being 0.0116. 

 

Figure 4.5: Plot of normalised averaged turbulent kinetic energy vs normalised radius at 

the midplane of the domain comparing the simulation using the RNG 

turbulence model (with the SD, DV and KL options active) and the data 

from Dong et al. (1994). rb is the paddle radius, and vtip is the velocity at the 

tip of the paddle. 
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 Modelling the high pressure stirred cell autoclave 

 

Figure 4.6: Dimensions of the experimental apparatus used by Aman et al (2015). The 

clearance between the bottom and the stirrer is unknown. Dimensions are 

from Aman et al (2015) and additional measurements taken by PhD student 

working on the apparatus. 

The stirred cell high pressure autoclave used by Aman et al (2015) has the approximate 

dimensions given in  Figure 4.6. The ratio of stirrer blade (Vh) to cell height (H) is ~ 1/5 and 

the gap between the vane and baffle is 2.2mm, yielding a vane height to gap ratio of ~14. As 

such it is considered that the length scale determining feature will be the gap between the 

baffle and vane, with the turbulence relatively constant in the z-direction for the region of 

interest (along the stirrer).  This approach has the limitation that the turbulence above and 

below the stirrer will be neglected, it allowed the stirred cell to be simulated efficiently and 

captured the region where the peak turbulence generation and dissipation will occur. In 

effect, the measurement for the turbulence is taken roughly at the midpoint of the paddle, 
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where the interaction between the free section above the paddle and the interaction with 

bottom of the tank is minimised. 

 

 It should be noted that while this approximation is valid for this experimental setup, other 

types of stirred cells may generate three dimensional flows. The paddle type vane will 

promote radial pumping, and so larger stirred cells, such as Rushton turbines, or turbines that 

promote axial flow like the A310, will need to be considered in full 3D.    

Some numerical stability issues were encountered during model development, so to enhance 

the solution convergence behaviour, the corners of the baffles and vanes were rounded with a 

radius of 50 µm (see Figure 4.7), which was considered to be a reasonable reflection of the 

manufacturing method used to create the experimental apparatus after discussion with 

colleagues working with the unit. To capture the fluid dynamics caused by the interaction 

between the baffle and vane it is necessary to simulate the movement of the vane. Fluent™ 

has an inbuilt sliding mesh algorithm that allows one section of the mesh to move 

independently of the rest of the mesh, with the movement of the fluid between the sections 

facilitated through the interface between the two regions. For these simulations the domain 

was split between a stator region, which contained the baffles, and a rotor region which 

contained the vane and rotated at the set angular velocity. To ensure the accuracy of the 

simulations the 2nd order transient method was chosen. The fluid in the stirred cell was 

modelled as pure water. The other numerical choices were the same as for the turbulence 

closure model testing. 
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Figure 4.7: (a) Geometry of the stirred cell autoclave from simulation with the inner 

(lighter) moving rotor and the outer (darker) static stator. (b) Zoomed in 

section from the vane showing the rounded corners due to the chamfer. 

 

 Experimental data of Aman et al 

The experimental results of Aman et al. (2015) were obtained using a sapphire stirred cell 

autoclave with methane saturated water and oil. The system was prepared with 16.5 g of 

water with 3.5 wt% NaCl, and 0.35 grams of oil, and then purged of air using methane. After 

the sample was prepared it was pressurised to 11 MPa using UHP methane and then stirred at 

600 RPM for 60 min to ensure that the oil is saturated with the methane. The system was then 

left to settle for 20 min to allow the oil and water to separate. The stirred cell was then run at 

the selected angular velocity for 10 min to ensure that the DSD had reached a steady state 

based on visual observation. At this point, a section of the system was recorded using a video 

camera, and the footage was manually analysed using imageJ (Rasband, 2011) to determine 

the droplet diameter.  

Physical parameters from Aman et al. (2015) are reported in Table 4.8. Some of the relevant 

data was directly reported in Aman et al. (2015). The interfacial tension was determined by 

extracting data from plots. These points are noted with an asterisk and should be considered 

the major source of uncertainty. Additionally, the live viscosity was not measured, and so the 

dead viscosity was used in its place. 
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Table 4.8:  Physical parameters of experimental system of Aman et al (2015). Values 

noted with a (*) are determined from plotted data. 

Property Value 

Density (Water) 1050 kg/m3 

Viscosity (Water) 1.0 mPa s 

Density (Oil, Live) 700 kg/m3 

Viscosity (Oil, Dead) 2.0 mPa s 

Interfacial Tension* 6.7 mN/m 

 

 Results 

 Estimation of Droplet Size 

The simulation mesh and time-step were tested to ensure that the simulations are independent 

of both. To ensure that the simulation had reached convergence the residuals were required to 

reduce below 10-6 at each time step. To conduct the mesh independence study a coarse mesh 

was chosen and run to steady state, after which the maximum turbulent dissipation rate was 

captured for two cycles. The time step was then halved, and the process run again (to reduce 

the solver time the finer solutions where always started from the interpolation data obtained 

from the coarser solution). After a mesh had reached time-step independence, the mesh was 

refined, and the time refinement process was restarted until the process produced a simulation 

that was mesh and time independent. The final mesh is depicted in Figure 4.8, and Table 4.9 

shows the data from the meshes that were used to conduct the independence study.  
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Figure 4.8: (a) Mesh selected based on the convergence study. (b) Zoomed in section at 

the gap between the baffle and vane to illustrate mesh structure. 
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Table 4.9: Mesh statistics used to conduct the mesh analysis 

Mesh Mesh Size 

[elements] 

Converged 

Δt [µs] 

Maximum TDR 

[m2/s3] 

% 

change 

Mean TDR 

[m2/s3] 

% 

change 

M1 65678 187.5 16.0837 
 

14.1962 
 

M2 193081 187.5 16.0903 0.04 14.0659 0.93 

M3 686795 187.5 16.0921 0.01 14.0027 0.45 

 

As the difference in maximum and mean TDR between meshes M2 and M3 is less than 1%, 

mesh 2 was chosen for the rest of the simulations. The mesh/time step study was done on the 

highest RPM setting, as this would be the system with the highest velocities and turbulence 

and hence would require the finest mesh and time step. The other set points then used this 

mesh and an equivalent time step. The simulation was run at the same set points that were 

used in the experimental work of Aman et al. (2015). Once the simulations had reached 

steady state, data was collected over 2 complete cycles and the maximum turbulent 

dissipation rate was extracted.  

 

Figure 4.9: Plot of the experimental values of the Sauter mean diameter observed by 

Aman et al. (2015) against the values determined using the correlation of by 

Zhou and Kresta (1998a) with the maximum dissipation rate supplied by the 

2D simulations of this study and the correlation of Wang and Calabrese 

(1986) using bulk parameters. The vertical line at Re = 3100 is the lower 

limit of the data used to tune the fitting parameters of the Zhou and Kresta 

(1998a) correlation function. 
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Figure 4.10: Predicted vs Measured Droplet Sizes using the experimental data of Aman 

et al. (2015) and the correlations of Wang & Calabrese (1986) and Zhou and 

Kresta (1998a) with TDR supplied from the simulations. The grey line is y = 

x, to guide the eye. Note: The plot is clipped and doesn’t show the results 

from the 200-400RPM with the Zhou and Kresta (1998a) correlation as it 

makes the plot illegible. 
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Figure 4.11: Plot of the smallest droplets observed by Aman et al. (2015) compared 

against the Kolmogorov Lengths determined using the CFD simulation data 

of the current investigation. 
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Table 4.10: Tabulated values from the experiments of Aman et al. (2015) and the simulations. 

Stirrer Speed 

[RPM] 

Re D32 

Aman et al. (2015) 

[µm] 

Maximum TDR 

(simulation) 

[m2/s3] 

D32 

(simulation) 

[µm] 

% 

difference 

D32 

Eq. (4-1) 

[µm] 

% 

difference 

Minimum 

observed 

[µm] 

Kolmogorov 

lengths 

[µm] 

200 1076 419 0.0997 1419 239 250 40 93 56.5 

300 1613 394 0.3652 895.9 127 154 61 47 40.8 

400 2151 334 0.8969 650.4 94.7 110 67 62 32.6 

500 2689 321 1.835 504.7 57.2 84 74 31 27.3 

600 3227 354 3.349 408.4 15.4 68 81 23 23.5 

700 3764 264 5.42 344 5.49 56 79 47 20.8 

850 4571 255 9.854 277.8 8.94 45 82 26 17.9 

1000 5378 197 16.09 232.9 18.2 37 81 26 15.8 
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Relevant data is tabulated in Table 4.10; Figure 4.10 the predicted values for the D32 using 

the simulation data and Equation (4-1), and using the bulk parameters along with Equation 

(4-2) against the D32 observed by Aman et al. (2015) . The further the data point is away 

from the grey line the worse the prediction of the droplet size. Figure 4.11 compares the 

minimum droplet size observed against the approximate Kolmogorov Lengths predicted from 

the simulation. 

Figure 4.9 shows that the correlation function of Zhou and Kresta combined with the 

maximum turbulent dissipation rate predicted by the simulation gives an excellent prediction 

above 600RPM. The vertical line in Figure 4.9 gives the minimum Reynolds number 

investigated by Zhou and Kresta (1998a). It was expected that the fit would be better at Re 

values greater than the lower limit of 3100, as the function is then operating in the range for 

which it was derived. Inside the region where the Zhou and Kresta (1998a) function is tuned 

the Average Absolute Difference (AAD) for the droplet data is 26.2 µm; over the full data set 

this increases to 1000 µm, highlighting that the experimentally determined correlation 

function should be used in the region where it is applicable. 

 Figure 4.9 shows that the correlation of Wang and Calabrese (1986) is more accurate than 

the model of Zhou and Kresta (1998a) for Re below 3227. Above this value the model’s 

predictions are significantly less accurate and, interestingly, approximately constant at values 

~80% less than the observed values of Aman et al. (2015).  This suggests that the issue lies 

with the calibration constants rather than an inherent departure from equilibrium behaviour, 

and again we note that the surface tension was extracted by back-calculation from the plots in 

Aman et al (2015). Wang and Calabrese (1986) also considered two other equations which 

yielded a better fit to their data. In the first the power dependencies in Equation (4-2) were 

treated as fitting parameters: 

𝐷32

𝐿
= 0.066 𝑊𝑒−0.66 (1 + 13.8 𝑉𝑖0.82 (

𝐷32

𝐿
)
0.33

)

0.59

(4-6) 

The second was a simplification of Equation (4-2) 

𝐷32

𝐿
= 0.053𝑊𝑒−3/5(1 + 0.97𝑉𝑖0.79)3/5 (4-7) 

Equation (4-6) predictions departed further from the experimental data at the two lower 

RPMs, but were significantly improved above this, with the mean difference dropping to 45% 
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from 77%. The predictions of Equation (4-7) were even better, with the mean percentage 

dropping to 32% over the same range.  

Over the region where Equation (4-1) is applicable, it still yields the best predictions with a 

mean average difference of 18%, compared to 81% for Equation (4-2), 55% for Equation 

(4-6) and, 36% for Equation (4-7). We note that the range of Reynolds Numbers tested by 

Wang and Calabrese (1986) was 14000 to  83000. This highlights that even with relatively 

complicated semi-empirical correlations it is necessary to be cautious in using them outside 

the parameter ranges used to tune them. Extrapolating outside this region increases the 

uncertainty, particularly if the system goes through a regime change.  

It is interesting to note that the correlation of Zhou and Kresta (1998a) is based on only a 

single pair of fluids. It would expected that this means that the correlation should be limited 

to only pairs of fluids which are reasonable close to those used to build the correlation. Zhou 

and Kresta (1998a) report using a water-silicone oil system (ρc = 998kg/m3, ρd = 1050 kg/m3, 

σ = 45mN/n), Aman et al used an oil-water system (ρc = 1050 kg/m3, ρd = ~700 kg/m3, σ= 

6.7mN/m. While the continuous phases are similar the dispersed phase and the interfacial 

tension are quite different. This suggests that the model may have quite broad applicability, 

but this will ultimately need to be supported by further study. 

Figure 4.11 shows that the Kolmogorov Length is an reasonable approximation to the 

smallest droplet size that was observed, even for the lower RPM situations, where full mixing 

did not occur. The AAD for the minimum droplet size data was 15.1 µm. Aman et al noted 

that the resolution of their imaging equipment was a limiting factor in observing smaller 

droplets, so the exact size of the smallest droplet is unknown for this system. However, As 

noted by Zhou and Kresta (1998a) only at very high speeds, and corresponding high ε, did 𝜂 

approach the minimum droplet size. The Rushton Turbine system, producing εmax of ~528 

W/kg (33 times higher than the max simulation value) produced 0.01% of the droplets below 

the Kolmogorov length scale. A reduction in rotation speed to produce an ε value only 14 

times higher produced 5% of the droplets below η.  

As has been previously stated, the simulation results are not predicting values in the ‘high’ 

TDR range of Zhou & Kresta. For example, the experiments of Zhou & Kresta for the A310 

turbine had εmax close to the reported εmax of the simulations, though for the three systems the 

location of impellor changed or the tank diameter (T) to impellor ratio (D) did. In all cases 

there was a significant population of droplets below the Kolmogorov length scales. The D = 
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0.0350T had 13.4% of the droplets below η, the D = 0.350T had 29.6% below and the D = 

0.0550T had 22.5% below.  

As such, while it is possible that the results reported here are within the correct order of 

magnitude, it is just as possible that we are observing am artefact of the combination of 

simulation and system. This system is fundamentally different at the integral scale to the 

those studied by Zhou & Kresta. So, if there is a correlation to draw, for this system and this 

system alone, between the 𝜂 and 𝑑𝑚𝑖𝑛 then more data is necessary. This also has the effect 

that the reported D32 is actually higher than it should be. As the smaller (undetected) droplets 

have not been accounted for in the statistical mean. For the results presented here, with the 

predicted mean being slightly larger than observed, it means that the prediction should be 

slightly worse. However, without an exact system to compare it against it is difficult to say 

exactly how different the reported D32 is compared to what was actually in the system. The 

The A310 turbines mentioned above give an indication of what might be expected but are 

axial pumping systems, whereas the vane here is a radial pumping system, and the Rushton 

turbine is also a radial pumping system that was operating at high εmax, and had a very 

different clearance to the baffles.   

In addition, it should be noted that this model will only capture the mean droplet size in the 

fully dispersed scenario, and on the assumption that the mean breakage and coalescence has 

reached a steady state and the turbulence level in the fluid is representative of the behaviour 

of the droplets. This is because the initial breakup is going to be dominated by the large-scale 

shear that occurs along the interface, generating instabilities that will eventually collapse to 

produce droplets that become entrained. The larger droplets that form will also not 

necessarily only break due to turbulence interactions, but also simply due to impacting with 

the turbine, as in the single drop experiments of Solsvik and Jakobsen (2015) where a large 

droplet is imaged interacting with a turbine blade and producing a large shower of daughter 

droplets). 

 

The simulation data follows the expected trend that as the Reynolds number is increased, a 

higher turbulent dissipation rate is observed. The difference between the simulation data and 

the experimental data could have several causes. The correlation of Zhou and Kresta (1998a) 

is fit to data that has a significant amount of scatter in the lower ND2 region , with R2 = 

0.8087. Additional uncertainty in the correlation function could come from the experimental 
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recording of the TDR; as seen in the CFD model results presented in Figure 4.12, the 

maximum TDR occurs in a very narrow region very close to the blades. Additionally, Zhou 

and Kresta (1998a) used a baffled tank with four different turbines (an A310 turbine, a HE3 

turbine, a pitched blade turbine, and a Rushton turbine), to construct the correlation function, 

none of which exactly match the configuration used here. The model of Wang and Calabrese 

(1986) was calibrated using different fluids but used only a single apparatus, a baffled 

Rushton Turbine. As the different apparati will produce different large-scale turbulent flow 

fields, it is no surprise that Equation (4-2), as calibrated, provides a reasonable but not exact 

estimate of the observed droplet sizes.  

 

 

Figure 4.12: Contours of Turbulent Dissipation Rate (m2/s3) showing the location of the 

high intensity region on the tip of the vane. 

Uncertainty is introduced to the model through the use of the 2D simplification in the domain 

and in the use of a RANS model. While RANS modelling can produce accurate values for 

time averaged data, by design it does not resolve the small local turbulent scales, and it is 

these instantaneous values of the turbulent fields that have been argued to be the key to 

determining the nature of the DSD.   

As noted above, the correlation function of Zhou and Kresta (1998a) (Equation 4.1) was 

calibrated using a number of different stirred cell geometries, none of which match the baffle-

and-vane geometry studied here. It is expected that the methodology used here is applicable 

across a range of stirred cell geometries, and geometries closer to those studied by Zhou and 
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Kresta (1998a) might expect even better results than seen here. While the results using the 

correlation function are excellent inside the region of applicability for the correlation 

function, it was designed for use with experimental systems to enable data from a single-

phase experiment to predict the droplet size in a multiphase system. It does not include the 

interfacial tension, which is critical to the investigation of the effect of dispersants.  

As the simulations have direct access to the entire flow fields, future work could use a system 

of massless tracer particles to collect data about the exposure of the particles to the 

inhomogeneous turbulent fields that are present. Important factors include the maximum 

values of turbulent quantities that the particles experience, along with time spent at these 

levels, as it is expected that the droplets’ final size will depend on a combination of how long 

a droplet is exposed to high turbulence as well as the magnitude of the turbulence.  

The current model has been tuned so that the maximum turbulent dissipation rate is correlated 

to the Sauter Mean Diameter (D32), however any individual droplet will not necessarily (and 

is in fact unlikely to) experience the maximum dissipation rate. In fact, with reference to 

Figure 4.12, it is likely that droplets will experience TDR a full order of magnitude below the 

maximum for the majority of its existence.  

It has been observed that RANS based models do not always accurately capture the kinetic 

energy and dissipation rates in regions of the non-isotropic flow seen in the stirred cells 

(Hartmann et al., 2004, Murthy and Joshi, 2008, Singh et al., 2011). As such, future work 

should explore the use of computationally intensive hybrid Scale-Resolving Simulations such 

as Detached Eddy Simulation (DES), which combines a RANS boundary layer with spatial-

average based Large Eddy Simulation (LES) to resolve the flow fields, or a full LES 

approach. Of particular interest will be the fields that form around the top of the stirred cell, 

and their potential to interact with the oil that would remain unblended in low RPM 

situations.  

The flows considered here are assumed to be highly dispersed, so that the effect of the 

secondary phase on the turbulence of the carrier phase is negligible. This assumption is only 

valid when the particle load is low, and the particle size is small. For the experimental system 

modelled here the oil load is a little over 2 wt%, and at the higher Reynolds number, and 

consequently higher Weber number, the oil is entirely dispersed and the correlation when 

using Equation (4-1) substantially better. This limits the accuracy of this approach to flows 

where the secondary phase is dispersed. For stirred cells with low loading this is a steady 
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state regime, and in the case of the jetting flows this would limit the region of applicability 

for a single-phase simulation to the secondary break-up region.  

 Sensitivity to RANS closure model 

The nature of RANS modelling means that other choices can be made in terms of the closure 

model. This can have a significant effect on the TKE/TDR values that can be extracted from 

the simulations. To study the sensitivity of the models to the choice of closure model that 

have been used in the literature, the Standard k-epsilon (Jahoda et al., 2007, Montante et al., 

2005, Brucato et al., 1998) and the SST-kw (Singh et al., 2011, Hartmann et al., 2004) 

models were both run for a number of selected set points. In both cases, unlike the previously 

selected RNG model, the models are left to the default settings in Fluent, except that the 

Enhanced Wall Treatment is used for the Standard k-epsilon model due to the highly refined 

wall mesh. 

 

Figure 4.13: Predicted D32 droplet size using the correlation of Zhou and Kresta and 

difference turbulence closure models and the experimental results of Aman 

et al. 

Table 4.11: Predicted maximum TDR from each of the three models at the tested set 

points. All numbers are in W/kg. 

 SKE SST-KW KE-RNG 

200RPM 0.222  0.121 0.0997 

600RPM 8.46 9.49 3.50 

1000RPM 39.8 61.2 16.1 
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Figure 4.13 shows the predicted droplet sizes using three different closure models and the 

correlation of Zhou and Kresta, compared against the experimental data of Aman et al, at 

200, 600, and 1000 RPM. Table 4.11 shows the predicted maximum TDR values from each 

of the three different closure models. For the fully turbulent flow (RPM ≥ 600) the SST-KW 

model produces the largest maximum and the KE-RNG the minimum, with the SST model 

producing a value ~3.8 times larger than the KE-RNG model. However, it appears that the 

generally midrange SKE model produces the best approximation to the experimental results. 

In the absence of velocimetry data for the experimental system it is not known whether the 

SKE model produces a better prediction of the turbulent flow fields.  

 

 Scaling between stirred tanks and pipelines 

Scaling laws based on the Reynolds and Weber numbers have typically been used to translate 

experimental results for use in the field, but in this particular area they have to date been 

found to be unsatisfactory. In particular, predictions based on stirred cell results have not 

scaled with Reynolds number amongst similar experiments, and correlation between the 

different types of experiments has been poor. It is possible that the bulk characteristic lengths 

and velocities used to date in the dimensionless groups have not captured the critical aspects 

of the turbulent physics underlying droplet break up. 

CFD has been used here to investigate this, and potentially create a bridge to enable pipe and 

stirred cell scaling. The two systems investigated here have quite different features; the 

pipeline simulations reach an entirely steady solution with variation only in the radial 

direction, whereas the (baffled) stirred cell produces a constantly varying flow field with time 

and space. In addition, the structure of the turbulence will be very different, for example the 

stirred cells producing strongly swirling flow which will not occur in fully developed pipe 

flow. As such this section considers only mean values and should be taken as a possible 

indicator of scaling and not an exact scaling method. The strength of CFD is the ability to 

obtain measures of the universal scale of the turbulence, providing a fundamental 

characteristic which should translate across any flow field configuration. 

We start by looking at the correlation between TDR and the standard Reynolds number, a 

modified definition of the Reynolds number, and a turbulent Reynolds number. The TDR 

values for the pipeline are from axisymmetric simulations using water as the working fluid. 

The simulations use periodic boundary conditions with a mass flow condition to achieve the 



106 

 

required Reynolds number. The RANS equations are closed using the Standard k-ω (Wilcox, 

1998) turbulence model with the low Reynolds correction (Wilcox, 2006) as selected 

previously. 

Figure 4.14 shows a plot of the maximum TDR predicted by the simulations against the 

Reynolds number for the tank and pipe. Using the standard definitions of the Reynolds 

number, the results of the two simulations results appear unrelated. One potential issue with 

the current definition of the tank Reynolds number is that the definition of the scale velocity 

uses a ‘reduced’ tip velocity, with the factor of 2π having been omitted. While this is a 

natural simplification to make for comparison between stirred cells, it can be argued that it is 

an incorrect simplification to make when making comparisons between systems of different 

mixing geometries. If we instead consider the length scale to be the circumference swept by 

the blade tip it is immediately notable that the tip velocity is recovered. The stirred tank 

Reynolds number then becomes: 

𝑅𝑒𝑡𝑎𝑛𝑘,𝐷 =
𝜌𝜋2𝑁𝐷2

𝜇
(4-8) 

and the pipe Reynolds number remains unchanged: 

𝑅𝑒𝑃𝑖𝑝𝑒 =
𝜌𝑈𝐷

𝜇
(4-9) 

With access to the numerically resolved fields a Reynolds number based on the maximum 

turbulent quantities is also considered. 

Defining the characteristic velocity as the square root of k, the maximum turbulent kinetic 

energy that occurs in a revolution, and the characteristic length scale using the hydraulic 

diameter of the system we get a turbulent Reynolds number: 

𝑅𝑒𝑇 =
𝜌√𝑘𝐷ℎ

𝜇
(4-10) 
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Figure 4.14: Maximum Turbulent Dissipation Rate vs Standard Reynolds Number for a 

1-inch pipe and 1-inch stirred cell 

 

Figure 4.15: Maximum Turbulent Dissipation Rate  vs Stirred Tanks Reynolds Number 

and Standard Pipe Reynolds Number for a 1- inch stirred and 1-inch pipe 
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Figure 4.16: Maximum Turbulent Dissipation Rate vs Turbulent Reynolds Number vs for 

a 1-inch stirred cell and 1-inch pipe 

Figure 4.16 shows that plotting the maximum TDR against the turbulent Reynolds number of 

Equation (4-10) for both systems gives a substantially better correlation between the pipe and 

stirred cell data. As a method to compare the closeness of the fits we consider the coefficient 

of determination of a linear fit to the log-log data for each Reynolds number. For the two 

standard Reynolds number R2 = 0.627. Using the modified form for the stirred cell R2 = 

0.965. For the data sets using the turbulent Reynolds number the coefficient of determination 

is R2 = 0.968, a significant improvement compared to the Standard Reynolds numbers. It’s 

worth noting that the location of the two maximums (TKE and TDR) occur in different 

locations for the pipe and stirred cell. For the pipe the maximum TKE (see Figure 4.18) and 

TDR (see Figure 4.19) occur near the wall in the boundary layer. For the stirred the 

maximum TDR occurs in the boundary layer near the tip of the blade and the maximum TKE 

occurs the behind the blade in the jet generated by the movement of the blade, as seen in 

Figure 4.17.  While the R2 are similar between the two updated Reynolds Numbers it should 

be noted that the equivalent Reynolds Numbers between the two systems are quite different. 

For example, using the modified Reynolds Number the pipe Reynolds Number at 20000 is 

equivalent, in some sense, to a stirred system running at 400 RPM while using the new 

turbulent Reynolds Number the same pipe simulation is equivalent to a stirred cell at 700 

RPM. More data will be necessary to determine which of the two is a better predictor of 

behaviour.   
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The better correlation between the turbulent Reynolds number and the TDR is to be expected. 

The TKE and TDR are intrinsically linked as an increase in the amount of energy in the 

system (the TKE) needs to be balanced by its dissipation (TDR). It is important to note 

however, that in non-steady systems it is not necessary for the peaks of the two to occur at the 

same place and same location. Comparing Figure 4.12 and Figure 4.17 for an stirred the two 

are separated by both time and space. For the pipe (Figure 4.18 and Figure 4.19), the two 

peaks occur near the same location, with the TDR peak occurring slightly deeper in the 

boundary layer. The peak TDR occurs 0.16 mm (Y+ ≈ 7.3) from the wall for the system in 

Figure 3-16 against 0.32 mm (Y+ ≈ 14.6) for the TKE. 

 

 

 

Figure 4.17: Contour plot of TKE from the 1000RPM (Ret of 3363) Simulation at the 

point where the periodic TKE has reached a maximum. The block cross is 

the location of the local (and hence global) maximum TKE noting that due to 

the symmetric nature that the same values exist behind each vane. 
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Figure 4.18: Contours of TKE for the 1-inch Pipe simulation at a Pipe Reynold Number 

of 20000, Ret of 2050. The peak turbulence occurs in an axisymmetric layer 

near the wall. 

 

Figure 4.19: Contour of TDR for 1-inch Pipe simulation at Re = 20000, Ret = 2050. The 

peak TDR is near the wall, close to where the peak TKE is located. 
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 Scaling Across System Sizes 

As droplet size data is not available for pipe systems it is necessary to use a proxy, in this 

case the maximum turbulence dissipation rate will be used as it has shown, and in later 

chapters will be confirmed to be, an reasonable measure across disparate apparatuses for 

correlating the mean droplet size. A method for scaling up results should be broadly 

applicable, while in the above investigation we looked at only scaling across systems with the 

same diameter. If we consider the effect of increasing the diameter of the pipe, then to 

maintain the Reynolds Number the velocity must be reduced by a similar value. Both effects 

will act to reduce the shear-rate and hence the production of turbulent energy and its 

dissipation rate. In Table 4.12 the maximum predicted TDR is given for different pipe 

diameters at a set Reynolds Number. It is apparent that the dissipation rate increases by an 

order of magnitude as the pipe diameter is reduced by a factor of 3.  

Table 4.12: Maximum Turbulence Dissipation Rate predicted by simulation for different 

pipe diameters at a set Reynolds Number of 107560 

Diameter 

[mm] 

Maximum 

Turbulence Dissipation Rate 

[m2/s3] 

25.4 859.2 

50.8 53.3 

76.2 10.6 

 

 

 

 

 

 

 

 

 



112 

 

Figure 4.20 plots the TDR against the Reynolds Number for three pipe diameters and shows 

that a banding structure appears based on the diameter of the pipe.  

 

Figure 4.20: Maximum Turbulent Dissipation Rate vs the Standard Reynolds Number for 

a set of pipe diameters. 

Plotting the maximum TDR predicted against the turbulent Reynolds number in Equation 4-

10, Figure 4.21 shows the same banding structure.  

 

Figure 4.21: Maximum Turbulent Dissipation Rate vs Turbulent Reynolds Number given 

by Equation (4-10) for the series of different pipe diameters. 

 

This isn’t necessarily a failing of the proposed approach, but could rather be because using 

the maximum TDR directly is not a good proxy, as literature (e.g. Zhou and Kresta (1998a), 
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Pesch et al. (2019) ) and work later in this thesis show a power behaviour. Unfortunately, 

direct experimental results of droplet diameters are difficult to find in literature due to the 

difficulty of the experiments. Follow on work from this thesis might consider using CFD and 

a multiphase module (either VoF or Eulerian-Eulerian) to analysis the droplet behaviour in a 

pipe system and use that as a proxy for experimental data.  

 Conclusion 

It has been shown that an experimentally determined correlation function proposed by Zhou 

and Kresta (1998a) performs well in predicting mean droplet sizes when coupled to the 

maximum turbulent dissipation rate data produced by a 2D RANS simulation. When 

compared against the experimental results of Aman et al. (2015), the simulation data and 

correlation function predicted droplet sizes with an average deviation of 12.1% inside the 

Reynolds number region where the function is applicable.  When compared to the values 

predicted by the model of Wang and Calabrese (1986) it can be seen that a TDR model may 

have a broader region of applicability before recalibration of the model constants is 

necessary. 

Likewise, the TDRs produced by the simulation provided estimates of the Kolmogorov 

length scale that provided a reasonable lower limit for the experimental data, which based on 

the experimental results of Zhou & Kresta (1998) is an interesting phenomena as their results 

did not show the same correlation except at very high TDR. This could be a simply an 

unfortunate combination of simulation results (RANS is known to produce only marginally 

accurate results) and experimental limitations or it could be a genuine effect of the apparatus 

geometry. We also considered two alternative definitions for the Reynolds number of stirred 

tanks to more accurately capture the influence of turbulence. By replacing the blade diameter 

with the swept tip circumference as the characteristic length, the coefficient of determination 

(R2) increased from 0.627 to 0.965. Using turbulent field data (by using the square root of the 

TKE as the characteristic velocity) from the simulations to build a “turbulent Reynolds 

number” R2 was increased to 0.968, a significant improvement compared to the standard 

definitions.  

An additional limitation of the work presented here is that the simulation was performed only 

in 2D. Based on the gap between the vane and the baffle and the height of the vane to the cell 

this is considered a reasonable approximation to make. For more general stirred cells this will 

not be a valid approximation and the full 3D flow field should be considered. However, for 
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the system considered here the reduction to 2D was a necessity to allow the simulations to 

run on the available computing equipment. To cover the stirrer alone, using the same mesh 

density as mesh two, would require ~120 million elements.  

While the RANS simulations used here produce a reasonable snap-shot of the time-averaged 

transient behaviour of the stirred cell, the work of Zhou and Kresta (1998a) has shown that 

the instantaneous values of turbulent quantities govern the breakup of droplets. 3D models 

using scale-resolving simulations are accordingly recommended for future work, to determine 

whether the extra computational resources required for these simulations will produce more 

accurate droplet predictions.  

  



115 

 

 The Effect of an Inline Blockage on the Formation 

of a Turbulent Free Jet 

 Introduction 

The breakup of multiphase jets and the associated mixing of species is critical in chemical 

processes, food and pharmaceutical production, and disaster response. The droplet size in 

particular will strongly influence reaction rates and the fate of the jetted fluid.  

Hinze (1955) and Kolmogorov (1949) identified that the droplet break up process (the final 

stage in the breakup of the jet) is linked to the turbulent energy at the scale of the droplet. 

Calabrese et al. (1986) considered an integral over the turbulent energy spectrum 

(Kolmogorov, 1941) to obtain the droplet breaking stress as a function of turbulent 

dissipation rate, which was then related to bulk parameters by arguing that the turbulent 

dissipation will be a scaled value of the bulk dissipation rate. Understanding the turbulence in 

a jet at the exit and in the near field would accordingly appear essential to understanding and 

modelling the breakup process. 

The configuration of the flow path within the well-head during the blowout event will 

influence the turbulent state in the hydrocarbon jet. During the later stages of the Macondo 

event, the damaged riser section was removed in preparation for the top stack to be installed. 

Until this was accomplished, oil and gas were free to flow through the ruins of the Blowout 

Preventor (BOP) and into the Gulf of Mexico. Inside the BoP, the remains of both the Upper 

Annular Preventor (UAP) and Blindshear Ram (BSR) are of interest.  

 

Figure 5.1:  Illustration of the remnants of the upper annular preventor recovered from 

the BOP of the Macondo Blowout based on a photograph (DNV, 2011) 
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Both systems were activated in the earlier stages of the blowout event, but failed and were 

left in a partially closed state (USCSB, 2014, DNV, 2011). 

As a result, the turbulent state of the blowout jet exiting the damaged BoP would be 

considerably different to the state expected in a jet exiting a straight pipe (which is the 

configuration often used in the experimental investigations that have followed the Macondo 

event). Understanding the potential extent of this difference is the focus of this chapter, and 

has been accomplished by using Computational Fluid Dynamics (CFD) to model the effect of 

the introduction of disturbances in the form of orifice plates at varying distances upstream of 

a jet exit in a single-phase jet flow. 

The evolution of a free jet is governed by the exit profiles of the mean velocity and the 

velocity fluctuations (e.g. turbulence kinetic energy k and turbulence dissipation rate ε). 

Previous investigations of jet behaviour have been conscious of the impact of upstream 

turbulence, and in some cases care has been taken to ensure that the incoming flow has been 

“conditioned”, just as grids and perforated plates are extensively used in wind tunnels to 

generate nearly isotropic turbulence away from the region of flow establishment (Wu et al., 

2016, Tresso and Munoz, 1999). Quinn (2006), for example, used a flow conditioner to 

manage the state of the flow upstream of a jet exit.  

The most well studied method of altering the behaviour of a jet is using nozzles of varying 

geometry. This has included conventional smooth contraction, orifice and straight pipe 

nozzles (see for example (Mi et al., 2007, Quinn, 2006, Xu and Antonia, 2002, Xu et al., 

2013b, Mi et al., 2010, Mi et al., 2001b)), as well more exotic choices like crosses and 

triangles (Mi and Nathan, 2010). Modifications to the flow in the region just outside the pipe 

exit using wire rings (Sadeghi and Pollard, 2012), at the end of the pipe using vortex 

generating structures (tabs) (Mi and Nathan, 1999, Reeder and Samimy, 1996), and using a 

perforated plate in co-flow impinging jets (Stein et al., 2011, Böhm et al., 2010) have also 

been investigated. The effect of the changes was not always intuitive; for example Mi and 

Nathan (1999) found that the introduction of two tabs produced a higher mixing rate than 

introducing four tabs. 

The effect of upstream disturbances, on the other hand appears to be less well studied. In the 

LES analysis of a jet system, He et al. (2018) observed that situating a rib-style disturbance 

one pipe diameter inside the pipework produced significantly higher mixing than 

conventional straight-pipe and orifice-type nozzle arrangements due to the additional 
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production of turbulence upstream of the exit. There has been some success applying models 

based on turbulent quantities to predict droplet sizes; for example Zhou and Kresta (1998a) 

have successfully predicted droplet sizes for stirred systems using very different stirring 

configurations. In the previous chapter it was shown that a simple 2D RANS model could 

provide the turbulent dissipation rate data required to apply the Zhou and Kresta model. 

Despite the impact of turbulence on droplet sizes being well understood, it has been common 

in the development of models for predicting droplet size distributions to use dimensional 

arguments to replace explicitly turbulent quantities (such as k and ε) with bulk flow 

parameters (such as mean velocity and system diameter).  Boxall et al. (2012), for example, 

used dimensional reasoning to replace the dissipation rate with bulk parameters in their 

analysis. 

This reasoning is understandable, as turbulence information is difficult to measure and 

requires numerical modelling to fully explore. However, despite being based on the initial 

assumption that droplet sizes relate to turbulence energy, the resulting models become based 

on bulk parameters that cannot capture the impact of upstream turbulence generation.  

In a blowout event, flow conditioning will not be present, and the flow upstream of the exit 

will be subject to a variety of disturbances. It will rarely be a fully developed pipe flow and 

may exhibit a variety of velocity and turbulence profile forms (and, importantly, turbulence 

magnitudes).  

This variability is evident in experimental investigations undertaken to explore the Macondo 

blowout. Johansen et al (2013), and Brandvik et al (2013, 2017a, 2017b) have used a variety 

of flow configurations upstream of the release point, with examples illustrated in Figure 5.2. 

These studies used different facilities; the Tower Basin at SINTEF in Trondheim (Johansen et 

al, 2013), and the OHMSETT wave tank in New Jersey (Brandvik, 2017a). The OHMSETT 

experiments used a towed array incorporating a T-junction with a 90° turn between the inlet 

and the outlet. The Tower Basin used a fixed release point with a relatively straight upstream 

pipe for earlier, lower Reynolds Number testing, as well as a fixed version of the 90° tee 

junction system used at OHMSETT for high Reynolds testing. 
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Figure 5.2:  Schematic sketches of the flow path (based on published photographs of the 

experimental equipment) before the release point in experimental equipment 

used by a) Brandvik et al. (2013)  and b) Brandvik et al. (2017a) for small 

scale and large scale droplet size experiments. 

 

It was found that the data from OHMSETT showed a better correlation to the model than the 

data for the Tower Basin, with the authors noting that the difference could be due the 

measurement equipment being set up slightly differently. The data used to calibrate the 

Modified Weber Model comes from a set of experiments with a much smaller nozzle size (1-

3mm) and the apparatus has a longer section of straight pipework than the large diameter 

releases. Observing the trend in the data, apart from the 25mm nozzle experiments, the model 

overpredicts the droplet size to a varying degree. From Figure 5.2 it is clear that the upstream 

flow paths in the two facilities are significantly different and will likely alter the turbulent 

state at the jet exit. These results could therefore be due to the varying generation of upstream 

turbulence in the different experimental facilities – and, importantly, all of these 

configurations differ significantly from the flow field in the Macondo event. 

 Importantly, these jet break-up models can only predict changes to the mean droplet size if 

the effects of changes to the system are adequately represented by changes in bulk system 

properties. For example, the effect of dispersants can be observed through a change in the 

Weber Number in all the models.  
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On the other hand, while changes in the nozzle diameter can be captured by these models, the 

effect of turbulence generating structures inside the pipework leading to the release point 

cannot. As these structures do not affect any of the bulk system properties, they are not 

accounted for by any of the above models.  

This chapter will focus on quantifying the effect of upstream disturbances (in the form of 

orifice plates) placed at varying distances upstream of the jet exit on the exit turbulence and 

the evolution of turbulence in the jet downstream of the exit. The objective is to evaluate and 

quantify the importance of upstream flow configuration and provide a basis for development 

of models that directly account for turbulent quantities. 

 Turbulence Model Evaluation and Selection 

Once again, it is necessary to test each closure model against experimental data to determine 

which model gives the most accurate results for a given situation. For this stage of the 

investigation, the performance of the turbulence closure models has been evaluated against 

the experimental data of Shan et al. (2013) for the flow of water through an orifice plate. 

Shan et al. (2013) fitted a 46 mm diameter pipe with a 28.5 mm diameter orifice plate, 

yielding a β ratio of 0.62. The plate was 5 mm thick. The bulk mean velocity of the working 

fluid, water, was set to achieve a Pipe Reynolds Number of 25000, ensuring turbulent flow. 

Measurements of the flow were obtained using Particle Image Velocimetry. The upstream 

fetch (given as greater than 70D) was sufficient to ensure that the flow entering the orifice 

plate could be considered fully developed.  

The Turbulence Closure models evaluated were:  

• Standard k-ε, or SKE (Launder and Spalding, 1972), 

• Renormalizable Group k-ε, or RNG (Yakhot and Orszag, 1986)  

• Realizable k-ε, or RKE (Shih et al., 1995) k-ε 

• Standard k-ω, or SKW (Wilcox, 1988) 

• Baseline k-ω, or BSL (Menter, 1993)  

• Shear Stress Transport k-ω, or KW-SST (Menter, 1993)  

• Linear Pressure-Strain Reynolds Stress, or LPS (Gibson and Launder, 1978),  

• Baseline Reynolds Stress, or BSL-RSM (ANSYS Inc., 2015a) 

• Stress-Omega Reynolds Stress, or SO-RSM (Wilcox, 2006) 
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 Mesh Configuration  

All the simulations presented in this chapter were solved using a steady-state axisymmetric 

formulation.  

To determine the mesh refinement needed to achieve mesh independent results, uniform 

meshes representing Shan et al.’s geometry were generated, with quadrilateral element mesh 

sizes of 1 mm, 0.6 mm, 0.375 mm, and 0.25 mm. 20 Inflation layers with a growth rate of 1.2 

and a smooth transition were applied. Fully developed mean velocity and turbulence profiles 

(derived from SKE straight pipe models) were applied at the inlet. A pressure-outlet 

boundary condition was applied at the outlet, and the pipe and orifice plate walls were taken 

to be smooth (zero roughness). Fluid properties were for water at 300 K (ρ= 996.555 kg/m3, μ 

= 8.5440E-4 Pa s), matching those used in the simulations presented by Shan et al. 

 For all simulations, the spatial discretisation was 2nd order for the momentum, turbulence and 

pressure. Gradients were reconstructed using a least squares procedure. For the ε-based 

models the Enhanced Wall Treatment was selected, otherwise no changes were made to the 

default configurations of the turbulence closure models. Local residuals for all equations 

were required to drop below 10-6, and monitors of mean inlet pressure, maximum outlet 

velocity and maximum domain turbulence kinetic energy were required to change less than 

10-6 between an iteration for the simulations to be considered converged. 

Monitors of the maximum values of velocity and TKE in the domain were used to evaluate 

the effect of spatial discretisation, with the results summarised in Table 5.1. As there is less 

than 1.7% difference between the maximum TKE predicted by meshes M3 and M4 (and a 

smaller difference between the predicted maximum velocities), mesh M3 was deemed to be 

sufficiently refined to be used for turbulence closure model evaluation. This is further 

confirmed by the profiles of mean velocity (axial component) along the centreline and 

profiles of TKE along a radius presented in Figures 5.3 and 5.4, in which there is good 

agreement between the predictions of meshes M3 and M4 across the domain. 

 

 

 



121 

 

 

Table 5.1: Effect of mesh variation on the peak velocity and TKE along the centreline 

Mesh 

Sizing 

[mm] Volumes 

Max TKE 

[m2/s2] 

% 

Variation 

Max Vel 

[m/s] 

% 

Variation 

M1 1 50760 0.09251  1.725  

M2 0.6 99710 0.08668 6.7% 1.687 2.3% 

M3 0.375 205881 0.08209 5.6% 1.657 1.8% 

M4 0.25 411792 0.08069 1.7% 1.645 0.7% 

 

 

Figure 5.3: Variation of the predicted mean velocity (axial component) along the 

centreline as the mesh is successively refined. The trailing edge of the orifice 

plate is at x=10 mm. 
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Figure 5.4: Predicted Turbulent Kinetic Energy profile along a radius located one pipe 

diameter downstream of the orifice plate for the four meshes tested.  

 

 Turbulence Closure Model Evaluation 

The normalised centreline mean velocities (U/Umax) predicted by the KW-SST, SKE and 

RMS-LPS are plotted against the experimental data of Shan et al in Figure 5.5.  The SKE 

model clearly yields the closest match to the experimental data for centreline velocities over 

the greatest range downstream of the orifice plate. 
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Figure 5.5: Comparison of model predictions of normalised mean velocity (axial 

component) vs normalised axial coordinate against the experimental results 

of Shan et al (2013). Umax is the maximum centreline velocity, R the radius 

of the pipe and x=0 at the trailing edge of the orifice plate. 

 

 

Figure 5.6: Comparison of predicted and experimental (Shan et al, 2013) profiles of 

normalised axial velocity along radii located at x = 1R, 3R, & 5R 

downstream of the orifice plate. 

 



124 

 

 

Figure 5.7: Comparison of predicted and experimental (Shan et al, 2013) radial profiles 

of normalised Turbulence Kinetic Energy positions of x = 1R, 3R, & 5R 

downstream of the orifice plate. 

 

Shan et al. (2013) also gave profiles of axial velocity along radii located at varying distances 

downstream of the orifice plate. In Figure 5.6 it appears that all closure models give a 

reasonable match to the experimental data close to the orifice plate (i.e. at 1R downstream of 

the orifice plate), but again with increasing distance downstream SKE clearly offers the best 

prediction. In Figure 5.7 it is apparent that none of the models give a particularly good 

prediction of the TKE profile along radii at small distances downstream of the orifice plate, 

but by a distance of 5R downstream SKE provides a good match to the experimental data. 

In addition to the qualitative observations from the plots in Figure 5.5 to Figure 5.7, 

consideration of the Absolute Average Deviation (Equation 4-5) confirms that SKE is the 

best performing model overall. It is interesting to note that while the SST model performs 

generally quite poorly it is the most accurate in the near orifice region for the radial velocity. 

The RSM-LPS model is also a suitable choice and might even be better near the wall as it 

appears to capture the near wall dynamics. However, the focus of this work is the effect that 

disruptions have on flows downstream of the disruption – and SKE clearly gives the best 

match to the experimental data with increasing distance downstream of the orifice plate (a 

region that would be critical for predicting mean droplet sizes generated by jet break up).   

Accordingly, the SKE model will be preferred for the simulations in this investigation. 
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Table 5.2:  Absolute Average Deviation for the turbulence models tested here against 

the experimental work of  Shan et al (2013). Total is the direct sum of all the 

Absolute Average Deviation. 

 Magnitude Radial Radial Radial Axial Axial Axial  

Model Centreline x = 1R x = 3R x =5R x = 1R x = 3R x = 5R Total 

SKE 0.0219 0.0126 0.0021 0.0021 0.0711 0.0521 0.0433 0.2052 

RSM-LPS 0.0998 0.0067 0.0038 0.0017 0.0383 0.0547 0.0729 0.2779 

BSL 0.1041 0.0047 0.0049 0.0027 0.0468 0.0588 0.0995 0.3215 

RNG 0.1028 0.0051 0.0048 0.0019 0.0539 0.0666 0.0988 0.3339 

RKE 0.1097 0.0035 0.0055 0.0028 0.0472 0.0744 0.1158 0.3589 

RSM-BSL 0.1258 0.0039 0.0056 0.0035 0.0502 0.0876 0.1267 0.4033 

SST 0.1209 0.0028 0.0067 0.0038 0.0398 0.0894 0.1481 0.4115 

SKW 0.1418 0.0038 0.0109 0.0044 0.0463 0.1269 0.2066 0.5407 

RSM-SO 0.1593 0.0059 0.0140 0.0052 0.0741 0.1500 0.2467 0.6552 

 

In selecting a model to predict the combined behaviour of orifice plate disruptions and a free 

jet, the fact that the SKE model is known to suffer from the round jet anomaly, which 

overpredicts the spreading rate of a free round jet (Pope, 1978), must be considered. This 

over-prediction can be addressed by modifying the C1ε constant, but for different nozzle 

configurations varying values of C1ε are required. Reinhardt and Kleiser (2014) found that to 

obtain an accurate spreading rate: 

• for a straight pipe nozzle, C1ε = 1.6 

• or a smooth contoured nozzle, C1ε = 1.50, and  

• for a sharp-edged nozzle, C1ε = 1.52.  

This uncertainty, and the fact that the default constants yield sound downstream results for 

the orifice plate, means that it is not clear that a modification C1ε of would actually improve 

results. It has also been shown (Smith et al., 2004) that jet spreading rate predictions are not 

improved by the modification,  with a long straight pipe nozzle predicted to exhibit a greater 

spreading rate than either of the other two nozzle types, the opposite of what was seen in 

experiments. And of course, this is not a free jet, it is confined within a pipe. 
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Miltner et al. (2015) has shown that the SKE model is the best choice of the two-equation 

RANS models for the near field prediction of the velocity and turbulence in a straight and 

slightly swirling free jet. For this work this indicates that the near field, where the primary 

breakup of secondary phases will occur, can reasonably be modelled using the SKE model.  

 Modelling of Jets with Disturbances at Varying Upstream Distance 

The model geometry for simulations of the free jet with an upstream disturbance in the form 

of an orifice plate is depicted in Figure 5.8. The incoming flow is modelled as a fully 

developed pipe flow with a diameter of 46mm for similarity with the turbulence model 

testing. The pipe exit is flush with the bottom surface of the quiescent domain. The bottom 

surface of the quiescent domain is treated as a smooth no-slip wall. An orifice plate with a β 

ratio of 0.5 was used, consistent with the narrower orifices expected in a blowout scenario. 

Once again, the flow rate was set to achieve a pipe Reynolds Number of 25000.  

To observe the effect of the upstream position of the disturbance, models were created with 

the orifice plate positioned at 1D, 2D, 3D, 4D, 5D, 6D and 7D upstream of the pipe exit. A 

“straight pipe” simulation with no orifice plate disturbance was also executed to establish a 

baseline for comparison. The fluid was water at the default values in Fluent™ (ρ=998.2 

kg/m3, µ = 0.001003 Pas). 

A uniform, semi-structured mesh is used in the upstream “pipe” section of the geometry 

(including the vicinity of the orifice plate). 20 Inflation layers using a smooth transition with 

a growth ratio of 1.2 were used on all walls to capture the near-wall behaviour, with the wall 

Y+ < 1 for all simulations. The uniform mesh was extended 10D and a radius of 1D into the 

quiescent domain, beyond which an unstructured quadrilateral-dominant mesh is used to fill 

the domain. Images of the mesh around the orifice plate and immediately downstream of the 

exit are provided in Figure 5.9.  
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Figure 5.8: Domain for the jet simulations, the position of the blockage is given as X mm 

or D from the trailing edge of the orifice plate to the pipe exit. Note that the 

diagram is not to scale 

 

 

Figure 5.9: Mesh around a) the orifice plate and b) Zoomed out view of the mesh 

showing the transition from the near field to the far field. Mesh is given as J3 

in Table 5.3.  
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To determine the spatial discretisation necessary to achieve mesh independence, the geometry 

with the orifice plate at 1D upstream of the exit was modelled with 4 meshes, with near field 

element sizes of 1 mm, 0.6 mm, 0.4 mm, and 0.25 mm. The maximum values of velocity and 

TKE on the centreline were used to evaluate the effect of spatial discretisation, with the 

results summarised in Table 5.3. As there is less than 1% difference between the values of 

maximum centreline velocity and maximum TKE predicted by meshes J3 and J4, mesh J3 

was deemed to be sufficiently refined to be used for the analysis of turbulence generating 

structures. This is further confirmed by the plots of velocity magnitude along radii located at 

the pipe exit and 5D into the domain presented in Figure 5.10 in which little difference is 

evident between the predictions of meshes J3 and J4.  

 

 

 

 

 

 

 

 

Figure 5.10: Profiles of velocity magnitude against normalised radial coordinate along radii at the 

pipe exit (0D) and at five diameters away from the pipe exit 
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Table 5.3:  Variation of the peak values of turbulence kinetic energy and velocity along 

the centreline for the four meshes used for the mesh density analysis 

Mesh Pipe/Near 

Field 

[mm] 

Far 

Field 

[mm] 

Volumes Peak 

Centreline 

TKE [m2/s2] 

% 

Change 

Peak 

Centreline 

Velocity [m/s] 

% 

Change 

J1 1 10 194149 0.358  3.08  

J2 0.6 7 420716 0.373 4.1 3.02 1.9 

J3 0.4 4 1125160 0.384 2.7 2.99 1.0 

J4 0.25 2.5 2829723 0.387 0.9 2.97 0.8 

 

Details of the final mesh sizing are given in Table 5.4. For a free jet it would be ideal if it 

were situated in an infinite domain, or if boundary conditions capable of mimicking infinite 

domains were available. As neither are possible it is instead necessary to test the domain size 

to ensure that the far-field boundary conditions have minimal effect on the jet. This is 

particularly important for the pressure inlet boundary condition used on the domain 

boundaries, as the turbulence and velocity profiles are not known a priori, and so cannot be 

prescribed.  

The flow drawn in from the pressure-inlet boundary was assumed to have a low level of 

turbulence, so the turbulent intensity was set to 0.1% and the turbulent viscosity ratio set to 5. 

While all the domains tested showed no effect on the near-field, the far-field was sensitive to 

the location of the boundaries. To monitor the effect, a radial line was monitored at x = 40D 

from the outlet of the pipe. The difference between the maximum TKE in the domain in 

Figure 5.8 and a larger domain was 0% to 5 significant figures, As such it was determined 

that with the pressure inlet and the SKE closure model the dimensions of the domain depicted 

Figure 5.8 were sufficient to yield satisfactory results.  

Table 5.4: Meshing values for the accepted mesh used for the jet simulations 

Small Size 0.4 mm 

Bulk Size 4 mm 

Total Number of Cells ~1.12 Million 

Wall Y+ [0.04, 0.46] 
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 Results 

 The Effect of Upstream Disruption on the State of the Fluid at the Jet Exit 

The near field development of a jet, and the breakup of multiphase jets, will be governed by 

the “state” of the fluid flow at the jet exit. The key state parameters are: 

• The velocity profile at the exit 

• The TKE profile at the exit (which in turn influences the Turbulence Kinetic Energy 

and Turbulence Dissipation Rate fields in the jet) 

Both parameters will be affected by the introduction of upstream disturbances such as orifice 

plates. The form of the velocity profile will be significantly altered downstream of the orifice 

plate and will take a significant distance to return to the natural fully developed profile. With 

regard to jet break up, the turbulence generated during passage through an orifice plate is 

perhaps more significant – it will be advected downstream, significantly altering the 

turbulence state at the jet exit. 

The predicted profiles of the axial velocity component along a radius located at the jet exit 

are presented in Figure 5.11. It is apparent that for the orifice plate placed 1D upstream of the 

exit the “internal jet” created by the orifice plate does not reattach before exiting; effectively, 

a narrower, higher velocity jet issues from the orifice plate into the domain. There is some 

Figure 5.11: The profiles of the predicted axial velocity component along a radius 

located at the exit of the pipe, for orifice plate positions ranging from 1 to 7 

diameters up stream of the pipe exit. 
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recirculation within the pipe, drawing fluid from the quiescent domain into the pipe, as is 

evident in the vector plot presented in Figure 5.12.  

The increased jet velocities, and the more concentrated shear layer generated by the presence 

of recirculation, both act to increase TKE generation. The increase is evident in Figure 

5.13(a), and the peak TKE levels at the exit when the orifice plate is located 1D upstream of 

the exit are in fact 155 times (2 orders of magnitude) greater than those generated by a 

straight pipe. The form of the TKE profile is also substantially altered (Figure 5.13(b). When 

the orifice plate is at 2D upstream of the exit the velocity and TKE profiles remain 

substantially altered, but for orifice plates at 3D and beyond reattachment appears to have 

occurred and with increasing upstream placement of the disturbance the velocity profiles tend 

towards the fully developed straight pipe profile. The TKE levels take longer to return 

towards undisturbed values – even for an orifice plate at 7D upstream of the exit the peak 

TKE at the exit is more than 3.3 times the value for the fully developed straight pipe profile, 

indicating that the TKE generated by upstream disturbances is transported and sustained over 

significant distances downstream.  

 

 

Figure 5.12: Predicted vector plot in the vicinity of the orifice plate and pipe exit for an 

orifice plate placed 1D upstream of the pipe exit. Note the recirculation zone, 

which draws fluid from the quiescent domain into the pipe. 
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Figure 5.13: Profiles of TKE along radii located at the pipe exit predicted by the CFD 

models. (a) Raw TKE values, illustrating the altered magnitude of TKE and 

b) TKE normalized by maximum TKE at the pipe exit, illustrating the altered 

form of the TKE profiles 

The normalised TKE profiles in Figure 5.13 (b) (normalised by the maximum TKE at the 

pipe exit) illustrate the manner in which the form of the profiles is altered by the introduction 

of the upstream disturbance. With the orifice plate at 1D, the TKE profile is as would be 

expected for a jet (albeit a narrower one), with peaks around the radial location of the shear 

layer. At 2D, 3D and 4D, however, an almost parabolic profile is evident, with TKE 

concentrated preferentially towards the centreline of the pipe.  The 5D though 7D profiles 

show the formation of an inflection point near the pipe wall, as the turbulence in the centre of 

the pipe starts to decay and the influence of the shear layer near the pipe wall regains its usual 

significance. It remains clear, though, that the disturbance would have to be much further 

upstream for the usual fully developed pipe flow turbulence profile to be restored. Testing 

using a SKE model of a long pipe (with a downstream fetch of 80D) shows that the centreline 

velocity, TDR and TKE take roughly 35D from the orifice plate to return to within 5% of the 

expected value for a fully developed profile. 

When the orifice plate is close to the exit, the change in the pipe boundary layer is dramatic. 

The flow at the pipe boundary is going to be the first to interact with the quiescent external 

medium as the flow exits the pipe. In these cases, the behaviour of the jet is so extensively 

modified that it cannot be considered a fully developed jet in the same vein as the classic 

release from a straight pipe. 
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Figure 5.14:  Contours of TKE predicted by the CFD models for the straight pipe, and 

the orifice plate located at 1D, 4D, and 7D upstream of the exit. The 

maximum value for the contour plot has been limited to the maximum value 

for the straight pipe. 
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Figure 5.15: Contours of TKE dissipation rate (TDR) predicted by the CFD models for 

the straight pipe, and the orifice plate located at 1D, 4D, and 7D upstream of 

the exit. The maximum value for the contour plot has been limited to the 

maximum value for the straight pipe. 
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Figure 5.16: Contour plots of velocity magnitude for the straight pipe and systems with 

the orifice plate located at 1D, 4D and 7D. Contours are limited by the 

maximum velocity observed in the straight pipe simulations 

 

The contours of TKE, TDR and Velocity Magnitude in Figures 3.4-3.6 show that the changes 

in the velocity and turbulence fields significantly influence the form of the jet after it has 

exited the pipe. When the orifice plate is located at 1D and 4D upstream, a region of elevated 

TKE and TDR at the jet centreline extends well downstream of the exit. The TKE that would 

normally be generated in the shear layer at the boundary of the jet is overwhelmed by the 

TKE generated by the orifice plate that has been advected downstream. With the orifice plate 

located 7D upstream of the exit, the form of the TKE and TDR fields is clearly shifting to 

approach that expected for an undisturbed straight pipe jet, though the magnitudes and the 

extent of the regions of elevated TKE and TDR are still clearly larger than for a straight pipe. 
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A full set of plots for velocity, TKE, and TDR with and without local limits on the magnitude 

are given in the Appendix. For most of the jets, in the raw contours the magnitude of all three 

parameters coming off the orifice plate obscure the detail of the external jet.  

In all cases, the increased turbulence leads to much more effective entrainment, resulting in 

broadening of the turbulence contours and a reduction in the levels of turbulence present 5D 

downstream of the pipe exit. For the case where the orifice plate is located 1D upstream of 

the exit, this does not occur as the turbulence generated by the disturbance has not had 

sufficient distance to decay and is advected into the quiescent domain. The faster entrainment 

is also evident in the plots of the velocity magnitude (Figure 5.16), which shows that the jets 

issuing from the pipe with upstream disturbances broaden more rapidly than the jet issuing 

from the straight pipe, causing the peak velocities at the centreline of the jet to decay more 

rapidly. The jet with the orifice plate located 1D upstream of the exit also shows the effect of 

the recirculation region, with significantly higher velocities near the jet centreline.  
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Figure 5.17: Predicted Turbulence Kinetic Energy profiles along radii located at x = 

1,2,3,4,5 and 10D downstream of the  pipe exit for all orifice plate positions. 

Note that while the y-axis is fixed, the x-axis scale changes and that the peak 

TKE drops by a factor of 20 from a) to f) 

 

  

a) x = 1D b) x = 2D 

c) x = 3D d) x = 4D 

e) x = 5D f) x = 10D 
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In Figure 5.17 the predicted profiles of TKE along radii located at distances ranging from 1D 

to 10D downstream of the exit are plotted. The turbulence profiles evident at the pipe exit are 

maintained at 1D downstream of the exit; at 2D and 3D downstream of the exit, the usual 

peak in TKE expected at the edge of the shear layer becomes evident for all cases except 

where the orifice plates were located from 1D-3D upstream of the exit. By 5D downstream of 

the exit, only the 1D and 2D upstream cases remain dominated by the centreline turbulence. 

By 10D downstream of the exit, all cases exhibit the usual TKE peak at the boundary of the 

jet shear layer. 

Interestingly at 3D downstream from the pipe exit the TKE magnitudes for the 3D and 4D 

cases switch position, i.e. the system with the orifice plate positioned at 4D from the pipe exit 

now has higher TKE than the 3D case. This is associated with the balance between the 

mixing of the jet and the amount of advected turbulence. At a distance of 10D from the 

orifice the jet with the orifice plate at 3D upstream of the exit has the lowest centreline TKE. 

This indicates that there is a change in the system dynamics when the orifice plate is placed 

between 3D and 4D upstream of the pipe exit, with a definite change in both the trend and the 

form of the TKE in the zone of flow establishment.  

For multiphase breakup the increase in both the level of turbulence and the extent of the 

region of elevated turbulence are important. Qualitatively it would be expected that an 

increase in the level of turbulence, and the broadening of the region of high turbulence where 

the two phases are in contact, would lead to a shift in the droplet size distribution, and a 

reduction in the mean droplet sizes.  

All the above simulations used the same fluid properties, flow rate, mean pipe flow velocity, 

outlet shape and diameter. While originally based on consideration of turbulence, the 

dimensional arguments used to derive the models represented in Equations 2-17, 2-19 and 

2-40 have resulted in the exclusion of turbulence parameters from the equations – all are 

based on bulk flow quantities and fluid parameters such as average velocity. As such, all 

would predict the same droplet size distribution for all the orifice plate positions considered 

in this investigation. With the difference in peak TKE levels observed between the straight 

pipe and disturbed models differing by as much as two orders of magnitude it is extremely 

unlikely that they would in practice return the same DSD. This is in addition to the observed 

changes in the behaviour of the flow fields, with the peaks changing location and the regions 

of high turbulence increasing in size.  
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Consider in particular the model of Johansen et al. (2013) given in Equation 2-40. It contains, 

through the dimensionless groups, some level of sensitivity to:  

• Pipe diameter 

• Jet and quiescent fluid densities 

• Jet fluid viscosity 

• Jet velocity 

• Gravity 

• Surface tension  

The derivation of the baseline model, noting some important changes to the underlying 

definitions and the inclusion of a Froude correction for buoyancy, can be found in the work 

of Calabrese et al. (1986) and Wang and Calabrese (1986). The derivation follows a similar 

line to Hinze (1955) and Kolmogorov (1949), and it does contain a fundamental component 

of turbulence, namely the turbulence dissipation rate, in the initial steps of the force balance. 

However, removing the explicit reliance on turbulence and replacing it with bulk quantities, 

while enabling simple calculations, has also desensitised it to the underlying turbulence. In 

this work it has been shown very clearly that the upstream conditions can have a profound 

effect not only on the magnitude of the turbulence observed in a free jet but also on the 

structure of the flow itself. In updating or replacing the models discussed earlier, the level of 

turbulence in the flow is a necessary component to achieve a broader range of applicability.  

 Quantifying Jet Turbulence using Single Point Correlations of 

Turbulence 

The use of centreline dissipation is a standard measure in the analysis of round jets. It is easy 

to measure, and, being an axis of symmetry, the turbulence dissipation rate can be resolved 

with a reduced number of measurement locations. In general, once the jets are fully 

developed this is a reasonable location to take measurements as it will be linked to the near-

field and should be the same under scaling.  In this section we will investigate whether this is 

still an appropriate measure for jets that have been modified by an upstream blockage. As the 

turbulent fields are fully resolved, in a RANS sense, it will also be possible to investigate 

other locations for use as a parameter for correlating between experiments.  

 Centreline Maxima 

The centreline maxima for each experiment are given in Figure 5.18. It can be observed that 

the TDR goes down in general from a peak value at the pipe outlet. The structure of the 
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centreline TDR is more complicated for the deeper set jet, with the TDR going down as the 

TKE generated by the blockage is dissipated, but then goes up slightly as the lobes of the 

shear-layer merge at roughly the same location as the straight jet. The disruption to the flow 

is sufficient that the profiles of the TDR for the jets with the blockage closer to the exit do not 

show this feature.   

 

Figure 5.18: Centreline Turbulence Dissipation Rate vs Distance from the pipe exit for 

the 8 systems consider here. The normalizing factor, D0, is the diameter of 

the pipe. 

 

While the behaviour of the centreline maxima is, in general, consistent with expectations, the 

location of the maximum is in a region where there is unlikely to be an interface in a 

multiphase flow, with all but the straight pipe having a maximum at the pipe exit.  
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 Choosing a specified location at a set distance from the pipe exit is complicated by the 

increased spread of the jet causing the centreline TDR to drop below that of the straight jet 

after ~5D (except for the jet with a blockage at 1D). If, for example, the location of the 

maxima for the round jet were taken then the TDR is lower for all systems (except the 1D), 

and the lowest is the system with a blockage located 3D upstream of the pipe exit as shown in 

Figure 5.19. 

 

 

 

 

 

 

 

 

 

Figure 5.19: Centreline TDR at the location of maximum centreline TDR for the straight 

jet 
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 Global Maxima 

One alternative is to consider a global maximum, where “global” is defined as the region 

outside the pipe (If we included the pipe region upstream of the exit then the maximum 

remains unchanged, as it occurs inside the throat of the orifice plate).  

The values returned are consistent what expectations (see Figure 5.20), with the maximum 

TDR increasing as the blockage is closer to the exit and the straight pipe jet having values 

much less than any of the disrupted systems.

 

Figure 5.20: Free domain maximum TDR vs the blockage location. Solid black line is the 

value for the straight pipe 

However, much like the centreline values the issue is the location of these global maxima. 

For the straight jet, and the systems with the blockage between 7 and 4D the global maximum 

occurs at the beginning of the shear-layer (Figure 5.21 depicts the system with the blockage 

at 7D).  
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Figure 5.21: Contours of TDR for the system with a blockage at X = 7D, black cross is 

the location of domain maximum TDR 

For the shallower set blockages, the location of the maximum arises below a distance of R 

from the axis, and occurs on the exit of the pipe, see Figure 5.22.  

 

 

Figure 5.22: Contours of TDR for the system with a blockage at X = 3D, black cross is 

the location of domain maximum TDR 

This is a region where an interface is unlikely to exist and so this value is not as useful for 

extracting information for breakup. For the disturbance located at 1D the situation is a bit 

different, with the maximum ~1/2 radius from the centreline, but with the introduction of the 

recirculation zone the location of the interface is less obvious. A multiphase simulation would 

be interesting in this situation. 

 Surface Average Measures of Outlet Turbulence 

While comparing local point maxima in TKE and TDR can provide an indication of the 

relative turbulence levels in different situations, it is unlikely to provide a satisfactory basis 
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for predicting average droplet sizes. The majority of fluid particles will not experience the 

peak TKE and TDR, as they will follow individual paths that pass through different points. In 

addition, while we are considering single phase jet simulations here, in multiphase jets the 

local maxima may not coincide with the phase interfaces where break up takes place. 

Therefore, to use or develop turbulence based equations to predict the average droplet size 

produced by jets, it is necessary to identify measures capable of representing in a cumulative 

or average sense the turbulence available for the fluid in the jet to experience as it exits into 

the quiescent domain. While in future work the modelling of multiphase jets is to be pursued, 

the current single-phase models do provide a basis for identifying suitable measures of the 

outlet turbulence and exploring the effect of upstream disruptions on their values – especially 

at the pipe exit, where the flow will still be essentially a single phase flow. 

Instead of looking at point measures, which are difficult to extrapolate from single-phase to 

multiphase systems, an integral average will be considered. The first component of this is to 

determine the surface over which to integrate. For this work a hemisphere has been 

considered. Given the interest in the average turbulence at the outlet, as well as its evolution 

at distances further into the domain, a hemisphere provides the simplest means of 

comparison. Other surfaces, including iso-contours of velocity, may be more representative 

of the flow structure, and may be worthy of further investigation in future.   

Integrating the TKE and TDR over hemispheres based around an origin at the centre of the 

pipe exit provides a cumulative measure capturing the overall range of experiences of the 

fluid exiting the pipe. Hemispheres with radii of r/R = 1, 2, 4, 6, 8, and 10 have been 

considered (where R is the radius of the pipe exit). The average from the surface integral is 

given by: 

𝐴(𝑟) =
∬ 𝑓(𝑟, 𝜃, 𝜙)𝑑𝜃𝑑𝜙

Ω

∬ 𝑑𝜃𝑑𝜙
Ω

=
1

𝐴𝐻𝑒𝑚𝑖𝑠𝑝ℎ𝑒𝑟𝑒
∬𝑓(𝑟, 𝜃, 𝜙)𝑑𝜃𝑑𝜙

Ω

 

 Ω is the hemisphere in consideration, and f(r, ϴ,ϕ) is the scalar of interest. For the 

axisymmetric models considered in this investigation there is no angular variation – that will 

become possible in scale resolving simulations to be considered in future investigations.  
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Figure 5.23: Hemisphere of radius 2R coloured by contours of TKE. As the model was 

axisymmetric, the slice was duplicated and rotated to obtain a 3D image. 

 

Figure 5.24: Integral of TDR plotted as a function of Hemisphere Radius 

 

In Figure 5.24 the surface integrals of TDR are plotted as a function of hemisphere radius. 

For all orifice plate positions, the average TDR decreases monotonically with increasing 

radius from the pipe exit; and the average TDR decreases on each hemisphere as the position 

of the orifice plate shifts further upstream of the exit. 
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The behaviour of the averaged TKE, however, is significantly more complex, as is evident in 

Figure 5.25 and Figure 5.26. The influence of the behaviour change observed in the contour 

plots can now be clearly seen. When the orifice plate is at distances greater than 4D upstream 

of the exit, the TKE surface integrals exhibit similar behaviour to the straight pipe jet 

For the shallow set (1-3D) orifice plates, however, the average TKE decreases with 

increasing distance downstream, as the turbulence is predominantly being generated inside 

the pipe prior to the exit. The normal generation of TKE in the quiescent domain at the jet 

boundary is being dominated by the turbulence that is generated within the pipe and advected 

into the quiescent domain. 

 

Figure 5.25: Plots of Average TKE vs the hemisphere size for the 8 simulations 

considered here. 

The system with the blockage at 4D is interesting in that it shows the initial behaviour of the 

shallow-set jets but then incorporates the generation of turbulence at the jet boundary in the 

quiescent domain to eventually exceed the average TKE values for the 3D orifice plate case, 

see Figure 5.26, for a zoomed in section showing the switch in behaviour. 
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Figure 5.26: Zoomed in average TKE showing the switch in order of the 3D and 4D 

upstream blockages. 

As this method captures both the magnitude and extent of the turbulence, it might be possible 

to use the hemisphere average TKE and TDR levels to predict the droplet size distribution as 

it changes through the domain – particularly the average on the first hemisphere (of radius R), 

located immediately around the exit. While it will be shown in Chapter 6 that the first 

hemisphere correlates very well with the mean droplet size, extending this to predict a change 

in the distribution, or the mean, as it changes is much more difficult. It would require that the 

average TDR/TKE be able to meaningfully capture the physics of interaction between the 

two phases, in particular the formation of instabilities on the interface (Kourmatzis and 

Masri, 2015).  
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Figure 5.27: Average TDR for the first hemisphere (radius R) vs Location of Upstream 

Restriction. The solid black line near the axis is for the simulation with no 

restriction.  

 

Figure 5.28: Average TKE for the first hemisphere (radius R) vs Location of Upstream 

Restriction. The solid black line near the axis is for the simulation with no 

restriction. 

 Figure 5.27 and Figure 5.28 shows that as the blockage gets closer to the exit the average 

TKE and TDR for the first hemisphere (radius R) increase. The increase in magnitude of 

these quantities can be very significant with the average TDR with the blockage at 1D being a 

factor of 55 times greater than the straight pipe, and the TKE a factor of over 30 times 

greater. Other integration surfaces might be considered, e.g. iso-surfaces of velocity that will 
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cover the regions that droplets will move through, but more multiphase data is necessary to 

make such a decision. This will be the subject of future investigation. 

Effect of β Ratio 

The effect of the orifice size can be investigated by altering the β ratio. For this thesis, ratios 

of 0.4 and 0.6 were investigated as well as the 0.5 considered in the previous section. As can 

be seen in Figure 5.29, the effect of increasing the β ratio is to increase the average outlet 

TDR. As the blockage is moved further upstream of the outlet the effect is minimised. For the 

blockage at 1D from the outlet the Average TDR varies from [2.64 – 16.63] W/kg, a variation 

of ~84%. When the blockage is 7D from the outlet the range has dropped to [0.18-0.19] 

W/kg, a variation of ~5%.  

 

Figure 5.29: Average TDR at outlet for varying blockage positions and β ratios. All 

simulation has the same fluid properties as earlier simulations. 

 Pressure Drop as a Predictor of Turbulence and Break Up: 

In industrial disasters the location of a blockage is unlikely to be known precisely, and the 

measurement of TDR just outside the exit will be difficult due to the typically optically 

opaque nature of turbulent oil and gas flows. One set of measurements that will be 

(relatively) easy to make is the pressure drop across a stack. This can be either from pre-

installed systems, or devices tapped in after the event. For the simulations here the pressure is 

measured at the wall at a location 1/2D from the inlet and 1/2D from the pipe exit. The 

difference is then reported.  

The presence of the blockage is easy to detect from the pressure drop, as a pressure drop 

nearly 100 times greater was observed between the straight pipe and the pipe with a blockage 

set only 3D from the pipe exit. The largest deviation arose for the system with a blockage 
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located 1D from the exit, with a pressure drop of 4400 Pa, over 120 times that of the straight 

pipe. It is more difficult to detect the location of the blockage based on the pressure drop, as 

the pressure differential between the deeper set systems is much smaller. The P predicted in 

the 3D and 7D cases is 0.2% different while the average turbulent dissipation rate at the pipe 

exit is 362% different. 

 

Figure 5.30: Pressure Differential vs Location of Upstream Restriction. Note the solid 

black line near the axis is the pressure differential for the straight pipe (dP = 

35 Pa) 

The mean pressure in the pipe returns to a linear profile very rapidly after the disruption, as 

seen in Figure 5-30. The nature of RANS simulations is that only these mean fields can be 

resolved. As we have already observed the flow fields are very turbulent for an extended 

distance away from the blockage. We would expect this to be reflected in the fluctuations of 

the pressure as well. Qing et al. (2006) showed that there are differences in the Power 

Spectral Density of the wall pressure out to at least several diameters from the orifice due to 

flow induced vibration. Scale resolving simulations will allow the investigation of the wall 

pressure PSD and correlation with observed levels of TDR.  
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Figure 5.31: Pressure profile for the blockage located x = 7D. Normalising factor for the 

x-axis is the pipe diameter 

 

 Conclusion 

In this chapter it has been shown that the upstream conditions in the pipework leading to a 

free jet must be accounted for when developing jet breakup models. The turbulence generated 

from an upstream disturbance will be advected downstream and affect the magnitude and 

distribution of turbulence at the exit. This in turn will alter the form and magnitude of the 

downstream velocity and turbulence fields in the free jet. 

Average TDR values determined by integrating over hemispheres of varying radii (with their 

origin at the pipe exit) have been considered. A monotonic decline in average TDR with 

increasing distance downstream of the exit was observed (as expected), with the nearest 

orifice plate producing an increase in average TDR of 54 times. An orifice plate located at 7D 

upstream of the pipe exit generated an average TDR 1.5 times greater than that expected for 

straight upstream pipe.  

The same averaging process was performed for the TKE and more complex behaviour was 

observed. The orifice plate located at 4D upstream of the exit exhibited a higher level of TKE 

further downstream of the exit than was the case when the orifice plate was located at 3D 
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upstream of the exit. This is likely due to a change in the ‘mode’ of the jet. For orifice plates 

close to the exit the flow fields are dominated by the turbulence advected downstream from 

the orifice plate. For orifice plates set further upstream the turbulence generated has decayed 

sufficiently that the behaviour of the jet is similar in form to one without any upstream 

disturbances, though the turbulence levels remain increased.  

A logical next step in this research would be to simulate a subset of these situations using 

scale resolving simulations to obtain a more complete picture of the effect of turbulence 

generated in the pipework on the formation of a free jet. Additional work should also be 

conducted to determine the effect of disturbances with varying levels of symmetry and shape. 
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 Applications of Single-Phase Turbulence to Liquid-

Liquid Jet Breakup 

In Chapter 4 it was observed that the TDR, along with an empirical equation, can be used to 

produce a reasonable estimate of the mean droplet sizes in a stirred cell. In this chapter this 

concept is extended to liquid-liquid jets. It is found that the experimental droplet sizes 

correlate very well with the TDR predicted by the RANS simulations. Following from 

Chapter 4, the TDR value taken from the simulation is the integral average over a hemisphere 

at the pipe outlet: 

휀�̅�Ω =
1

𝐴𝐻𝑒𝑚𝑖𝑠𝑝ℎ𝑒𝑟𝑒
∬ 휀(r)ⅆr

Ω
(6-1)  

While the complete data set follows a power fit reasonably well, the data can be split into two 

separate interaction domains. One, in the high dissipation region, follows an approximately 

inviscid model, while the other, identified as a low dissipation region, follows a more 

complete model that includes viscosity. The experimental data used to determine the 

coefficients in this model is sufficient to predict the effect of an upstream blockage very well. 

For this chapter, the experimental results of Pesch et al. (2020) are chosen for simulation due 

to the availability of complete physical data relating to the apparatus and chemicals used.  

 Experimental Apparatus 

The experimental equipment of Pesch et al. (2020) consisted of a pair of purpose built 

cylindrical acrylic-glass tanks: 

• a lab-scale unit with nozzle diameters of between one and seven and a half 

millimetres had a total height of 1.95m, inner diameter of 230mm and a volume of 

50L 

• a larger scale system, the pilot-plant scale, containing the 32 and 74mm nozzles was 

larger at a height of 5.5m, inner diameter of 486mm and a total volume of 700L.  

The outer diameter of the nozzle and distance from a movable base were kept constant for the 

lab-scale jets, at 3D and 10D respectively  (Pesch, 2019). For the larger scale systems this 

was not possible and the wall thickness of the 74mm nozzle was 3mm (Pesch, 2019). The 

wall thickness of the 32mm nozzle and the distance of either large nozzle inside the domain 

was not known and so for simulation were assumed to be 5 mm and 5D respectively.    
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Figure 6.1: Schematic of the apparatus used by Pesch et al (2020). First values are for the 

lab-scale system; second values are for the pilot-plant-scale. T is the wall 

thickness of the pipe entering the domain. The dotted line represents the area 

below a mobile plate in the lab-scale apparatus which is not installed in the 

pilot-plant-scale. 

 

Based on the figure in Pesch et al. (2020) there was a significant distance between the supply 

pump and the nozzle exit of the straight pipe, such that the incoming flow will be considered 

fully developed for the simulation boundary condition. 

The turbulent dissipation rate was measured using a planar PIV system with the turbulent 

dissipation rate resolved using the assumption of axisymmetric flow: 

휀 = 𝜈 (−(
𝜕𝑢′

𝜕𝑥
)

2̅̅ ̅̅ ̅̅ ̅̅ ̅
+ 2 (

𝜕𝑢′

𝜕𝑦
)
2̅̅ ̅̅ ̅̅ ̅̅ ̅
+ 2 (

𝜕𝑣′

𝜕𝑥
)
2̅̅ ̅̅ ̅̅ ̅̅ ̅
+ 8 (

𝜕𝑣′

𝜕𝑦
)
2̅̅ ̅̅ ̅̅ ̅̅ ̅
) (6-2) 

The droplets were sampled using an endoscopic method. A pair of commercially available 

systems were used for the smaller lab-scale experiment and a custom system was constructed 

for the pilot-scale system due to the larger droplet sizes.  
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The continuous phase (the single-phase for the PIV measurements) was deionised water, and 

the dispersed phase was a red-dyed technical white oil (H&R PIONEER 7467). Details of the 

physical properties of the two fluids are in Table 6.1.  

Table 6.1:  Physical properties of the continuous and dispersed phases used by Pesch et 

al. (2020)  

Property Values 

𝝆𝒄 997.05 kg/m3 

𝝆𝒅 801.42 kg/m3 

𝝁𝒄 0.00089 Pa s 

𝝁𝒄 0.0039 Pa s 

𝝈 0.037 N/m 

 

 Methodology 

The RANS modelling of the Pesch system must once again be validated. Following Miltner 

et al. (2015) and the work in previous chapters, the Standard k-ε model is chosen to close the 

RANS equations. When considering the average dissipation rate from the pipe exit, it might 

be more correct to use the Standard k-ω model with the Low Reynolds correction, due to its 

accuracy in predicting the flow in a pipe. However, the success of the Standard k-ε closure in 

the simulations of the orifice plate and the need to keep the models consistent for calibration 

purposes favours the use of the Standard k-ε model in this investigation.  

Zhao et al. (2014a) reported, based on the data of Eastwood et al. (2004) that the maximum 

value for the centreline turbulent dissipation rate is given by: 

휀 = 𝐶𝜀

𝑈0
3

𝐷0
 (6-3) 

with Cε=0.003. 

As shown in Figure 6.2, for the jet systems of Pesch et al. (2020), Cε becomes independent of 

the Reynolds Number beyond Re ~10,000, with the Standard k-ε model giving a value of 

Cε=0.006 for the region where it is constant. This is within the order of magnitude of the 

experimental results, given the noted limitations of the Standard k-ε model this is considered 

to be an adequate result.  
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Figure 6.2: Simulated reduced Turbulent Dissipation Rate (Centreline Maximum) vs 

Reynolds Number for the systems tested by Pesch et al (2020). 

It is noted that Zhao et al. (2014a) appear to claim that the centreline dissipation rate is 

relatively constant from the peak to pipe exit. 3D models of the jet indicate that this is not 

correct; the TDR is constant out from the pipe exit for several diameters but rises rapidly 

when the spreading lobes of TKE from the shear layer that forms at the pipe exit interact, as 

shown in Figure 6.3 and Figure 6.4 from the simulations of the 32mm pipe at Re=24000. 

 

Figure 6.3: Contours of Turbulence Dissipation Rate for the D=32mm Re = 24000 jet 

using the Standard k-e closure model. The yellow cross is the location of the 

centreline maximum. 
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Figure 6.4: Plot of centreline Turbulent Dissipation Rate for the D=32mm at Re = 24000 

Jet. Reduced Axial Coordinates are the axial coordinates shifted so that the 

pipe exit is at Z = 0 and then made dimensionless using the pipe diameter. 

Note: The plot has been truncated so that the region of interest is clear.  

Figure 6.5 shows that for the integral averaged TDR at the pipe outlet the trend is similar, but, 

unlike the centreline-based data, does not appear to have reached a constant value by the time 

Re = 25000. 

 

 

Figure 6.5: Simulated reduced Outlet Average Turbulent Dissipation Rate vs Reynolds 

Number for the systems tested by Pesch et al. (2020). 

The turbulent dissipation rates for the simulations are taken using the dispersed phase (white 

oil) as the single-phase. This should give a more accurate value for the magnitude of the 

turbulence entering the domain. This is in comparison to Pesch et al. (2020) who used the 
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continuous phase (DI water) as the single-phase. This should have only a marginal effect on 

the peak TDR values observed due to the two phases being of similar density and viscosity. It 

would also not be possible to obtain data from the jet using oil, due to the oil being opaque at 

optical wavelengths.  

The mesh and domain were tested to ensure that an appropriate element and domain size 

were selected. Due to the number of models used in this chapter the data for this is given in 

Appendix 1.3. All simulations used a short periodic domain to generate the inlet boundary 

conditions. This allowed the use of a short upstream fetch between the pipe inlet and outlet as 

the flow did not need to develop. The precise details of the meshes are given in Appendix 1.3 

but for all simulations the wall y+ was strictly enforced to be ~0.3 inside the pipe. While the 

near-outlet geometry could be matched to the experiments (Pesch, 2019) for the three 

smallest diameter pipes, the thickness of the 32mm pipe and the length of the large diameter 

pipe in the domain where not known. So, both pipes were set to the thickness of the 72mm 

pipe (5mm) and were placed a consistent distance inside the domain (5D).   

The outlet integrated area average dissipation rate proposed in Chapter 5 will be used in the 

following analysis. While this might have the potential side effect of missing additional 

physics, for example additional energy from a current in the domain, this could be added in 

later using an appropriate method. This method still needs to be determined, from either a 

simple sum of dissipation rates: 

휀𝑡𝑜𝑡𝑎𝑙 = 휀𝑖𝑛𝑙𝑒𝑡 + 휀𝑐𝑟𝑜𝑠𝑠 𝑠𝑡𝑟𝑒𝑎𝑚 + ⋯ (6-4) 

 or possibly a dynamic simulation which considers the lifetime of an average fluid parcel.  

The data for these simulations are taken from the GRIIDC data created by Pesch et al. (2020). 

For the Low-Dissipation Rate simulations the exact velocity is reported for each of the runs. 

The mean velocity of the three replicants was used in the simulation and then the reported 

TDR was corrected assuming that Cε was roughly constant in this region, such that: 

휀�̅�Ω,𝑖 = 휀�̅�Ω,𝑚𝑒𝑎𝑛

𝑈𝑖
3

𝑈𝑚𝑒𝑎𝑛
3

𝐷𝑚𝑒𝑎𝑛

𝐷𝑖
 (6-5) 

For the High-Dissipation Rate systems (or low diameter) such detail is not available so all the 

replicants at the same diameter and mean velocity have the same TDR.  
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 Discussion 

 All Data 

As all the jets considered here are turbulent free jets, for the first part of the discussion we 

consider all 39 data points as a single dataset. The turbulent dissipation rate spans 6 orders of 

magnitude, producing D32 spanning 2 orders of magnitude. All data available is plotted in 

Figure 6.6. 

 

 

Figure 6.6: D32 Vs Simulation Predicted Outlet Average Turbulent Dissipation Rate for 

all data points. The dotted Line is a power fit to the full data set. 

Considering a power fit to the dissipation rate: 

𝐷32 = 𝐶1𝜖
𝐶2 (6-6) 

Gives C1 = 3160 and C2 = -0.31. The coefficient of determination (of the log-log data) is R2 = 

0.9742. As can be seen in the plot and from the R2 value the correlation with the outlet 

average turbulent dissipation rate is quite good. However, the data hints at a systematic 

deviation between the ‘low’ and ‘high’ dissipation regions of the plot. The plot of the 

standard jet Reynolds Number vs droplet size made dimensionless using the pipe diameter is 

given in Figure 6.7. The Reynolds number used in this chapter is the ‘standard’ form for the 

pipe Reynolds number: 

𝑅𝑒 =
𝜌𝑈𝐷

𝜇
(6-7) 

 



160 

 

Much like the results using the TDR, while both systems are following the same general 

trend, there appears to be is a systemic deviation between the large- and low- diameter 

systems. In terms of usefulness as a correlation, the overlapping region that is not evident in 

the TDR plots, means that Reynolds Number is not a useful predictor of droplet size without 

additional knowledge of which ‘line’ to use for the droplet size. 

Plots of the Weber number show a similar behaviour and have been omitted for that reason. 

Interestingly, plotting D32 against the Viscosity Number: 

𝑉𝑖 =
𝑊𝑒

𝑅𝑒
=

𝜇𝑈

𝜎
(6-8) 

Shows the same trend as the plotting against the outlet average turbulence dissipation rate, as 

seen in Figure 6.6 and Figure 6.8 , albeit over a smaller range of Vi compared to TDR and at 

a reduced R2 value. While interesting, this line will not be further pursued in this work as, 

much like all dimensionless models based on bulk flow parameters, it cannot account for 

additional turbulence generated upstream of the pipe exit.  

 

Figure 6.7: A plot of Reynolds number versus the normalised mean droplet size. Where 

possible Re is calculated using the exact flow velocity. Lines are power fits 

to the data with the equation of fit next to the relevant line and R2 is the 

goodness of fit. 
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Figure 6.8: Mean droplet size vs the Viscosity Number of the jet. Fitted line is the power 

fit for all data. 

 

As Pesch et al. (2020) used only a single pair of fluids, the behaviour evident  in Figure 6.6 

may represent a split between a range where only the surface tension is significant, and one 

where both the surface tension and dispersed viscosity are important. More experimental 

data, with different continuous and dispersed fluids, would help clarify the difference in the 

two systems. As this work is solely considering correlations between TDR and mean droplet 

size, it is first necessary to consider that the systems are behaving in manner similar enough 

that the correlation holds. A complete breakup model might be able to create a unified 

description of the dataset but that was not the aim of this thesis. 

 Experimental Droplet Size Distributions 

Pesch et al. (2020) argued that the deviation observed at the high systems was due to the 

droplets reaching a sufficient size for the DSD to no longer be essentially unbounded, with 

the maximum possible droplet size (due to Rayleigh-Taylor Instability) influencing the 

system.  

The upper limit is given by (Grace et al., 1978):   

𝐷𝑚𝑎𝑥 = 4√
𝜎

Δ𝜌
(6-9) 

For the system of Pesch et al. (2020) this gives: 
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𝐷𝑚𝑎𝑥 = 17.6 𝑚𝑚 (6-10) 

 

 

Figure 6.9: Maximum Droplet Size measured vs Turbulent Dissipation Rate for the Low 

Dissipation Rate System. Dotted line is the maximum droplet size due to 

Rayleigh Taylor Instability 

 

Figure 6.9 shows that for the systems investigated by Pesch et al. (2020) the observed Dmax is 

always strictly lower that the RTI limit. However, the largest droplet observed (for the 

D=32mm, U = 0.78 m/s system) was ~11.7mm, which is 67% of the upper limit. So, for some 

of these systems we could reasonably expect that there is some influence of the upper 

stability limit on the droplet size. To further investigate this phenomenon, the DSD can be 

considered.   

The DSD of the 2mm, 9 m/s experiments, given in Figure 6.11, and for the D = 32mm, U = 

3.66 m/s system show a good fit to a log-normal distribution.  
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Figure 6.10: Droplet Size Distribution from the low dissipation rate system of Pesch et 

al. (2020) D =  32mm, U = 3.66 m/s. Two replicants. 

 

 

Figure 6.11: Droplet Size Distributions for the system of Pesch et al. (2020). D = 2mm, 

U = 9 m/s. For three replicants. 
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Figure 6.12: Semi log plot of DSD for the D = 74mm, U = 0.7 m/s system. 

Another factor to consider is the breakup regime. So far it has been implicitly assumed that 

the jets are all operating in the same fully atomising regime. Using the regions laid out by 

Masutani and Adams (2001), plotted in Figure 6.13 with all the pipe jets of Pesch et al 

(2020), it can be observed that all the data is in the “fully atomising” regime. The closest to 

the boundary are the low Re jets. Considering that one of the characteristics of the wave 

atomisation is the possibility of a bimodal distribution (Tang, 2004)  it is possible that the 

74mm jet is operating in the wave-atomisation regime. As it should be noted that the regime 

boundaries are not hard boundaries, the data of  Tang (2004)   showed a handful of data 

points defined as wave atomising in the fully atomising regime. If it is in this regime, given 

the weak second peak it is likely to lie close to transition to full atomisation. 
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Figure 6.13: Jet Breakup Regime map for the experiments of Pesch et al. (2020), 

boundaries are from Masutani and Adams (2001) and are given in the 

Equations (2.64) and (2.65) 

 

Ultimately it is difficult to draw a definitive conclusion on this point. From the data available 

it cannot be definitively stated which effects is responsible for this observation. Given the 

maximum sizes are well below the RTI limit, and the potential for a bimodal distribution  for 

the D = 74mm jets, it is possible that one of the jets is operating in the wave-atomisation 

regime, but this does not explain the deviation of the 32mm jets which do not show the 

second peak.  

It is also possibly an effect of the containment of the jet. The RANS simulations show a weak 

effect of the walls on the 32mm jet but a much stronger effect on the centreline velocity 

profile for the 74mm jet, though in neither case is there any effect on the average TDR 

leaving the pipe. With a ratio of pipe diameter to tank diameter of just over 6.5, it is debatable 

if the 74mm jet is truly a ‘free’ jet, particularly when secondary breakup is considered. This is 

something that should be accounted for in future work, as the current model suggests a value 

for the D32rather than providing the complete DSD. The choice of DSD model, should one 

exist, will need to be defined by the engineer, or a more advanced model could be run once 

the parameter set is reduced. 
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 Low and High Rate Systems 

Figures 6.13 and 6.14 split the data into high and low outlet average turbulence dissipation 

rate systems and plot them separately 

 

Figure 6.14: Turbulent Dissipation Rate vs D32 for the Low Dissipation Rate systems. 

Dotted line is the line of best fit to the data for a power fit. 

 

Figure 6.15: Turbulent Dissipation Rate vs Sauter Mean Diameter for the High 

Dissipation Rate systems. Dotted line is the line of best fit for a power fit to 

the data. 
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Table 6.2:  Summary of fits and deviation for the Low and High Dissipation Rate 

Systems. Min, Max and Average Percentage Deviation are given for the 

predicted values from the simulation vs the experimental droplet sizes. C1 

and C2 are the constants from Equation 6.1 fitted for each data set. 

Selection of Data High 

Dissipation 

Low 

Dissipation 

All Data 

Range of D32 [um] [106,508] [1307,4744] [106, 4744] 

Range of ε [m2/s3] [426,23500] [0.11, 58.9] [0.11,23500] 

Range of Smallest Droplet 

[μm] 

[1.5,37] [51.9,232] [1.5,232] 

Range of Smallest Kolmogorov 

Length Scale [μm] 

[6.2,15.8] [27.7,137] [6.2,137] 

C1(x10-3) 6.63 3.17 3.16 

C2 -0.400 -0.199 -0.311 

R2(log-log) 0.852 0.990 0.973 

Max 45.0% 10.9% 48.4% 

Min 0.23% 0.33% 0.53% 

Avg 14.5% 3.51% 18.9% 

 

Table 6.2 compares the results of splitting the two systems with those of keeping the data as a 

single block. As expected, the average and maximum deviation from simulation are 

decreased in the separate data blocks, with the correlation being significantly improved for 

the Low-Dissipation Rate system.  

The Outlet Average Turbulence Dissipation Rate correlates very well with the Sauter Mean 

Diameter and can be used to predict the droplet size over a significant range of dissipation 

rates. Splitting the data into two blocks, based on the magnitude of the dissipation rate 

improves the fit in general. To extend the usefulness of the simulations, we can investigate 

the correlation with semi-empirical theory.  

 High Dissipation Rate Systems 

In general we would not expect the formalism of Calabrese et al. (1986) to apply to these 

systems due to the complex breakup of the jet core, and the potential for the turbulence not to 

be fully developed and in the 5/3 cascade region which was necessary to resolve the turbulent 

stresses, τc. For the high-dissipation region the droplet size is well correlated with the 
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dissipation rate to the -2/5 power. Comparing against the derivation of Calabrese et al. (1986) 

it is in a region where the force balance is dominated by the inertial and interfacial forces. A 

dimensionally consistent formula is arrived at (Calabrese et al., 1986): 

𝐷32 = 𝐶3 (
𝜎

𝜌𝑐
)
3/5

휀�̅�Ω
−2/5 (6-11) 

From the simulation data (using the outlet average turbulence dissipation rate), the constant 

C3,∂Ω = 2.96. Pesch et al. (2020) arrived at C3,exp = 1.59 using the centreline maximum 

turbulence. It can be seen in Figure 6.16 that the deviation of predicted data vs experimental 

data appears to be random reinforcing the concept that it follows the previous power fit. 

Compared to the data with two free parameters, the fit is only slightly worse. With a shift in 

the min, max and average to [1.52%, 44.4%, 15.3%] from the experimental data, 

respectively. This is a satisfactory correlation, especially when we account for the differences 

already observed between the simulated and experimental TDR and the fact that we are using 

a different measure for the TDR than Pesch et al. (2020).  

 

Figure 6.16: Deviation of High Dissipation Rate data of simulation and experiment vs the 

TDR determined by simulation 

 

 Low Dissipation Rate Systems 

While the low dissipation rate systems follow a power fit, they do not follow the same power 

as the high-dissipation rate system. If we again leverage the theory of Calabrese et al. (1986) 

it can be observed that the data does not follow the same model as previous surface tension 
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dominated system, nor a system with viscosity as the dominate force (Calabrese et al., 1986); 

in fact:  

𝐷32 ∝ 휀�̅�Ω
−1/5 (6-12) 

To determine a complete breakup model which incorporates the effect of viscosity and 

surface tension it will be necessary to have experimental data which varies these parameters. 

As the physical parameters of the current system do not vary, it is only possible to use the 

proportional relationship to determine the effect that modifying the turbulence in the system 

has on the droplet size.  

 Comparison to the Modified Weber Model 

It is also possible to compare the current values for the system to the those determined using 

the modified Weber scaling of Johansen et al. (2013). The modified Weber scaling uses the 

volume mean and for the previous analysis the Saunter Mean Diameter has been chosen. 

Both SINTEF and Pesch have provided the data sets and so both systems might be back 

calculated to either mean. Pesch et al, however, provide a readily available range of statistics 

for their data sets and so the reported d50 will be used to recalibrate the TDR model.  

Using two free parameters the low dissipation rate system shows a power series fit very close 

to -1/5 (-0.212) and the high dissipation rate close to -2/5 (-0.413), with good correlation 

between the fit and the data. Confirming that the power trend is the same for the two means it 

is necessary to calculate the leading coefficient, which will follow the same formalism as 

above.  

For the high dissipation rate system, we have that: 

𝐷50 = 𝐶4 (
𝜎

𝜌𝑐
)
3/5

휀�̅�Ω
−2/5 (6-13) 

Fitting the high dissipation rate data gives C4 = 3.43 with an R2 value of 0.839. 

Table 6.3: Statistisc of the two models against the experimental data of Pesch et al (2020) 

for the high dissipation rate systems. 

Model TDR (high) Modified Weber 

Min 2.32% 9.38% 

Avg 14.8% 56.3% 

Max 47.9% 129% 
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For the low dissipation rate system the power was set to the -1/5 

𝐷50 = 𝐶5휀�̅�Ω
−1/5 (6-14) 

The leading constant was found to be 0.0038 with an R2 value of 0.986. 

Table 6.4: Statistics for the two models against the experimental data of Pesch et al  

(2020) for the low dissipation rate systems. 

Model TDR (low) Modified Weber 

Min 0.22% 82.8% 

Avg 4.06% 176% 

Max 15.8% 254% 

 

It can be seen that the Modified Weber model does not predict the data of Pesch et al very 

well, particularly for the low dissipation rate releases.  The correlation between the d50 

experimental values and the predicated values is quite good (R2 = 0.978) across the entire 

data set, but when we take a closer look at the statistics the percentage differences are not as 

encouraging. The maximum deviation is 254%, average of 103%, and the minimum of 9.3% 

over the entire dataset. For the high dissipation rate systems, the percentage differences are 

slightly better [129%, 56%, 9.38%], and for the low dissipation rate systems, slightly worse 

[254%, 176%, 83%]. Whether or not this is accurate enough for use will need to be 

determined by the modeller.  

It is arguable whether this is a totally fair comparison, as the leading constant of the TDR 

correlations has been determined using the data here and so will naturally produce the best 

possible fit for the data. The modified Weber scaling has been calibrated against another set 

of data and should be the best fit to that. Due to the previously discussed issue with the 

boundary conditions generally being not comprehensively described, it is not possible to 

simulate the results of SINTEF’s work. This would be desirable, as the data collected over 

multiple years provides a very rich data set, but more details of the experimental equipment 

are needed. It would be possible to recalibrate the modified Weber number model, but this 

defeats the purpose of a broadly applicable semi-empirical correlation.   
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 Minimum Droplet Sizes and the Kolmogorov Length Scale 

. In Figure 6.17 the smallest Kolmogorov length scale (determined using the maximum TRD 

in the simulations) is plotted against the smallest observed droplet.   

 

Figure 6.17: Plot of minimum droplet size observed by Pesch et al (2020) and predicted 

Kolmogorov length scale against the outlet average turbulence dissipation 

rate. ”(min)”  represents  the experimental minimum droplet size diameter 

data and “(K)” is the estimated Kolmogorov length scale. 

 

While in the stirred cell (Chapter 4) the experimental droplet minima lay above the 

Kolmogorov length scales, this was not the case for Pesch et al’s jet systems. Some results 

fell above and some below the Kolmogorov length scales. The ratio between the smallest 

droplet size and the Kolmogorov length scales varies between 0.21 and 4.9. As was discussed 

earlier in Chapter 4, care should be taken when interpreting the results around the minimum 

observed droplet size. The Kolmogorov length scales are related to the turbulence and not 

directly to the smallest droplet, as simple instability driven breakup can cause a large number 

of very fine daughter droplets to form. When the limitations of the RANS modelling are also 

considered, the smallest droplet sizes being between 0.21 and 4.9 (nearly a ratio of 5 on either 

side) should be treated as interesting but not useful result for now.   

 The Effect of an Upstream Blockage on Droplet Size 

To predict the effect of an upstream blockage on the mean droplet size of a liquid-liquid jet, 

we insert the data from Chapter 5 into the formalism developed above. While it has been 

shown that TDR based correlations can produce reasonable approximations in a wide range 

of stirred cells, the same has not yet been done for a jet with upstream modifications. The 
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following discussion should be considered a preliminary investigation until more simulations 

and experiments are done to provide a link between straight pipe jets and systems with 

upstream modifications using the average TDR.  

For a water-in-oil jet with the properties listed in Table 6.5, the outlet average TDR falls into 

the ‘Low Dissipation’ Regime. This means that we can with some confidence estimate the 

effect on increasing outlet average TDR on droplet size, though the absence of data means 

that it is not yet possible to investigate the effect of surface-active compounds.   

Table 6.5:  Physical Properties of the Upstream Blockage needed for determining 

droplet size. 

Properties Value 

𝝆𝒄 801.42 kg/m3 

𝝆𝒅 998.2 kg/m3 

𝝁𝒅 0.001003 Pa s 

𝝈 0.037 N/m 

Outlet Average TDR [0.124, 6.74] m2/s3 

Max Droplet Size (RTI) 54.8 mm 

 

Using the above values and Equation 6.33, the predicted mean droplet sizes are plotted in 

Figure 6.18. The effect of the orifice plate is to drop the D32 by a factor between 2.21 and 

1.08 (depending on the orifice plate position) relative to the system with no upstream 

blockages. This is an important result, as it implies that a liquid-liquid system can have the 

droplet size decreased by the introduction of a choke. In environmentally sensitive areas this 

may be a preferable alternative to using strong surfactants like Corexit®, or it may be used in 

combination with environmentally benign (but less naturally effective) surfactants such as 

Span® 80 to achieve results closer to those offered by stronger but more environmentally 

detrimental surface-active agents like Corexit®.   
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Figure 6.18: Predicted droplet size from a free turbulent round jet with an upstream 

blockage. Straight lines are the systems without any disturbances. 

 

In addition, it can be observed that modelling the effect of a choke as a simple reduction in 

pipe diameter does not adequately capture the increase in turbulence. The systems with 

orifice plate 1D and 2D both show an outlet TDR well above that of a reduced diameter pipe 

and subsequently a decreased droplet size is predicted. For the system with the orifice at 1D 

this is decrease by a factor of 1.29 and for the system at 2D a reduction by a factor of 1.07. 

This decrease in DSD can be compared with the effect of applying a surfactant like Corexit®. 

The small-scale experiments of Johansen et al. (2013) showed that at an oil velocity of 18.8 

m/s through a 2.0 mm nozzle the peak droplet size dropped by a factor of 3 for a dispersant to 

oil ratio of 150. On a larger system (nozzle of 32mm at a velocity of 6m/s) a droplet size 

reduction of ~11 times was recorded for a dispersant to oil ration of ~66. This shows that 

while turbulence can be used to generate smaller droplets surfactants should still play a role.  

 Conclusion 

In this chapter it has been shown that the area integral average TDR at the outlet of the pipe 

produces a very good correlation with the droplet data observed by Pesch et al. (2020). Two 

separate domains are observed and are correlated with an inertia/surface tension dominated 

system and a system where dispersed phase viscosity must also be included. It was found that 

using the Modified Weber number to determine the d50 mean droplet size that while it 

produced similar correlations coefficient between the simulated data and the experimental 

data (~0.9) as the TDR correlations, it was found the percentage differences where 
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significantly worse, particularly for low dissipation rate systems. Using the determined 

coefficients, the effect of an upstream orifice plate was determined with the droplets mean 

size reducing by as much as a factor of just over two for the orifice plate at 1D. This is a 

significantly better reduction than can be achieved by simply narrowing the pipe by the same 

factor, highlighting the importance of understanding and characterising the turbulence inside 

the upstream pipe. 
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 Conclusion 

 

This thesis has evaluated the breakup of liquid-liquid jets in the context of disaster planning 

and response. It has been highlighted that the upstream flow pathways are critical in 

determining the turbulence in the flow field and hence the eventual droplet size distribution. 

The coupling of robust and in-expensive RANS simulations with experimental data has 

enabled the estimation of mean droplet sizes in disparate systems using the mean and 

maximum turbulent dissipation rates predicted by simulations. 

For a stirred cell system, the global maximum of the turbulent dissipation rate was found to 

work with an existing model to produce a reasonable estimate of mean droplet size inside a 

stirred cell when the flow is fully turbulent, and the secondary phase dispersed. For free 

turbulent jets, it has been shown that the integral average outlet TDR can capture both the 

change in flow dynamics due to an upstream blockage and the mean droplet size of a jet. The 

predictive power of this averaged quantity has not yet been tested. This work has also 

highlighted that the production of turbulence from upstream sources cannot be neglected in 

multiphase experimental systems.  

 Limitations 

The limitations of the work presented have generally been discussed in context in the earlier 

chapters. The significant limitations may be summarised as follows: 

 

• The simulations are performed using a single, 2D steady state representation of the 3D 

stirred cell autoclave. The flow produced by the real system will be highly transient 

and 3D, whereas the 2D flow simulated using RANS is inherently isotropic in the z-

direction, and the short length and time scales of the turbulence are not resolved.  

• This study has considered a single system geometry, and further investigation is 

necessary to confirm the broader applicability of the Zhou & Kresta correlation in the 

turbulent regime. These investigations should include 3D simulations of the current 

and alternative apparati.  

• The correlation of Zhou & Kresta has been tuned to specific pair of fluids. While the 

oil-water system has a quite different dispersed phase density and interfacial tension, 

further combinations need to be tested to confirm the validity of the model.  
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• The standard k-ε model is known to suffer issues modelling turbulent round jets, and 

while its behaviour had the smallest deviation in the aggregate of the RANS models 

tested in the orifice plate simulations it was not an exact replication of the 

experimental mean flow. Care should be taken when applying the results of chapters’ 

five and six to new systems until further simulations/experiments can provide a better 

baseline.  

• Both the autoclave and jet correlations produce a single point approximation to the 

polydisperse droplet size distribution. If the full DSD is of use to the modeller then 

more advanced, and likely more computationally expensive, simulations will need to 

be run. Another option is to assume a distribution, however, as previously discussed, 

this needs to be selected appropriately, and a sensitivity analysis performed.  

• The Kolmogorov length appears to be a good approximation to the minimum droplet 

size for both systems simulated here, which was perhaps unexpected. The autoclave 

images had a limited resolution. In addition, while the Kolmogorov length scales are 

the smallest length scales for single-phase turbulence, droplet breakup can produce a 

shower of very fine droplets independent of the turbulence in the flow. 

• The stirred cell simulations focussed on point maxima of the turbulence, whereas the 

jet simulations used a surface average of turbulence quantities. Turbulent flows are 

known to be highly intermittent and contain a wide range of length scales, which will 

change with space and time over the region of interest. RANS simulations cannot 

capture these behaviours and scale resolving simulations, like Large Eddy 

Simulations, would be instructive for future work. 

• As with the autoclave, the TDR correlation used a single dataset, arguably two data 

sets, but both used the same dispersed and continuous phases, As search further data is 

needed to explore the universality of the TDR correlations. 

• Only the flow coming from the inlet was considered the source of energy for the 

breakup, which is suitable for a quiescent external medium. Jets in co-flow (as has 

been shown by Kourmatzis and Masri (2015) even laminar jets can be atomised in 

strong co-flow), crossflow and the effect of internal physio-chemical processes like 

degassing can also contribute to break up in real systems.   
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 Stirred Cells and Pipelines 

The correlation of Zhou & Kresta (1998a) was shown be able to reasonably predict the mean 

(D32) droplet sizes for the high pressure stirred cell autoclave system of Aman et al, as shown 

in Figure 7.1, once the system was within the region of applicability defined by a stirred cell 

Reynolds Number greater than 3000 based on the experiments of Zhou and Kresta (1998a). 

Inside this region is average deviation of the simulated from the experimental results was 

12%; over the same region the Wang and Calabrese (1986) model had an average deviation 

of ~81%.  This is an important result, given that none of the four stirring systems used by 

Zhou & Kresta (1998a) matched that used by Aman et al (2015), and the TDR value was 

estimated using a simple 2D RANS simulation. In the low RPM range, the experimental 

results of Aman et al and the predicted droplet size were significantly different, indicating 

that at low RPM the turbulence in the system was not fully developed. The minimum 

Kolmogorov length scale predicted from the simulation’s TDR was also found to be a 

reasonable estimate of the minimum droplet size for all measured systems. This was 

unexpected, as the complex breakup of droplets was expected to potentially produce daughter 

droplets stable well below the Kolmogorov length scale. Based on the experimental results of 

Zhou and Kresta (1998a), this is likely just to be a curio of the simulation and the 

experimental limit of Aman et al, as only in the highest dissipation rates (33 times greater 

than that predicted by simulation for the system considered here) of those observed by Zhou 

and Kresta did η approach the minimum droplet size, along with the previously noted 

apparatus resolution limits of Aman et al (2015). 

 

Figure 7.1: Plots of experimental, and predict mean droplet sizes for the system of Aman 

et al. Grey line is the lower limit of  Zhou and Kresta (1998b). 
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Figure 7.1 also shows that the prediction using the semi-empirical correlation of Wang and 

Calabrese is poor. This was to be expected, and simply acts to highlight the difference in 

construction between an advanced semi-empirical correlation that was tuned to one geometry 

is, and a more broadly applicable correlation built on a more fundamental quantity. It should 

be noted that this system serves as a single example (with the limitations that have been 

noted), and more simulations would be useful to verify the broader implications of this 

finding. 

In addition, it should be stressed that the simulations used here an 2D approximation of the 

system, conceptually representing a region near the midline of the paddle and based on 

dimensions approximated from a paper. This represents a very much reduced view of the 

apparatus, and more information could be extracted from future simulations employing a 

more dimensionally accurate 3D simulation of the same system.  

The correlation between the turbulence level in a pipeline and stirred cells was also 

investigated. It was found that recovering the actual tip velocity substantially improved the 

correlation between pipe and stirred cell flows. A turbulent Reynolds Number was also 

introduced that had a similar correlation coefficient to the recovered flow but a there was not 

an agreement between which Reynolds Number could correlate the stirred cell to pipe flows, 

see Figure 7.2 and Figure 7.3. 

 

Figure 7.2: Turbulent Reynolds Number vs Turbulent Dissipation Rate for a 1-inch 

stirred cell and 1-inch pipe 
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Figure 7.3: Maximum Turbulent Dissipation Rate  vs Stirred Tanks Reynolds Number 

and Standard Pipe Reynolds Number for a 1- inch stirred cell and 1-inch pipe 

 

Simulations of pipes showed a banding structure between the TDR and the turbulent 

Reynolds number. As the TDR exhibits a power series behaviour in jets and stirred cells, it is 

reasonable to expect a similar behaviour for pipes. In this case the focus of improving the 

correlation could lie in the length scale of the Reynolds Number. Currently it is determined 

by the hydraulic diameter of the system. For systems like baffle and vane stirred cells this is 

possibly not a good measure of the turbulent length scales, as it does not capture the effect of 

the narrow gap caused by the vane passing the baffle. A possible option is the Taylor length-

scale or other turbulence-based length scale.  

In the future, it is recommended that scale resolving simulations stirred cell systems be 

explored. It has been shown by other authors (Hartmann et al., 2004, Murthy and Joshi, 2008, 

Singh et al., 2011) that scale resolving simulations are significantly better at capturing the 

dynamics in strongly rotating systems like stirred cells. In addition to better predictions of the 

mean and first-order statistics of the flow (TKE and TDR) a scale resolving simulation can 

predict the energy cascade of the turbulence, which will allow a more detailed comparison of 

pipe and stirred cell flows. In addition, tracer particles could be used to track the time history 

of particles in the flow, and then correlated with experiments of dispersed multiphase systems 

for determining the entire DSD, rather than just a measure of the mean. 

In addition, it is worth repeating that the structure of the turbulence would be expected to be 

different between a pipe and a stirred cell. The stirred cell would produce a highly swirling 
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flow, with fine turbulence being generated from the tip vortexes, with both effects being 

absent in fully developed pipe flow. Pointwise correlations will never be able to capture the 

full range of the scales that will occur in a system, either in space or time, particularly when 

RANS is used to model the turbulence. This correlation should be treated as a very high 

overview of correlating the two systems, representing an initial research direction and not the 

final word in scaling results between a stirred cell and a pipeline. 

 The influence of upstream flow disturbances on jets 

The effect of an upstream disturbance on the turbulence in the free jet was investigated. 

Disturbances in the form of orifice plates were positioned from 1D to 7D upstream of the 

pipe exit. It was found that three modes exist for the jet system. For shallow set disturbances 

(nearer the outlet), the dynamics are dominated by a partially contained jet. For deeper set 

disturbances positioned (further upstream), a redeveloping pipe flow exists at the outlet, with 

elevated levels of turbulence. In all cases, the turbulence at the outlet and in the jet was 

significantly (in some cases orders of magnitude) greater than expected for an undisturbed 

straight pipe flow, as the turbulence generated by the disturbances is advected downstream. 

As we are concerned with multiphase systems a measure of the TDR was needed to develop 

and evaluate models for predicting the droplet size distribution resulting from jet break up. 

The maximum TDR along the centreline and within the quiescent domain is located in a 

region where it is unlikely for an interface to exist, suggesting that it is unlikely to offer 

sound predictions. Instead, an integrated average of the TDR at the outlet was found to 

capture the expected dynamics and should give a meaningful estimate of the level of 

turbulent energy the jet possesses entering the domain.  

Future work on disturbances should be focussed on considering the effect of non-

axisymmetric obstructions. This is particularly important for disaster planning, as it is 

unlikely that broken machinery will offer a simple flow path. In addition, scale resolving 

simulations will allow more accurate and detailed information to be extracted from the flow 

fields. This can help to guide future experimental work, to ensure that the flow statistics are 

qualitatively similar in a way that cannot be achieved using dimensionless parameters (like 

the Reynolds Number) based on the bulk parameters of the outlet flow.  

Finally, Chapter 6 investigated using single-phase RANS-based simulations to predict the 

droplet size from a set of experimental results published by Pesch et al. (2020). It was found 

that the integrated average of the TDR provided an excellent basis for developing correlations 
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for the Sauter mean diameter of the experiments of Pesch et al (2020) across the whole range 

of experimental data. It was found that the small diameter pipe jets, which produced very 

high dissipation rates, could be correlated quite well with the TDR to the -2/5 power. From a 

semi-empirical theory, this is a correlation representing a system where the interfacial forces 

are the dominant restoring force:  

𝐷32 = 𝐶3 (
𝜎

𝜌𝑐
)
3/5

휀−2/5 (7-1) 

 

With a predicted value of C3 = 2.96. 

The large diameter pipes (and consequently low dissipation rate) experiments correlated 

excellently with the TDR to the power of -1/5: 

𝐷32 ∝ 휀−1/5 (7-2) 

With no experimental data available to test the impact of viscosity (or viscosity ratio) and 

surface tension a more complete model could not be determined.  

The correlation between the volume mean droplet size and the average TDR was also 

determined to enable a comparison against the Modified Weber model. It was found to 

produce similar correlation between the predicted and the measured mean droplet size, but 

significantly better percentage statistics (max, mean and min), particularly for the low 

dissipation regime. The modified Weber model was found to produce average deviations of 

56% and 176% for the high and low dissipation rate experiments, respectively. In comparison 

the tuned TDR model produced average deviations of 15% and 4% respectively. This result 

should be taken with some caution as only a single data set has been used to determine the 

leading coefficients, and the prediction ability outside of this range still needs to be 

determined. 

Based on the success of these outlet average TDR based correlations the effect of the 

upstream disturbances on the expected droplet size has been modelled. It was found that at all 

disturbance positions the systems would produce a smaller mean droplet size compared to the 

straight pipe. Importantly, for a blockage close to the exit (1D, and 2D from the pipe exit) it 

was found that an orifice plate would produce a smaller droplet size than ‘choking’ the flow 

by assuming that the system was reduced in diameter by factor equal to the inside of the 

orifice throat.  



182 

 

As with all the other situations discussed here, more insight can be gained by using scale-

resolving simulations. Some preliminary multiphase models have been executed, and the 

results show that care needs to be taken when directly comparing the single-phase with the 

multi-phase systems.  

A multiphase simulation using a D = 74mm nozzle run using a VoF approach (using geo-

reconstruction for interface tracking) and a first order implicit time integrator, is compared 

with a single phase (pure oil) model with the first order integrator and the third was single-

phase with a bounded 2nd order time integrator. The reason for the difference was that the 

recommended VoF formulation required the first order time stepping, and the two single 

phase simulations were run to compare the effect of lowering the order of the time integrator. 

Otherwise all other factors were the same for all models, mesh, boundary conditions, solution 

method etc. Due to the mesh limits the model of choice was the Stress Blended Eddy 

Simulation (SBES) with SST-kω as the RANS system and WALE for the LES.      

 

Figure 7.4: Contours of Vorticity for a pair of SBES simulations of a 74mm jet entering a 

free domain for a) Multiphase b)  Single phase 

 

a) 

b) 
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Figure 7.5: Contours of vorticity along the centre plane for a 74mm jet entering a 

quiescent domain using SBES for a) First Order Time Integrator b) Second 

Order Time Integrator. 

From Figure 7.4 it can be seen that the interaction of the oil with the water is far more 

dissipative that the oil jet alone. This should not affect our definition of the average outlet 

TDR, as it is sampled in a region that is always inside the secondary (jet) phase, however 

other sampling locations may need to account for the differences. The first order time 

integration scheme is also slightly more dissipative than the second order scheme as can be 

observed in the decay of vorticity in Figure 7.5. This needs to be accounted for, preferably by 

adapting a sharp VoF scheme that can run at 2nd order. An attempt was made to use the other 

methods in Fluent (the implicit VoF models) but they were found to generate (non-physical) 

very high velocities in the region of the pipe exit, and eventually to crash the simulation. This 

is an area that will be the subject of future research. 

In summary, this work has expanded on our knowledge of coupling CFD simulations with 

experimental correlations to produce predictions of droplet sizes in stirred cells and jets. It 

has also demonstrated the importance of in the upstream flow path on the evolution of a jet, 

and a method for characterising these effects by considering an integrated average. There is, 

as always, further work to be done in the field but it is hoped that this thesis provides a solid 

starting point for future endeavours.  

  

a) 

b) 



184 

 

References 

ADBOL-HAMID, K. S., CARLSON, J. & RUMSEY, C. L. 2015. Verification and Validation of the k-kL 
Turbulence Model in FUN3D and CFL3D Codes. NASA. 

AIRD, P. 2019. Chapter 1 - Mission, Mission Statement. Deepwater Drilling. Gulf Professional 
Publishing. 

ALMEDA, R., HYATT, C. & BUSKEY, E. J. 2014. Toxicity of dispersant Corexit 9500A and crude oil to 
marine microzooplankton. Ecotoxicology and Environmental Safety, 106, 76-85. 

AMAN, Z. M., PARIS, C. B., MAY, E. F., JOHNS, M. L. & LINDO-ATICHATI, D. 2015. High-pressure visual 
experimental studies of oil-in-water dispersion droplet size. Chemical Engineering Science, 
127, 392-400. 

ANSYS INC. 2015a. ANSYS® Academic Research, Release 16.2, ANSYS Fluent Theory Guide, ANSYS, 
Inc. 

ANSYS INC. 2015b. ANSYS® Academic Research, Release 16.2, ANSYS Fluent User Guide, ANSYS, Inc. 
BALL, C. G., FELLOUAH, H. & POLLARD, A. 2012. The flow field in turbulent round free jets. Progress 

in Aerospace Sciences, 50, 1-26. 
BANDARA, U. C. & POOJITHA, D. Y. 2011. Bubble Sizes, Breakup, and Coalescence in Deepwater 

Gas/Oil Plumes. Journal of Hydraulic Engineering, 137. 
BARTH, T. 1991. Numerical aspects of computing high Reynolds number flows on unstructured 

meshes. 
BARTH, T. & JESPERSEN, D. 1989. The design and application of upwind schemes on unstructured 

meshes. 27th Aerospace Sciences Meeting. 
BARTLIT, F. H. 2011. Macondo: The Gulf Oil Disaster. Chief Counsel’s Report, National Commission 

on the BP Deepwater Horizon Oil Spill and Offshore Drilling. 
BELORE, R. 2014. Subsea chemical dispersant research. 
BERARD, L. R., RAESSI, M., BAUER, M. T., FRIEDMAN, P. & CODYER, S. R. 2013. AN INVESTIGATION 

ON THE BREAKUP OF UNDERWATER BUOYANT OIL JETS: COMPUTATIONAL SIMULATIONS 
AND EXPERIMENTS. 23, 981-1000. 

BERGER, M., AFTOSMIS, M. & MUMAN, S. 2005. Analysis of Slope Limiters on Irregular Grids. 43rd 
AIAA Aerospace Sciences Meeting and Exhibit. 

BÖHM, B., STEIN, O., KEMPF, A. & DREIZLER, A. 2010. In-Nozzle Measurements of a Turbulent 
Opposed Jet Using PIV. Flow, Turbulence and Combustion, 85, 73-93. 

BOUFADEL, M. C., GAO, F., ZHAO, L., ÖZGÖKMEN, T., MILLER, R., KING, T., ROBINSON, B., LEE, K. & 
LEIFER, I. 2018. Was the Deepwater Horizon Well Discharge Churn Flow? Implications on the 
Estimation of the Oil Discharge and Droplet Size Distribution. Geophysical Research Letters, 
45, 2396-2403. 

BOUFADEL, M. C., SOCOLOFSKY, S., KATZ, J., YANG, D., DASKIRAN, C. & DEWAR, W. 2020. A Review 
on Multiphase Underwater Jets and Plumes: Droplets, Hydrodynamics, and Chemistry. 
Reviews of Geophysics, 58, e2020RG000703. 

BOUSSINESQ, I. 1877. Essai sur la théorie des eaux courantes. Mem. Pres. par div. savants a l'Acad. 
Sci. Paris, 23. 

BOXALL, J. A., KOH, C. A., SLOAN, E. D., SUM, A. K. & WU, D. T. 2012. Droplet Size Scaling of Water-in-
Oil Emulsions under Turbulent Flow. Langmuir, 28, 104-110. 

BP 2010. Deepwater Horizon Accident Investigation Report. 
BRANDVIK, P. J., DAVIES, E. J., JOHANSEN, Ø., LEIRVIK, F. & BELLORE, R. 2017a. Subsea Dispersant 

Injection – Large-scale experiments to improve algorithms for initial droplet formation 
(modified Weber scaling) SINTEF. 

BRANDVIK, P. J., DAVIES, E. J., STOREY, C., LEIRVIK, F. & KRAUSE, D. F. 2017b. Subsurface oil releases 
– Verification of dispersant effectiveness under high pressure using combined releases of 
live oil and natural gas. SINTEF. 



185 

 

BRANDVIK, P. J., JOHANSEN, Ø., DAVIES, E. J., LEIRVIK, F., KRAUSE, D. F., DALING, P. S., DUNNEBIER, 
D., MASUTANI, S., NAGAMINE I, I., STOREY, C., BRADY, C., BELLORE, R., NEDWED, T., 
COOPER, C., AHNELL, A., PELZ, O. & ANDERSON, K. 2016. Subsea Dispersant Injection - 
Summary of Operationally Relevant Findings From a Multi-Year Industry Initiative. Society of 
Petroleum Engineers C1 - SPE. 

BRANDVIK, P. J., JOHANSEN, Ø., FAROOQ, U., ANGELL, G. & LEIRVIK, F. 2014a. Subsurface oil releases 
– Experimental Study of Droplet Distributions and Different Dispersant Injection Techniques. 
SINTEF. 

BRANDVIK, P. J., JOHANSEN, Ø., FAROOQ, U., DAVIES, E. J., KRAUSE, D. F. & LEIRVIK, F. 2015. 
Subsurface oil releases - Experimental study of droplet size distrubutions Phase-II. SINTEF. 

BRANDVIK, P. J., JOHANSEN, Ø., FAROOQ, U., G.;, A. & AND LEIRVIK, F. 2014b. Sub-surface oil 
releases –Experimental study of droplet distributions and different dispersant injection 
techniques – version 2. A scaled experimental approach using the SINTEF Tower basin. 
SINTEF report no: A26122. Trondheim Norway: SINTEF. 

BRANDVIK, P. J., JOHANSEN, Ø., LEIRVIK, F., FAROOQ, U. & DALING, P. S. 2013. Droplet breakup in 
subsurface oil releases – Part 1: Experimental study of droplet breakup and effectiveness of 
dispersant injection. Marine Pollution Bulletin, 73, 319-326. 

BRANDVIK, P. J., STOREY, C., DAVIES, E. J. & JOHANSEN, Ø. 2019. Combined releases of oil and gas 
under pressure; the influence of live oil and natural gas on initial oil droplet formation. 
Marine Pollution Bulletin, 140, 485-492. 

BREDA, M. & BUXTON, O. R. H. 2019. Behaviour of small-scale turbulence in the turbulent/non-
turbulent interface region of developing turbulent jets. Journal of Fluid Mechanics, 879, 187-
216. 

BRUCATO, A., CIOFALO, M., GRISAFI, F. & MICALE, G. 1998. Numerical prediction of flow fields in 
baffled stirred vessels: A comparison of alternative modelling approaches. Chemical 
Engineering Science, 53, 3653-3684. 

BURATTINI, P., ANTONIA, R. A. & DANAILA, L. 2005. Similarity in the far field of a turbulent round jet. 
Physics of Fluids, 17, 025101. 

CALABRESE, R. V., CHANG, T. P. K. & DANG, P. T. 1986. Drop breakup in turbulent stirred-tank 
contactors. Part I: Effect of dispersed-phase viscosity. AIChE Journal, 32, 657-666. 

CAMPBELL, C., OLSEN, M. G. & VIGIL, R. D. 2020. Jet breakup regimes in liquid–liquid Taylor vortex 
flow. International Journal of Multiphase Flow, 131, 103401. 

CANU, R., PUGGELLI, S., ESSADKI, M., DURET, B., MENARD, T., MASSOT, M., REVEILLON, J. & 
DEMOULIN, F. X. 2018. Where does the droplet size distribution come from? International 
Journal of Multiphase Flow, 107, 230-245. 

CHOU, W. H., HSIANG, L. P. & FAETH, G. M. 1997. Temporal properties of drop breakup in the shear 
breakup regime. International Journal of Multiphase Flow, 23, 651-669. 

COULALOGLOU, C. A. & TAVLARIDES, L. L. 1977. Description of interaction processes in agitated 
liquid-liquid dispersions. Chemical Engineering Science, 32, 1289-1297. 

COURANT, R., FRIEDRICHS, K. & LEWY, H. 1928. Über die partiellen Differenzengleichungen der 
mathematischen Physik. Mathematische Annalen (in German): Translated by Phyllis Fox 
(1956) for AEC Research and Development Report, NYO-7689, New York: AEC Computing and 
Applied Mathematics Centre – Courant Institute of Mathematical Sciences, 100, 32–74. 

DE BRUIJN, R. A. 1993. Tipstreaming of drops in simple shear flows. Chemical Engineering Science, 
48, 277-284. 

DELVIGNE, G. A. L. & HULSEN, L. J. M. Simplified Laboratory Measurement of Oil Dispersion 
Coefficient - Application in Computations of Natural Oil Dispersion.  Seventeenth Arctic and 
Marine Oil Spill Program (AMOP) Technical Seminar, 1994 Vancouver, B.C.: Environmental 
Protection Service. Environment Canada, 173–187. 



186 

 

DNV 2011. Det Norske Veritas, Forensic Examination of Deepwater Horizon Blowout Preventer, Vols. 
I and II Final Report for U.S. Department of the Interior, Bureau of Ocean Energy 
Management, Regulation, and Enforcement. Washington, D.C. 

DONG, L., JOHANSEN, S. T. & ENGH, T. A. 1994. Flow induced by an impeller in an unbaffled tank—I. 
Experimental. Chemical Engineering Science, 49, 549-560. 

DUMOUCHEL, C. 2008. On the experimental investigation on primary atomization of liquid streams. 
Experiments in Fluids, 45, 371-422. 

DWH-NRDA 2015. Deepwater Horizon Natural Resource Damage Assessment (NRDA) -  section 4. 
EASTWOOD, C. D., ARMI, L. & LASHERAS, J. C. 2004. The breakup of immiscible fluids in turbulent 

flows. Journal of Fluid Mechanics, 502, 309-333. 
EGGLETON, C. D., TSAI, T.-M. & STEBE, K. J. 2001. Tip Streaming from a Drop in the Presence of 

Surfactants. Physical Review Letters, 87, 048302. 
EQUINOR 2019. Environment plan Appendix 9-1 Oil pollution emergency plan (OPEP) Stromlo-1 

exploration drilling program. 
FABREGAT TOMÀS, A., POJE, A. C., ÖZGÖKMEN, T. M. & DEWAR, W. K. 2016. Effects of rotation on 

turbulent buoyant plumes in stratified environments. Journal of Geophysical Research: 
Oceans, 121, 5397-5417. 

FAILLETTAZ, R., PARIS, C. B., VAZ, A. C., PERLIN, N., AMAN, Z. M., SCHLÜTER, M. & MURAWSKI, S. A. 
2021. The choice of droplet size probability distribution function for oil spill modeling is not 
trivial. Marine Pollution Bulletin, 163, 111920. 

FALCHI, M. & ROMANO, G. P. 2009. Evaluation of the performance of high-speed PIV compared to 
standard PIV in a turbulent jet. Experiments in Fluids, 47, 509-526. 

FARHAT, H., CELIKER, F., SINGH, T. & LEE, J. S. 2011. A hybrid lattice Boltzmann model for surfactant-
covered droplets. Soft Matter, 7, 1968-1985. 

FELLOUAH, H., BALL, C. G. & POLLARD, A. 2009. Reynolds number effects within the development 
region of a turbulent round free jet. International Journal of Heat and Mass Transfer, 52, 
3943-3954. 

FERZIGER, J. H. & PERIC, M. 2002. Computational Methods for Fluid Dynamics, Springer, Berlin, 
Heidelberg. 

FUSTER, D., BAGUÉ, A., BOECK, T., LE MOYNE, L., LEBOISSETIER, A., POPINET, S., RAY, P., 
SCARDOVELLI, R. & ZALESKI, S. 2009. Simulation of primary atomization with an octree 
adaptive mesh refinement and VOF method. International Journal of Multiphase Flow, 35, 
550-565. 

GIBSON, M. M. & LAUNDER, B. E. 1978. Ground effects on pressure fluctuations in the atmospheric 
boundary layer. Journal of Fluid Mechanics, 86, 491-511. 

GOPALAN, B. & KATZ, J. 2010. Turbulent Shearing of Crude Oil Mixed with Dispersants Generates 
Long Microthreads and Microdroplets. Physical Review Letters, 104, 054501. 

GRACE, J. R., WAIREGI, T. & BROPHY, J. 1978. Break-up of drops and bubbles in stagnant media. The 
Canadian Journal of Chemical Engineering, 56, 3-8. 

GRIFFITHS, S. K. 2012. Oil Release from Macondo Well MC252 Following the Deepwater Horizon 
Accident. Environmental Science & Technology, 46, 5616-5622. 

GROS, J., SOCOLOFSKY, S. A., DISSANAYAKE, A. L., JUN, I., ZHAO, L., BOUFADEL, M. C., REDDY, C. M. & 
AREY, J. S. 2017. Petroleum dynamics in the sea and influence of subsea dispersant injection 
during <em>Deepwater Horizon</em>. Proceedings of the National Academy of Sciences, 
114, 10065-10070. 

HANJALIĆ, K. & LAUNDER, B. E. 1972. A Reynolds stress model of turbulence and its application to 
thin shear flows. Journal of Fluid Mechanics, 52, 609-638. 

HARLOW, F. H. & NAKAYAMA, P. I. 1968. TRANSPORT OF TURBULENCE ENERGY DECAY RATE. New 
Mexico: (https://digital.library.unt.edu/ark:/67531/metadc1026296/: accessed June 20, 
2019), University of North Texas Libraries, Digital Library, https://digital.library.unt.edu; 
crediting UNT Libraries Government Documents Department. 

https://digital.library.unt.edu/ark:/67531/metadc1026296/
https://digital.library.unt.edu/


187 

 

HARTMANN, H., DERKSEN, J. J., MONTAVON, C., PEARSON, J., HAMILL, I. S. & VAN DEN AKKER, H. E. 
A. 2004. Assessment of large eddy and RANS stirred tank simulations by means of LDA. 
Chemical Engineering Science, 59, 2419-2432. 

HE, C., LIU, Y. & YAVUZKURT, S. 2018. Large-eddy simulation of circular jet mixing: Lip- and inner-
ribbed nozzles. Computers & Fluids, 168, 245-264. 

HEMMER, M. J., BARRON, M. G. & GREENE, R. M. 2010. Comparative Toxicity of Eight Oil Dispersant 
Products on Two Gulf of Mexico Aquatic Test Species. U.S. Environmental Protection Agency 
Office of Research and Development.  U.S.EPA/ORD Contributors: National Health and 
Environmental Effects Research Laboratory. 

HILL, R. J. 1978. Models of the scalar spectrum for turbulent advection. Journal of Fluid Mechanics, 
88, 541-562. 

HINZE, J. O. 1955. Fundamentals of the hydrodynamic mechanism of splitting in dispersion 
processes. AIChE Journal, 1, 289-295. 

HIRT, C. W. & NICHOLS, B. D. 1981. Volume of fluid (VOF) method for the dynamics of free 
boundaries. Journal of Computational Physics, 39, 201-225. 

HOYAS, S., GIL, A., MARGOT, X., KHUONG-ANH, D. & RAVET, F. 2013. Evaluation of the Eulerian–
Lagrangian Spray Atomization (ELSA) model in spray simulations: 2D cases. Mathematical 
and Computer Modelling, 57, 1686-1693. 

HUI, Z., HAI-FENG, L., WEI-FENG, L. & JIAN-LIANG, X. 2010. Morphological classification of low 
viscosity drop bag breakup in a continuous air jet stream. Physics of Fluids, 22, 114103. 

ISSA, R. I. 1986. Solution of the implicitly discretised fluid flow equations by operator-splitting. 
Journal of Computational Physics, 62, 40-65. 

JAHODA, M., MOŠTĔK, M., KUKUKOVÁ, A. & MACHOŇ, V. 2007. CFD Modelling of Liquid 
Homogenization in Stirred Tanks with One and Two Impellers Using Large Eddy Simulation. 
Chemical Engineering Research and Design, 85, 616-625. 

JAHODA, M., TOMÁŠKOVÁ, L. & MOŠTĚK, M. 2009. CFD prediction of liquid homogenisation in a gas–
liquid stirred tank. Chemical Engineering Research and Design, 87, 460-467. 

JASPERSE, L., LEVIN, M., TSANTIRIS, K., SMOLOWITZ, R., PERKINS, C., WARD, J. E. & DE GUISE, S. 
2018. Comparative toxicity of Corexit® 9500, oil, and a Corexit®/oil mixture on the eastern 
oyster, Crassostrea virginica (Gmelin). Aquatic Toxicology, 203, 10-18. 

JOHANSEN, Ø., BRANDVIK, P. J. & FAROOQ, U. 2013. Droplet breakup in subsea oil releases – Part 2: 
Predictions of droplet size distributions with and without injection of chemical dispersants. 
Marine Pollution Bulletin, 73, 327-335. 

JOHANSEN, Ø., RYE, H., MELBYE, A. G., JENSEN, H. V., SERIGSTAD, B. & KNUTSEN, T. 2001. DEEP SPILL 
JIP EXPERIMENTAL DISCHARGES OF GAS AND OIL AT HELLAND HANSEN – JUNE 2000, 
TECHNICAL REPORT. Norway: SINTEF. 

JONES, W. P. & LAUNDER, B. E. 1972. The prediction of laminarization with a two-equation model of 
turbulence. International Journal of Heat and Mass Transfer, 15, 301-314. 

JONES, W. P., MARQUIS, A. J. & NOH, D. 2017. An investigation of a turbulent spray flame using 
Large Eddy Simulation with a stochastic breakup model. Combustion and Flame, 186, 277-
298. 

KATO, M. & LAUNDER, B. E. The modelling of turbulent flow around stationary and square cylinders.  
Ninth symposium on turbulent shear flows,Kyoto Japan, 1993. 1041-1046. 

KITAMURA, Y., MISHIMA, H. & TAKAHASHI, T. 1982. Stability of jets in liquid-liquid systems. The 
Canadian Journal of Chemical Engineering, 60, 723-731. 

KITAMURA, Y. & TAKAHASHI, T. 1982. Breakup of jets in power law non-newtonianndashnewtonian 
liquid systems. The Canadian Journal of Chemical Engineering, 60, 732-737. 

KOHAN, K. F. & GASKIN, S. 2020. The effect of the geometric features of the turbulent/non-turbulent 
interface on the entrainment of a passive scalar into a jet. Physics of Fluids, 32, 095114. 

KOLMOGOROV, A. N. 1941. Local Structure of Turbulence in an Incompressible Viscous Fluid at Very 
Large Reynolds Numbers. Dokl Akad Nauk SSSR, 30, 299-301. 



188 

 

KOLMOGOROV, A. N. 1942. Equations of turbulent motion of an incompressible fluid. Izv. Akad. 
Nauk SSSR, 6, 56-58. 

KOLMOGOROV, A. N. 1949. On the breakage of drops in a turbulent flow. Dokl Akad Nauk SSSR, 66, 
825-828. 

KOLOVANDIN, B. A. & VATUTIN, I. A. 1970. Statistical theory of the nonuniform turbulence of an 
incompressible fluid. Journal of engineering physics, 19, 1341-1350. 

KOURMATZIS, A. & MASRI, A. R. 2015. Air-assisted atomization of liquid jets in varying levels of 
turbulence. Journal of Fluid Mechanics, 764, 95-132. 

KOZUKA, M., SEKI, Y. & KAWAMURA, H. 2009. DNS of turbulent heat transfer in a channel flow with a 
high spatial resolution. International Journal of Heat and Fluid Flow, 30, 514-524. 

KRAICHNAN, R. H. 1959. The structure of isotropic turbulence at very high Reynolds numbers. 
Journal of Fluid Mechanics, 5, 497-543. 

KUJAWINSKI, E. B., KIDO SOULE, M. C., VALENTINE, D. L., BOYSEN, A. K., LONGNECKER, K. & 
REDMOND, M. C. 2011. Fate of Dispersants Associated with the Deepwater Horizon Oil Spill. 
Environmental Science & Technology, 45, 1298-1306. 

LANGTRY, R. B. & MENTER, F. R. 2009. Correlation-Based Transition Modeling for Unstructured 
Parallelized Computational Fluid Dynamics Codes. AIAA Journal, 47, 2894-2906. 
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Appendix A:  Extra Figures 

Extra figures from simulations used in Chapter 5. Showing the TDR, TKE and velocity 

contours with and without limits on the contours. Limits are based on the values in the 

straight jet pipe to show modification to the flow caused by the introduction of the upstream 

obstacle. All flow and simulation variables can be found in Chapter 5. 

A.1: Velocity  

 

 

Figure A.1: Velocity contours of jet with no blockage. 

 

 

Figure A.2: Velocity contours of jet with blockage 7D from the pipe exit. Contours are 

not limited, i.e. based on local velocity. 
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Figure A.3: Velocity contours of jet with blockage 7D from the pipe exit. Contours are 

limited to the maximum in the straight pipe simulation. 

 

 

Figure A.4: Velocity contours of jet with blockage 6D from the pipe exit. Contours are 

not limited, i.e. based on local velocity. 

 

 

Figure A.5: Velocity contours of jet with blockage 6D from the pipe exit. Contours are 

limited to the maximum in the straight pipe simulation. 
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Figure A.6: Velocity contours of jet with blockage 5D from the pipe exit. Contours are 

not limited, i.e. are based on local velocity. 

 

Figure A.7: Velocity contours of jet with blockage 5D from the pipe exit. Contours are 

limited to the maximum in the straight pipe simulation. 

 

Figure A.8: Velocity contours of jet with blockage 4D from the pipe exit. Contours are 

not limited, i.e. are based on local velocity. 
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Figure A.9: Velocity contours of jet with blockage 4D from the pipe exit. Contours are 

limited to the maximum in the straight pipe simulation. 

 

Figure A.10: Velocity contours of jet with blockage 3D from the pipe exit. Contours are 

not limited, i.e. are based on local velocity. 

 

Figure A.11: Velocity contours of jet with blockage 3D from the pipe exit. Contours are 

limited to the maximum in the straight pipe simulation. 
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Figure A.12: Velocity contours of jet with blockage 2D from the pipe exit. Contours are 

not limited, i.e. are based on local velocity. 

 

Figure A.13: Velocity contours of jet with blockage 2D from the pipe exit. Contours are 

limited to the maximum in the straight pipe simulation. 

 

Figure A.14: Velocity contours of jet with blockage 1D from the pipe exit. Contours are 

not limited, i.e. are based on local velocity. 
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Figure A.15: Velocity contours of jet with blockage 1D from the pipe exit. Contours are 

limited to the maximum in the straight pipe simulation. 
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A.2: Turbulent Kinetic Energy 

 

 

Figure A.16: TKE contours of jet with no blockage 

 

Figure A.17: TKE contours of jet with blockage 7D from the pipe exit. Contours are not 

limited, i.e. are based on local TKE. 

 

 

Figure A.18: TKE contours of jet with blockage 7D from the pipe exit. Contours are 

limited to the maximum in the straight pipe simulation. 
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Figure A.19: TKE contours of jet with blockage 6D from the pipe exit. Contours are not 

limited, i.e. are based on local TKE. 

 

Figure A.20: TKE contours of jet with blockage 6D from the pipe exit. Contours are 

limited to the maximum in the straight pipe simulation. 

 

Figure A.21: TKE contours of jet with blockage 5D from the pipe exit. Contours are not 

limited, i.e. are based on local velocity. 
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Figure A.22: TKE contours of jet with blockage 5D from the pipe exit. Contours are 

limited to the maximum in the straight pipe simulation. 

 

Figure A.23: TKE contours of jet with blockage 4D from the pipe exit. Contours are not 

limited, i.e. are based on local velocity. 

 

Figure A.24: TKE contours of jet with blockage 4D from the pipe exit. Contours are 

limited to the maximum in the straight pipe simulation. 
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Figure A.25: TKE contours of jet with blockage 3D from the pipe exit. Contours are not 

limited, i.e. are based on local velocity. 

 

Figure A.26: TKE contours of jet with blockage 3D from the pipe exit. Contours are 

limited to the maximum in the straight pipe simulation. 

 

Figure A.27: TKE contours of jet with blockage 2D from the pipe exit. Contours are not 

limited, i.e. are based on local TKE. 
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Figure A.28: TKE contours of jet with blockage 2D from the pipe exit. Contours are 

limited to the maximum in the straight pipe simulation. 

 

Figure A.29: TKE contours of jet with blockage 1D from the pipe exit. Contours are not 

limited, i.e. are based on local TKE. 

 

Figure A.30: TKE contours of jet with blockage 1D from the pipe exit. Contours are 

limited to the maximum in the straight pipe simulation. 
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A.3: Turbulence Dissipation Rate 

 

Figure A.31: TDR contours of jet with no blockage. 

 

Figure A.32: TDR contours of jet with blockage 7D from the pipe exit. Contours are not 

limited, i.e. are based on local TDR. 

 

Figure A.33: TDR contours of jet with blockage 7D from the pipe exit. Contours are 

limited to the maximum in the straight pipe simulation. 
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Figure A.34: TDR contours of jet with blockage 6D from the pipe exit. Contours are not 

limited, i.e. are based on local TDR. 

 

Figure A.35: TDR contours of jet with blockage 6D from the pipe exit. Contours are 

limited to the maximum in the straight pipe simulation. 

 

Figure A.36: TDR contours of jet with blockage 5D from the pipe exit. Contours are not 

limited, i.e. are based on local TDR. 
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Figure A.37: TDR contours of jet with blockage 5D from the pipe exit. Contours are 

limited to the maximum in the straight pipe simulation. 

 

Figure A.38: TDR contours of jet with blockage 4D from the pipe exit. Contours are not 

limited, i.e. are based on local TDR. 

 

Figure A.39: TDR contours of jet with blockage 4D from the pipe exit. Contours are 

limited to the maximum in the straight pipe simulation. 
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Figure A.40: TDR contours of jet with blockage 3D from the pipe exit. Contours are not 

limited, i.e. are based on local TDR. 

 

Figure A.41: TDR contours of jet with blockage 3D from the pipe exit. Contours are 

limited to the maximum in the straight pipe simulation. 

 

Figure A.42: TDR contours of jet with blockage 2D from the pipe exit. Contours are not 

limited, i.e. are based on local TDR. 
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Figure A.43: TDR contours of jet with blockage 2D from the pipe exit. Contours are 

limited to the maximum in the straight pipe simulation. 

 

Figure A.44: TDR contours of jet with blockage 1D from the pipe exit. Contours are not 

limited, i.e. are based on local TDR. 

 

Figure A.45: TDR contours of jet with blockage 1D from the pipe exit. Contours are 

limited to the maximum in the straight pipe simulation. 
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Appendix B:  Mesh Convergence for Chapter 6 

The meshes and domains for Chapter 6 are all tested at multiple sizing per mesh to ensure 

that the solution is as unaffected by the underlying mesh and domain as possible. This 

process for all meshes is to construct a set of meshes, with the sizes being reduced 

consistently until the variation of key quantities is below 1%. For the systems considered 

here, the quantities of interest are the average TDR: 

휀�̅�Ω =
∫ 휀(𝑟)𝑑𝑟
𝜕Ω

∫ 𝑑𝑟
𝜕Ω

(0-1) 

where 𝜕Ω is the hemispherical surface covering the outlet of the pipe.  

The other quantity measured is the domain peak TKE. A point measure is chosen to ensure 

convergence as it avoids the potential for mesh differences to be ‘smeared’ out by an 

averaging process.  

The centreline velocity is plotted as a final check that the solution is converged over the 

complete domain.  

While the detail of the domain and meshes are different for each of the models, due to 

changes in the convergence behaviour, the boundary conditions and solver methods are the 

same across the models.  

The 2nd order method was used for the pressure, and the 3rd MUSCL method for velocity, and 

the turbulence quantities. Least-Square Cell Based was used for gradient reconstruction. 

Pressure-Velocity coupling was handled by Fluent’s Coupled Algorithm. All other choices 

for the solver were left as the default. 

The pipe and base of the domain where treated as non-slip walls, the far wall of the domain 

was a pressure inlet and the outlet a pressure outlet. These options allowed a smaller domain 

with a more natural recirculation behaviour over using slip/non-slip walls on the far wall. The 

inlet, a velocity inlet, used fully developed flow from a precursor simulation.  

By exploiting the natural symmetries of the system, all simulations were ran as 2D 

axisymmetric models. Bodies of Influences where used to refine the mesh in region of largest 

gradient. Smooth Transition Inflation Layers where used to ensure that wall Y+ < 0.3 in the 

pipe and transitioned smoothly into the domain.  Transition ratio was set to 0.833, with a 
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growth ratio of 1.2. Inflation layers were not used on the base wall due to the almost stagnate 

flow in that region. 

Turbulence closure model was the Standard k-ε model with no modifications to the default 

settings.  

For simulations with multiple Reynolds Number at the same pipe diameter only the largest 

domain was tested, as this would be the most demanding on mesh resolution.  

To check the domain after the mesh refinement testing was complete, the domain was halved 

at the finest level and the key results compared. 

For all values published in Chapter 6 the values were taken from the mesh with the highest 

density and largest domain. 

B.1:  D = 1mm 

 

Figure B.1: Domain size details for the D=1mm mesh. Boundary conditions are: Thin 

black lines are non-slip walls, green is velocity inlet, red is an axis, solid blue 

is the pressure inlet and dashed blue is a pressure outlet. Interior lines are for 

sizing of domain: dotted line is extent for the coarse body sizing, dashed is 

the region for the medium body sizing and the dot dashed line is for the fine 

body sizing. See Figure B.2 for details of the fine body sizing region 
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Figure B.2: Details of the fine body sizing for the D=1 mm jet. 

B.1.1 Mesh Density 

Table B.1: Mesh controls for the D=1mm jet. 

Mesh Main 

[mm] 

Coarse 

[mm] 

Medium 

[mm] 

Fine 

[mm] 

Layers 

[#] 

Volumes 

 [#] 

M1 0.64 0.04 0.02 0.01 11 137410 

M2 0.48 0.03 0.015 0.0075 11 239002 

M3 0.32 0.02 0.01 0.005 7 526168 

M4 0.24 0.015 0.0075 0.00375 7 901271 

 

Table B.2: Keys results for the meshes used to establish impact of mesh density on 

results for the D=1mm jet. 

Mesh Wall Y+ 

(Pipe Wall) 

Wall Y+ 

(Domain) 

Max TKE 

[m2/s2] 

Variation 

[%] 

�̅�𝝏𝛀 

[m2/s3] 

Variation 

[%] 

M1 [4e-5,0.28] [4e-5,0.48] 16.25  20734  

M2 [3e-6, 0.22] [3e-6 ,0.45] 16.31 0.38% 20497 1.16% 

M3 [2e-5, 0.30] [2e-5, 0.33] 16.38 0.39% 19977 2.60% 

M4 [1e-5, 0.23] [1e-5, 0.25] 16.45 0.42% 19908 0.34% 
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Figure B.3: Plots of the velocity vs the axial coordinate along the centreline for the 

meshes tested for the D=1mm jet. Note: All meshes are present, the velocity 

converges very quickly for these simulations 

B.1.2 Domain Size 

Table B.3: Key results for the D=1mm jet to investigate the effect of domain size. 

Domain Max TKE 

[m2/s2] 

Variation 

[%] 

�̅�𝝏𝛀 

[m2/s3] 

Variation 

[%] 

Full 16.45  19908  

Half 16.44 0.04 19933 0.12 
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B.2:  D = 2mm 

The 2mm mesh is quite different to the others, due to issues getting the meshing program to 

generate a fine enough mesh. The domain was split into two sections, one covering the region 

from the pipe out to the fine black dotted lines using a structured mesh, while the rest of the 

domain was meshed using a quad dominate mesh. 

 

Figure B.4: Sketch of domain for the D=2mm jet simulations. Boundary conditions are: 

Thin black lines are non-slip walls, green is velocity inlet, red is an axis, 

solid blue is the pressure inlet and dashed blue is a pressure outlet. Interior 

lines are for sizing. 

B.2.1  Mesh Density 

Table B.4: Mesh controls for the D=2mm jet. 

Mesh Main [mm] Fine [mm] Layers [#] Volumes [#] 

M1 1.28 0.04 15 53381 

M2 0.64 0.02 15 177638 

M3 0.32 0.01 7 603992 

M4 0.224 0.007 7 1204662 
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Table B.5: : Keys results for the meshes used to establish impact of mesh density on 

results for the D=2mm jet. 

Mesh Wall Y+  

(Pipe Wall) 

Wall Y+ 

(Domain) 

Max TKE 

[m2/s2] 

Variation 

[%] 

�̅�𝝏𝛀 

[m2/s3] 

Variation 

[%] 

M1 [1e-5, 0.26] [1e-5, 0.7] 15.6  22580  

M2 [1e-6, 0.13] [1e-6, 0.46] 15.8 1.01% 23920 5.60% 

M3 [2e-6, 0.28] [2e-6, 0.28] 16.0 1.48% 23640 1.19% 

M4 [1e-6, 0.21] [1e-6, 0.21] 16.2 0.70% 23500 0.59% 

 

 

Figure B.5: Plots of the velocity vs the axial coordinate along the centreline for the 

meshes tested for the D=2mm jet. Note: All meshes are present, the velocity 

converges very quickly for these simulations 

B.2.2 Domain Size 

Table B.6: Key results for the D=2mm jet to investigate the effect of domain size. 

Domain Max TKE 

[m2/s2] 

Variation 

[%] 

�̅�𝝏𝛀 

[m2/s3] 

Variation 

[%] 

Full 16.2  23500  

Half 16.2 0.01% 23500 0.00% 
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B.3: D = 7.5mm 

 

Figure B.6: Domain size details for the D=7.5mm mesh. Boundary conditions are: Thin 

black lines are non-slip walls, green is velocity inlet, red is an axis, solid blue 

is the pressure inlet and dashed blue is a pressure outlet. Interior lines are for 

sizing of domain: dotted line is extent for the coarse body sizing, dashed is 

the region for the medium body sizing and the dot dashed line is for the fine 

body sizing. See for Figure B.7 details of the fine body sizing region. 

 

Figure B.7: Details of the fine body sizing for the D = 7.5mm jet. 

B.3.1 Mesh Density 

Table B.7: Mesh controls for the D=7.5mm jet. 

Mesh Main 

[mm] 

Fine 

[mm] 

Medium 

[mm] 

Coarse 

[mm] 

Layers 

[#] 

Volumes 

 [#] 

M1 6.4 0.4 0.2 0.1 21 51296 

M2 3.2 0.2 0.1 0.05 17 171664 

M3 2.4 0.15 0.075 0.0375 17 300613 
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Table B.8: Keys results for the meshes used to establish impact of mesh density on 

results for the D=7.5mm jet. 

Mesh Wall Y+  

(Pipe Wall) 

Wall Y+ 

(Domain) 

Max TKE 

[m2/s2] 

Variation 

[%] 

�̅�𝝏𝛀 

[m2/s3] 

Variation 

[%] 

M1 [1e-4, 0.25] [1e-4, 1.93] 5.37  2705  

M2 [9e-6, 0.26] [9e-6, 1.21] 5.44 1.30% 2963 8.70% 

M3 [3e-5, 0.19] [3e-3, 1.05] 5.47 0.54% 2989 0.86% 

 

 

Figure B.8: Plots of the velocity vs the axial coordinate along the centreline for the 

meshes tested for the D=7.5mm jet. Note: All meshes are present, the 

velocity converges very quickly for these simulations. 

B.3.2 Domain Size 

Table B.9: Key results for the D=7.5mm jet to investigate the effect of domain size. 

Domain Max TKE 

[m2/s2] 

Variation 

[%] 

�̅�𝝏𝛀 

[m2/s3] 

Variation 

[%] 

Full 5.47  2989  

Half 5.47 0.01% 2988 0.04% 
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B.4: D = 32mm 

 

Figure B.9: Domain size details for the D =32mm mesh. Boundary conditions are: Thin 

black lines are non-slip walls, green is velocity inlet, red is an axis, and 

dashed blue is a pressure outlet. Interior lines are for sizing of domain: 

dotted line is extent for the coarse body sizing, dashed is the region for the 

medium body sizing and the dot dashed line is for the fine body sizing. 

B.4.1 Mesh Density 

Table B.10: Mesh controls for the D=32mm jet. 

Mesh Main 

[mm] 

Fine 

[mm] 

Medium 

[mm] 

Coarse 

[mm] 

Layers 

[#] 

Volumes 

 [#] 

M1 16 1 0.5 0.25 20 89626 

M2 9.6 0.6 0.3 0.15 20 230420 

M3 6.4 0.4 0.2 0.1 20 493872 
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Table B.11: Keys results for the meshes used to establish impact of mesh density on 

results for the D=32mm jet. 

Mesh Wall Y+  

(Pipe Wall) 

Wall Y+ 

(Domain) 

Max TKE 

[m2/s2] 

Variation 

[%] 

�̅�𝝏𝛀 

[m2/s3] 

Variation 

[%] 

M1 [3e-5, 0.28] [3e-5, 2.77] 0.774  55.8  

M2 [2e-5, 0.17] [2e-5, 2.00] 0.779 0.75% 58.0 3.80% 

M3 [1e-5, 0.12] [1e-3, 1.44] 0.784 0.59% 58.1 0.10% 

 

 

Figure B.10: Plots of the velocity vs the axial coordinate along the centreline for the 

meshes tested for the D=32mm jet. Note: All meshes are present, the 

velocity converges very quickly for these simulations. 

B.4.2 Domain Size 

Table B.12: Key results for the D=32mm jet to investigate the effect of domain size. 

Domain Max TKE 

[m2/s2] 

Variation 

[%] 

�̅�𝝏𝜴 

[m2/s3] 

Variation 

[%] 

Full 0.784  58.08  

Half 0.786 0.29% 58.28 0.33% 
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B.5: D = 74mm 

 

Figure B.11: Domain size details for the D=74mm mesh. Boundary conditions are: Thin 

black lines are non-slip walls, green is velocity inlet, red is an axis, and 

dashed blue is a pressure outlet. Interior lines are for sizing of domain: 

dotted line is extent for the coarse body sizing, dashed is the region for the 

medium body sizing and the dot dashed line is for the fine body sizing. 

B.5.1 Mesh Density 

Table B.13: Mesh controls for the D=74mm jet. 

Mesh Main 

[mm] 

Fine 

[mm] 

Medium 

[mm] 

Coarse 

[mm] 

Layers 

[#] 

Volumes 

 [#] 

M1 32 4 2 1 20 31863 

M2 16 2 1 0.5 20 109925 

M3 12 1.5 0.75 0.325 20 211022 

M4 8 1 0.5 0.25 20 413126 
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Table B.14: Keys results for the meshes used to establish impact of mesh density on 

results for the D=74mm jet. 

Mesh Wall Y+  

(Pipe Wall) 

Wall Y+ 

(Domain) 

Max TKE 

[m2/s2] 

Variation 

[%] 

�̅�𝝏𝜴 

[m2/s3] 

Variation 

[%] 

M1 [1e-4, 0.26] [1e-4, 1.50] 0.0308  0.0702  

M2 [1e-6, 0.14] [1e-6, 0.80] 0.0321 3.94% 0.107 34.20% 

M3 [1e-6, 0.098] [1e-6, 0.74] 0.0324 1.06% 0.114 6.19% 

M4 [5e-6, 0.073] [5e-6, 0.52] 0.0325 0.30% 0.113 0.65% 

 

B.5.2 Domain Size 

Table B.15: Key results for the D=74mm jet to investigate the effect of domain size. 

Domain Max TKE 

[m2/s2] 

Variation 

[%] 

�̅�𝝏𝜴 

[m2/s3] 

Variation 

[%] 

Full 0.0325  0.113  

Half 0.0325 0.01% 0.113 0.26% 

 

Figure B.12: Plots of the velocity vs the axial coordinate along the centreline for the 

meshes tested for the D=74mm jet. Note: All meshes are present, the 

velocity converges very quickly for these simulations. 




