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Abstract 

Accurate modelling for spray vapour fields is critical to enable 

adequate predictions of spray ignition and combustion characteristics 

of non-premixed reacting diesel sprays. Spray vapour characteristics 

are in turn controlled by liquid atomization and the KH-RT liquid jet 

break-up model is regularly used to predict this: with the KH model 

used for predicting primary break-up given its definition as a surface 

wave growth model, and the RT model used for predicting secondary 

break-up due to it being a drag based, stripping model. This paper 

investigates how the alteration of the switching position of the KH 

and RT sub-models within the KH-RT model impacts the resulting 

vapour field and ignition characteristics. The combustion prediction 

is handled by the implementation of a 54 species, 269 reaction 

skeletal mechanism utilising a Well Stirred Reactor model within the 

Star-CD CFD code. Following on from the derivation and 

implementation of an Ohnesorge based switch between the KH and 

RT sub-models, this model is now tested in igniting cases for an n-

dodecane fuelled single holed injection representing the ECN “Spray 

A” condition, and is compared to the baseline Reitz-Diwakar model. 

Differences in flame behaviour, particularly within the temperature 

distribution, are seen and directly traced from the effect of liquid 

break-up position and model selection, through atomised droplet size 

distribution and mixture fraction distribution. Different criteria for 

judging the ignition delays and lift-off-lengths are compared, with all 

methods predicting very similar results for both models. The KH and 

RT sub-models are also tested against each other, with heavy 

instabilities seen when the RT model is solely applied to the spray. 

This correlates with the instabilities shown in the vapour fields, 

suggesting the enabling of the RT model near-nozzle is to be avoided. 

Introduction 

Accurate modelling of diesel injection and combustion is paramount 

to improving efficiency of diesel engines through better engine 

simulations. Previous studies have been conducted to observe in-

cylinder spray evolution, the air-fuel mixing process, auto-ignition 

and flame propagation [1–3]. However, these studies are commonly 

performed in rather simplified configurations which allow limited 

usage on engine design and optimization [4].  Computational Fluid 

Dynamics (CFD) allows for a level of vision within a cylinder that 

cannot be provided by standard optical-access engines, allowing 

researchers to see in-cylinder flows in unparalleled detail. Whereas a 

common engine is somewhat equivalent to a "black box", where the 

inputs and outputs from the engine are known but the exact 

knowledge of what is happening within the cylinder is not, CFD 

allows for this to be visualised. Along with the increased knowledge 

of in-cylinder flows that CFD provides to researchers, it is also useful 

in engine development due to the relatively low cost and small lead 

time in setting up a CFD simulation in comparison to operating an 

optical-access engine. Parametric studies of engine components are 

also much faster to run in a virtual environment, with any changes 

able to be automated and run simultaneously on clustered computer 

systems, in comparison to being run sequentially on a real engine. 

The changeover time for the study would also need to be taken into 

account; for example the nozzle-tip protrusion study by Leach et al. 

[5] required only a small change in the CFD simulation, in

comparison to requiring a technician to alter the injector position

each time a test is required.

The Lagrangian-Eulerian approach is commonly used for modelling 

diesel sprays. A variety of different CFD codes and models have been 

used to study the characteristics of the spray. The KIVA-3V code has 

been used as a tool for early engine simulations by Senecal et al. [6], 

accurately predicting the liquid length, ignition delay and flame lift-

off-length for differing ambient and injection conditions. 

OpenFOAM is another commonly used CFD package, with Lucchini 

et al. [7] investigating a vaporising diesel spray condition to 

determine grid size requirements. The liquid length, vapour length 

and mixture fraction distributions were well predicted within this 

study. The comparatively newer CFD package CONVERGE has 

been very commonly used for diesel engine and spray simulations. 

Leach et al. [8] compared CONVERGE to an experimental diesel 

engine, with the simulation results mirroring the experimental trends 

seen at a variety of part and full-load operating points. Fang et al. [9] 

have also used CONVERGE to study the phenomenon of combustion 

recession on the ECN “Spray A” condition, with good matches for 

the experimental liquid length, vapour length, ignition delay and lift-

off-lengths seen with different combustion models and skeletal 

mechanisms used. Bolla et al. [10] used the CFD software Star-CD to 

predict the turbulence-chemistry interaction for an n-heptane spray at 

engine conditions, comparing different combustion models with the 

same chemical mechanism. It was shown that a more complex 

Conditional Moment Closure (CMC) combustion model predicted the 

experimental lift-off-lengths better at most cases than a simpler Well 

Stirred Reactor (WSR) model, with negligible change on the ignition 

delay. The soot volume fraction predictions also differed between the 

models; however both were over-predicted when compared to 

experimental results. A split injection study using n-dodecane fuel 

was also undertaken in Star-CD by Blomberg et al. [11], using 

different turbulence models within their investigation. The 

combustion recession phenomenon was captured well by both 
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models, as well as the vapour length, ignition delay and lift-off-

lengths. 

In the following work the standard ECN “Spray A” condition will be 

simulated using a RANS framework in the Star-CD CFD code. 

Initially, the vaporising case will be considered, with the impact of a 

novel switching method for the KH-RT break-up model on the 

vapour fields established. This novel switching method will then be 

compared to another commonly used break-up model, the Reitz-

Diwakar model, at the combusting “Spray A” test point. Both cases 

will use the same methodology for solving the combustion chemistry, 

ensuring as controlled a comparison as possible between the two 

break-up models. The ignition delays, lift-off-lengths and 

temperature fields will be compared between the models, with 

differences investigated. The mixture fractions will also be compared 

and differences detailed, helping to explain the discrepancies seen 

before. Finally, the influence of each of the KH and RT models will 

be determined, with large oscillations seen in the RT model’s case, 

mirroring results seen in the vapour field study. 

Computational Set-Up 

Within this paper the Star-CD CFD v4.30 code is used [12], 

modelling the diesel spray in a coupled Lagrangian-Eulerian method, 

with the spray droplets modelled as parcels as per the discrete droplet 

method proposed by Dukowicz [13] and the gas field modelled by the 

standard k-ε turbulence model [14]. A grid dependency study was 

undertaken in the style of Senecal et al. [2], with convergence found 

in major computational parameters at a cell size of 0.25 mm. Further 

information on this can be found in the authors’ previous work [15]. 

The “effective” injection method is used, whereby the droplets are 

injected into the domain at nozzle diameter, with an injection velocity 

based on the injection mass flow rate, after which the droplets 

undergo break-up. The droplet drag is modelled by a dynamic drag 

relationship (Eq. A16). Other models for the turbulent dispersion [16] 

and vaporisation are used [17,18], however these are described well 

in the literature and as a result are not fully presented here. 

The Sandia constant volume chamber is modelled within Star-CD as 

a 108 mm cubic chamber [4] utilizing a structured, pre-generated 

mesh. The cell sizes vary from 2 mm as a base mesh to 0.25 mm in 

the near-nozzle region. The refinement is shown in Figure 1, clearly 

showing the steps in refinement employed to best capture the “Spray 

A” condition previously [15]. 

 

Figure 1 - Computational mesh employed in Star-CD for spray 

predictions, with refinement noted 

Break-Up Modelling 

Within this paper the Reitz-Diwakar [19] and the KH-RT break-up 

model [20,21] are used to predict droplet break-up. The Reitz-

Diwakar model is used in conjunction with the Huh-Gosman 

atomization model, in which the injection cone angle is calculated. 

When the KH-RT model was used, the injection cone angle was set 

to 20°. For the KH-RT model the addition of the Ohnesorge based 

break-up length as derived by the author previously is used [15]. 

From here on in this will be referred to as the KH-RT “Switch” 

model. The model acts to ensure that both KH and RT models act 

within the spray as previously it was found that the RT model would 

dominate the break-up, causing unphysical effects. A summary of the 

governing equations used within the KH and RT sub-models can be 

found in Appendix A, along with the model constants used within 

this paper. The main addition to the KH-RT model is the Ohnesorge 

based criterion, shown in Eq. 1. 

𝑆𝑊1 = 10𝑆𝑁𝐷0𝑍0 

(1) 

The criterion is based on the nozzle diameter (𝐷0), the initial 

Ohnesorge number (𝑍0) and a scaling number (𝑆𝑁) that controls the 

position of the switch between the KH and RT models. Before the 

criterion is met, the KH model acts; after this the KH and RT models 

compete based on the predicted break-up time as is used within 

Star-CD. 

The constant values used within these simulations for the turbulence 

model are shown in Table 1, with the break-up model constants 

detailed in Appendix A. The main constant changed is the SN value, 

which will be noted where it is changed within the study. 
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Table 1 - Turbulence model constants used within this study, altered 

to match the “Spray A” condition, with note of differences between 

break-up models 

Model Constant Value  

Cμ 0.09 

C1ε 1.52 (R-D) / 1.58 (KH-RT) 

C2ε 1.92 (R-D) / 1.96 (KH-RT) 

σk 1 

σε 1.3 

 

Combustion Modelling 

To model the combustion of n-dodecane within this paper the skeletal 

mechanism of Yao et al. [22] will be used, which is a 54 species, 269 

reaction mechanism, allowing for the combustion of n-dodecane to be 

viewed a series of reversible reactions. The equation for the ideal 

(complete) combustion of n-dodecane is shown in Equation 2. 

C12H26 + 18.5O2 → 12CO2 + 13H2O 

(2) 

Yao’s mechanism was chosen due to its lower reaction count and 

hence quicker computational time than other available n-dodecane 

mechanisms like that of Wang et al. [23]. Given the combustion 

mechanism is used as a means of comparison and not as an in-depth 

combustion analysis a more complete mechanism is not required. 

However, this mechanism has been used in DNS [24], LES [25] and 

RANS [26,27] simulations with good results being seen in all studies. 

This mechanism has been shown to over-predict the lift-off-length 

when compared to the "Spray A" condition using RANS models [9], 

however given this mechanism is being used to solely compare the 

break-up models this is not a concern for this study. 

Yao’s mechanism was used in conjunction with a Well Stirred 

Reactor (WSR) model, under which each transport equation is solved 

at the same resolution as the cell size. This is implemented as 

standard within Star-CD, which applies a combination of a time-split 

method [12] and a Dynamic Multi-Zone (DMZ) method [28] to 

increase the computational efficiency of the combustion simulation. 

Within the DMZ method groups of cells are constructed using four 

characteristic quantities: temperature (representing combustion 

progress), mixture fraction (representing mixing progress), enthalpy 

(representing energy level), and mass fraction of auto-ignition species 

(such as CH2O and H2O2) to capture the auto-ignition process 

[10,12,29]. This method has been shown to predict the ignition of a 

diesel spray well, and has been compared to more complex 

combustion models such as Conditional Moment Closure (CMC), 

showing good matches to ignition delays and lift-off-lengths [10]. 

Experimental Validation 

For this study the Engine Combustion Network (ECN) "Spray A" 

condition will be used. The "Spray A" test point is a high temperature 

and pressure case with well-characterised experimental data available 

for validation [30,31], with the conditions for this test point shown in 

Table 2. Within the Sandia set-up the conditions are reached using a 

pre-burn chamber, whereby a small amount of fuel is ignited before 

the test, and the injection of note is started when the ambient 

conditions reach the desired temperature and pressure. As a result, the 

ambient gas composition contains combustion products in small 

quantities in addition to the N2 quantity. Further information on the 

exact Sandia set-up can be found in Pickett's initial paper on the ECN 

project [30]. The experimental data used for comparison is taken 

from the reacting study of Lillo et al. [32], with the 15 % O2 case 

used. The main comparison criteria are the ignition delay and lift-off-

lengths, with the experimental results shown in Table 3. The lift-off-

length is shown as a mean and 95 % confidence interval, taken from 

the data provided by the ECN. 

Table 2 - Reacting “Spray A” conditions [32] 

Fuel Surrogate n-dodecane 

Ambient Temperature (K) 900 

Ambient Gas Density (kg/m3) 22.8 

Ambient Gas Composition 
75.15% N2, 15% O2, 6.22% CO2, 

3.62% H2O 

Injection Pressure (bar) 1500 

Fuel Injection Temperature (K) 363 

Nozzle Diameter (μm) 90 

Injection Duration (ms) 1.5 

Injected Mass (mg) 3.5 - 3.7 

 

Table 3 - Mean experimental lift-off-length and ignition delay for the 

reacting "Spray A" case [32] 

Lift-Off-Length (mm) Ignition Delay (ms) 

16.60 ± 3.98 0.43 

 

For the computational definitions of lift-off-length and ignition delay, 

common definitions will be used. Within this paper three different 

definitions for lift-off-length will be tested, based on the axial 

distance to either an OH mass fraction or a temperature threshold. 

The OH thresholds are commonly used and are defined as either 2 % 

or 14 % of the Favre-averaged simulation maximum, with the 

temperature threshold defined as 400 K above the ambient 

temperature. These criteria have been used to calculate lift-off-length 

previously [23,33,34], with good results for all criteria shown. The 

ignition delay is similarly defined based on the OH mass fraction, 

however in this case it is the first timestep at which the OH mass 

fraction exceeds the set thresholds. The vapour fields are also based 

on a commonly used criterion, with the field defined as the volume in 

which cells contain higher than 0.1 % mass fraction of fuel vapour. 

Non-Reacting Vapour Field Predictions 

Within the initial derivation of the KH-RT “Switch” model the 

impact of the switching position on the vapour fields was not 

considered [15]. Given the importance of good prediction of the 

vapour fields on the combustion of the spray, it is critical to consider 

how implementing a break-up length model impacts this prediction. 

Three separate switching positions will be considered at the non-

reacting case, with SN values of 68.0, 203.9 and 543.8 used 

(corresponding to switching positions of 1, 3 and 8 mm from the 

injector tip respectively). Along with this, the baseline Reitz-Diwakar 
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(R-D) case will also be considered. These cases were considered in 

the previous study [15], with the liquid length means and vapour 

lengths shown in Table 4. As can be seen, the switching position has 

minimal impact on the vapour length at either 1 or 1.5 ms ASOI, and 

all the switching positions chosen closely match the baseline Reitz-

Diwakar case’s vapour length. 

Table 4 - Mean liquid length and vapour lengths for the SN = 68.0, 

203.9 and 543.8 cases along with the baseline Reitz-Dwiakar case for 

the vaporising "Spray A" condition 

Break-Up Model 
Liquid Length 

Mean 

Vapour 

Length @ 1 

ms ASOI 

Vapour 

Length @ 1.5 

ms ASOI 

SN = 68.0 10.11 mm 43.5 mm 52.5 mm 

SN = 203.9 10.01 mm 42.5 mm 52.5 mm 

SN = 543.8 9.55 mm 43.5 mm 53.0 mm 

Reitz-Diwakar 10.13 mm 43.5 mm 53.5 mm 

Experimental 10.08 ± 0.34 mm 46.8 mm 56.9 mm 

 

The cone angles predicted by each position offer an insight into the 

capturing of the spray, and the predictions for each position are 

shown in Table 5, with the experimental data (from Sandia [30]) also 

shown. All cone angles are calculated using the method of Naber and 

Siebers [35], where the angle is taken to half the vapour penetration 

length at each time considered. 

Table 5 - Computational and experimental cone angles, in degrees, 

calculated from the vapour fields at varying times ASOI 

SN 0.5 ms 0.75 ms 1 ms 1.25 ms Mean 

68.0 18.2 19.4 19.2 19.3 19.0 

203.9 19.1 19.0 19.4 19.8 19.4 

543.8 18.7 19.3 19.6 20.0 19.4 

R-D 23.4 22.3 22.5 22.5 22.7 

Experimental 23.4 22.1 24.3 23.2 23.3 

 

The cone angle defined for the simulations was 20°, given it was used 

for comparison with another CFD code as in the previous study [15]. 

It is worth noting that the Reitz-Diwakar case uses the Huh-Gosman 

atomization model, which calculates the cone angle as part of the 

simulation and as such differs in prediction in comparison to the KH-

RT “Switch” model. Comparing the vapour field boundaries between 

the SN = 68.0 case and the experimental data in Figure 2 shows the 

difference in cone angle predictions, with the difference accounted by 

a lack of prediction of eddies within the simulations results, 

especially apparent on the “bottom” side of the spray in Figure 2. 

Given the use of a RANS modelling system for these simulations this 

is not surprising, especially when considering a comparison between 

a RANS simulation and a single experimental spray. As such, it is not 

deemed an issue, especially given the generally good prediction of 

the “top” side of the spray shown in Figure 2. 

 

Figure 2 - Plot at 0.5 ms ASOI of the spray vapour boundary fields of 

the SN = 68.0 case and the instantaneous experimental spray data 

Comparing the different switching positions using the KH-RT 

“Switch” model, a clear oscillation in the near nozzle vapour field 

can be seen in the SN = 68.0 case in Figure 3. This was believed to be 

due to numerical convergence issues caused by the near nozzle 

switching position and is not seen in either of the other cases. This 

oscillation can also be seen in later snapshots of the spray, as shown 

in Figure 4 at 1.25 ms ASOI. These results suggest a boundary needs 

to be placed on the value of SN to ensure that convergence issues do 

not arise. 

 

Figure 3 - Vapour mass fractions for the non-reacting "Spray A" case 

at 0.5 ms ASOI, with SN values of (a) 68.0, (b) 203.9 and (c) 543.8 
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Figure 4 - Vapour mass fractions for the non-reacting "Spray A" case 

at 1.25 ms ASOI, with SN values of (a) 68.0, (b) 203.9 and (c) 543.8 

For the SN values of 203.9 and 543.8, the vapour fields predicted are 

very similar to each other, with no oscillatory behaviour shown and 

vapour length predictions closely aligned. Given the switching 

position’s impact on liquid length shown in the previous study [15], a 

value of 203.9 will be used for the combusting results in the next 

section. This value is of further importance given the better 

prediction of steady state liquid length it provides over the 543.8 

value [15]. 

Combusting Results 

Break-Up Model Comparison 

Within this section the KH-RT “Switch” model will be compared 

against the baseline Reitz-Diwakar model at the combusting 

“Spray A” test point. To ensure that the cases are compared properly 

the vapour and liquid lengths are matched through tuning of the 

constants shown in Tables 1, A1 and A2. This ensures the two cases 

are matched to each other as closely as possible at the non-reacting 

“Spray A” case, as is shown in Table 6. The model setups for the two 

cases are then used for the combusting “Spray A” case. The liquid 

length means are calculated between 0.3 ms and 1.5 ms, as before 

[15]. 

Table 6 - Liquid length means and vapour lengths for the KH-RT 

"Switch" and Reitz-Diwakar models for the non-reacting “Spray A” 

case 

Break-Up Model 
Liquid Length 

Mean 

Vapour 

Length @ 1 

ms ASOI 

Vapour 

Length @ 1.5 

ms ASOI 

KH-RT “Switch” 10.01 mm 42.5 mm 52.5 mm 

Reitz-Diwakar 10.13 mm 43.5 mm 53.5 mm 

Experimental 10.08 ± 0.34 mm 46.8 mm 56.9 mm 

 

The vapour length matches between the two models are very close, 

ensuring that the comparisons made are valid. To begin with, the 

ignition delays for both break-up models are compared. The results 

for these are shown in Table 7, showing a very good match to the 

experimental ignition delay for both models. The difference in the 

OH criterion has a minimal impact on the prediction of the ignition 

delay, which is further shown when the progression of the OH mass 

fraction is plotted against time, as in Figure 5. 

Table 7 - Simulated and experimental ignition delays for the 

combusting "Spray A" case 

Break-Up Model Ignition Delay (ms) 

KH-RT “Switch” – 2 % OHmax 0.43 

KH-RT “Switch” – 14 % OHmax 0.44 

Reitz-Diwakar – 2 % OHmax 0.42 

Reitz-Diwakar – 14 % OHmax 0.44 

Experimental 0.43 

 

 

Figure 5 - Simulated % OHmax against time for both break-up models 

at the combusting "Spray A" case 

Within the DMZ model various auto-ignition scalars are used to help 

simulate the ignition of the spray, chief among which are the CH2O 

and H2O2 species. Comparing these between the break-up models at 

their 2 % OHmax ignition delay helps to ascertain the combustion 

model is consistent when using either break-up model, and is shown 

in Figure 6 and 7. Along with this, the mixture fractions and 

temperatures of the two break-up models are also compared. The 

larger cone angle for the Reitz-Diwakar model is clearly shown 

within the temperature fields, however otherwise the fields are very 

similar to each other with magnitudes of each scalar considered 

closely matched between the two models. 

 

Figure 6 - H2O2. CH2O, C12H26 and temperature fields at the 

predicted 2 % OHmax ignition delay for the Reitz-Diwakar model. 

Distances are in mm 
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Figure 7 - H2O2, CH2O, C12H26 and temperature fields at the 

predicted 2 % OHmax ignition delay for the KH-RT "Switch" model. 

Distances are in mm 

Considering the lift-off-lengths, the additional criterion of 

Tamb + 400 K is considered. Figure 8 shows the comparison of the 

lift-off-lengths after the start of combustion between the simulations 

and experimental data. As can be seen, initially the lift-off-lengths are 

predicted well, however as combustion continues the lift-off-lengths 

diverge from the experimental results before returning within the 

experimental variation at the end of the simulated time. Comparing 

between the break-up models, the Reitz-Diwakar model predicts a 

slightly lower lift-off-length initially, however the models converge 

around the end of injection to predict very similar lift-off-lengths. 

Finally, the OH and temperature criteria appear to make very little 

difference to the predicted lift-off-lengths, with only a minor 

divergence seen in the Reitz-Diwakar model at 1.25 ms to 1.75 ms, 

however generally all criteria predict very similar lift-off-lengths. 

This over-prediction of lift-off-lengths is seen when using both a well 

stirred reactor model [10,36,37] and the Yao mechanism [9,38]. 

Along with this, as the study seeks to compare the break-up models 

against one another utilising the same combustion model, the trends 

seen between the models are similar and as such can be considered a 

function of both the combustion model and mechanism used. 

 

Figure 8 - Simulated and experimental lift-off-lengths for the 

combusting "Spray A" condition against time ASOI. Experimental 

data shown as a mean and 95 % confidence interval through error 

bars 

Considering the progression of the combustion, snapshots are taken 

from each break-up model’s simulation at 1 and 1.5 ms ASOI. Figure 

9 shows the difference in predictions of OH and temperature between 

the two break-up models. As can be seen, the Reitz-Diwakar case has 

a noticeably wider spray plume at both times shown, with the shorter 

lift-off-length shown in Figure 8 visible at 1 ms ASOI. The KH-RT 

"Switch" model also penetrates further with both the OH and 

temperature fields at 1 ms ASOI, however this difference in 

penetration is reduced as the injection continues. Another interesting 

observation is that the 2 % OHmax boundary matches very well with 

the high temperature regions of the spray confirming the initial 

reasoning behind selecting this criterion as a predictor of combustion 

zones. This comparison is shown in Figure 10, showing the 2 % 

OHmax boundary closely following the red temperature boundary of 

2000 K within the spray plume, especially in the KH-RT “Switch” 

model predictions. 
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Figure 9 - OH and temperature field plots for the Reitz-Diwakar and 

KH-RT "Switch" models at 1 ms and 1.5 ms ASOI. The 2 % and 14 % 

OHmax criteria are shown as dashed white lines with the temperature 

criterion shown as a dashed black line. The experimental lift-off-

lengths are shown as a white dotted line 

 

Figure 10 - Temperature fields for the Reitz-Diwakar and KH-RT 

"Switch" models at 1 ms and 1.5 ms ASOI, with the 2 % OHmax 

boundary shown as a black dashed line. The experimental lift-off-

lengths are shown as a white dotted line 

Figure 10 also shows a difference in the temperature in the centre of 

the spray between the two models, with the KH-RT “Switch” model 

predicting a hotter “core” of the spray than the Reitz-Diwakar model. 

This suggests greater internal mixing of the fuel within the core of the 

spray, allowing for combustion to occur in more areas for the KH-RT 

"Switch" model. Along with this, the area encompassed by 

temperatures above ambient is lower in the KH-RT "Switch" model, 

suggesting a faster and locally hotter reaction than in the Reitz-

Diwakar model. This is reflected by the maximum centreline plane 

temperatures, as shown in Figure 11. The KH-RT “Switch” model 

shows a clearly higher temperature by approximately 45 K than the 

Reitz-Diwakar model for the majority of the simulation time. 

However, considering the mean centreline plane temperatures, as 

shown in Figure 12, it can be seen that the Reitz-Diwakar model has 

a higher mean centreline plane temperature than the KH-RT “Switch” 

model at all timesteps. This is most likely due to the larger cone 

angles seen in the Reitz-Diwakar model (as seen in Table 5) ensuring 

that the combusting zone is larger for this model in comparison to the 

KH-RT "Switch" model. The larger combustion zone will ensure that 

more of the spray centreline plane is above the ambient temperature 

and hence this will lead to a larger mean temperature on that plane 

when compared to the KH-RT "Switch" model, by approximately 

15 K at 0.5 ms ASOI to 35 K at 2 ms ASOI. 
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Figure 11 - Maximum centreline plane temperatures for the Reitz-

Diwakar and KH-RT "Switch" models for the combusting "Spray A" 

case against time ASOI 

 

Figure 12 - Mean centreline plane temperatures for the Reitz-

Diwakar and KH-RT "Switch" models for the combusting "Spray A" 

case against time ASOI 

Some of the difference between the maximum and mean centreline 

plane temperature predictions can be explained through consideration 

of the mixture fractions, as shown in Figure 13. The higher peak for 

the KH-RT “Switch” model at 20 mm from the injector tip is 

believed to be responsible for the higher maximum temperatures seen 

with this model. In comparison, the wider mixture fraction profile of 

the Reitz-Diwakar model at both positions correlates well with both 

the cone angle predictions and the more uniform temperature 

predictions seen for this model. These predictions also match the 

SMD predictions shown in the previous study [15], suggesting the 

vaporising case trends correlate well with the combusting case 

results. 

 

Figure 13 - Mixture fractions for the Reitz-Diwakar and KH-RT 

"Switch" models for the combusting "Spray A" case at 1 ms ASOI, at 

distances 15 and 20 mm from the injector tip 

KH and RT Sub-Model Influence 

Within this section the KH and RT sub-models will be tested 

independently of each other, utilising the switching position to force 

the break-up model to only apply one of the sub-models. Given the 

close predictions of lift-off-length seen between the criteria 

previously, the 2 % OHmax criterion will be used within this section. 

The lift-off-lengths for the KH and RT sub-models are shown in 

Figure 14, showing a clear difference in the lift-off-length prediction 

between the two sub-models. The RT sub-model predicts a much 

lower lift-off-length than the KH sub-model throughout the injection 

period, and broadly matches the experimental data. Meanwhile, the 

KH sub-model matches the original KH-RT "Switch" model’s lift-

off-length (from Figure 8) closely throughout the injection period, 

showing good agreement with the other simulated combusting cases. 

The RT OH field is highly asymmetrical however, with the lift-off-

length being determined by the lower half of the OH field which 

protrudes further from the spray tip and closer to the injector. This 

behaviour is shown in Figure 15. In comparison, the KH OH field is 

highly symmetrical, with the lift-off-lengths between the two halves 

of the OH field being very close. The reason for this difference 

between the sub-models is believed to be instabilities in the liquid 

region of the RT sub-model’s injection, with much more extreme 

oscillatory behaviour seen than was shown previously. 

 

Figure 14 - Lift-off-lengths for the KH and RT sub-models, compared 

with the combusting "Spray A" lift-off-length, plotted against time 

ASOI. Experimental data shown as a mean and 95 % confidence 

interval through error bars 
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Figure 15 - OH field plots for the KH and RT sub-models at 1 ms and 

1.5 ms ASOI. The 2 and 14 % OHmax fields are shown as white 

dashed lines, and the experimental lift-off-length is shown by a dotted 

white line 

These instabilities are shown in Figure 16, clearly showing large 

oscillations near the spray tip early on in the injection phase. Given 

the large amount of parcels below the spray centreline in comparison 

to above it the differences in the OH fields shown in Figure 15 can be 

explained by these parcels combusting closer to the spray tip than the 

ones above the spray centreline. Similar instabilities were seen when 

SN was set to very low values previously, with numerical errors 

generating the oscillatory behaviour. This holds true when the RT 

sub-model is the only one to act on the spray, however having an 

aerodynamic based break-up regime acting on the entirety of the 

spray is not realistic to a real-life situation. The instabilities seen 

within the RT model case also have a large impact on the mixture 

fraction predictions, as is shown in Figure 17. This figure shows the 

increasingly off-centre position of the maximum mixture fraction as 

the distance to the nozzle tip is increased from 15 mm to 20 mm at 

1 ms ASOI, along with the corresponding reduction in mixture 

fraction as expected. This change in position of the maximum 

mixture fraction matches both the parcel plots shown in Figure 16 

and OH fields shown in Figure 15, with the RT model predicting an 

extremely offset lift-off-length skewed towards the right hand side of 

the injector. 

 

Figure 16 - Parcel plots for the RT sub-model simulation of the 

combusting "Spray A" case, at 0.1 ms ASOI (top) and 0.2 ms ASOI 

(bottom). MDIA is the droplet diameter in metres 

 

Figure 17 - Mixture fractions for the RT sub-model at distances of 15 

to 20 mm, in increments of 1 mm, all taken at 1 ms ASOI 

Summary/Conclusions 

This paper has taken the KH-RT "Switch" model derived in the 

previous study and applied it to a combusting "Spray A" condition, 

with a good match found between the KH-RT "Switch" model and 

the baseline Reitz-Diwakar case when both models utilised the same 

reduced n-dodecane mechanism. The following differences and 

phenomena were also found and discussed: 
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• The impact of the break-up model on the spray vapour 

fields has been characterised, with switching positions 

closer to the nozzle showing oscillatory behaviour 

throughout the injection time. This was seen to have no 

impact on the cone angle of the spray. 

• Both models were found to over-predict the lift-off-length 

of the spray when compared to experimental results, with 

the Reitz-Diwakar model showing an over-prediction of the 

lift-off-length by approximately 7 mm and the KH-RT 

"Switch" model over-predicting the lift-off-length by 

approximately 10 mm. This was deemed to not be an issue 

given this result has been seen previously when the 

combination of the well mixed combustion model and Yao 

mechanism was used. The ignition delay was predicted 

excellently on the other hand, with both break-up models 

matching experimental data to within 0.01 ms. 

• Differences in the mixture fractions were seen between the 

two models, with the results complementing the SMD 

results from the KH-RT "Switch" model derivation; these 

differences are also believed to cause the small differences 

seen in the temperature predictions. 

• The influence of each sub-model of the KH-RT break-up 

model was also considered, utilising the implemented 

switch to ensure that only one model acted for the spray. 

The results showed that the RT sub-model caused a highly 

unstable liquid prediction, leading to a much lower lift-off-

length than that of the KH sub-model. These instabilities 

mirrored those seen previously when the switch position 

was set too close to the injector, further suggesting a 

boundary on the switching constant is required. 
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Appendix A – Break-Up Model Comparison 

Within Star-CD, the droplet break-up rate is calculated as follows: 

𝑑𝐷𝑑

𝑑𝑡
= −

𝐷𝑑 − 𝐷𝑑,𝑠𝑡𝑎𝑏𝑙𝑒

𝜏
= −

2(𝑟𝑝 − 𝑟𝑐)

𝜏
 

(A1) 

The initial droplet diameter, Dd, or the parent droplet radius rp, are taken from the droplet properties and used to calculated the stable droplet 

diameter, Dd,stable, or child droplet radius, rc. Along with this, the droplet break-up timescale, τ, is also calculated within the break-up models. For the 

Reitz-Diwakar model the bag and strip models compete with each other, with the shortest predicted timescale determining which model acts. For the 

KH-RT model the KH model acts before the SW1 criterion is met (Eq. 1), after which both the KH and RT models compete with each other in the 

same way as the Reitz-Diwakar model. 

Reitz-Diwakar Break-Up Model 

The Reitz-Diwakar model simulates the break-up of the droplet in a bag-strip style, caused by the aerodynamic forces on the droplet [19]. The 

governing equations for the model are found below. 

Bag Break-Up 

For bag break-up to occur the droplet Weber number must exceed a critical value: 

𝑊𝑒𝑑  ≡
𝜌𝑑𝑈2 𝐷𝑑

2𝜎𝑑
≥ 𝐶𝑏1 

(A2) 

where Cb1 is the critical Weber number and a model coefficient and U is the relative velocity of the droplets with respect to the gas phase. All model 

coefficients and their values used in these simulations can be found in Table A1. The stable droplet diameter can be found using Eq.A2 when the 

droplet Weber number is equal to the critical Weber number: 

𝐷𝑑,𝑠𝑡𝑎𝑏𝑙𝑒 =
2𝐶𝑏1𝜎𝑑

𝜌𝑑𝑈2
 

(A3) 

The corresponding break-up timescale can be calculated as follows: 

𝜏𝑏 =
𝐶𝑏2𝜌𝑑

0.5𝐷𝑑
1.5

4𝜎𝑑
0.5  

(A4) 

where Cb2 is another model coefficient. Using this break-up timescale and the stable droplet diameter from Eq.A3, Eq.A1 can be solved to calculate 

the bag droplet break-up rate. 

Strip Break-Up 

For strip break-up to occur a different criterion is used: 

𝑊𝑒𝑑

√𝑅𝑒𝑑

≥ 𝐶𝑠1 

(A5) 

When this criterion is met then stripping break-up can occur. Again, the stable droplet diameter can be calculated when the left and right hand side of 

Eq.A5 are equal to each other: 
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𝐷𝑑,𝑠𝑡𝑎𝑏𝑙𝑒 =
4𝜎𝑑

2𝐶𝑠1
2

𝜌𝑑𝑈2𝜇𝑑
  

(A6) 

where Cs1 is a model coefficient. The stripping break-up timescale can be calculated as follows: 

𝜏𝑠 =
𝐶𝑠2

2
 (

𝜌𝑑

𝜌𝑔
)

0.5
𝐷𝑑

𝑈
 

(A7) 

with Cs2 another model coefficient. As before, using this break-up timescale and the stable droplet diameter from Eq.A6, Eq.A1 can be solved to 

calculate the stripping droplet break-up rate. 

Table A1 – Reitz-Diwakar model coefficients and their values used in simulations 

Cb1 6 

Cb2 π 

Cs1 0.5  

Cs2 20  

 

KH-RT Break-Up Model 

Kelvin-Helmholtz Break-Up 

The KH model predicts the growth rate and wavelength of surface waves on each droplet at the flow conditions [39]. With this knowledge the child 

droplet radius and break-up timescale can be calculated. The growth rate and wavelength correspond to the maximum computed surface wave growth 

rate, as this will cause droplet break-up in the shortest possible time and is hence the critical break-up mechanism. The wavelength (ΛKH) can be 

calculated as follows: 

Λ𝐾𝐻 = 9.02
𝑟𝑝(1 + 0.45𝑍𝑑

0.5)(1 + 0.4𝑇0.7)

(1 + 0.87𝑊𝑒𝑔
1.67)

0.6  

(A9) 

with Zd being the droplet Ohnesorge number and T the Taylor number, both calculated as: 

𝑍𝑑 =
√𝑊𝑒𝑑

𝑅𝑒𝑑
 

(A10) 

𝑇 = 𝑍𝑑√𝑊𝑒𝑔 

(A11) 

with the Weber numbers for droplets (Wed) and gases (Weg) being calculated as in Eq.A2. To calculate the maximum surface wave growth rate (ΩKH) 

the following calculation is performed: 

Ω𝐾𝐻 = (
𝜎𝑑

𝜌𝑑𝑟𝑝
3)

0.5
(0.34 + 0.38𝑊𝑒𝑔

1.5)

(1 + 𝑍𝑑)(1 + 1.4𝑇0.6)
 

(A12) 

When the maximum surface wave growth rate and wavelength have been calculated, the child droplet radius can be found: 
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𝑟𝑐 = 𝐵0Λ𝐾𝐻 

(A13) 

with B0 being a model coefficient. All KH-RT model coefficients and their values used in these simulations can be found in Table A2. Finally, the 

break-up timescale can be calculated: 

𝜏𝐾𝐻 =
3.726𝐵1𝑟𝑝

Λ𝐾𝐻Ω𝐾𝐻
 

(A14) 

with B1 as a model coefficient. The results from Eq.A13 and Eq.A14 can be used in Eq.A8 to calculate the parent droplet break-up rate. 

Rayleigh-Taylor Break-Up 

The RT model simulates the instabilities on the droplet surface due to the aerodynamic drag acting on the droplets. This drag is calculated in the form 

of an acceleration (aRT), which is then applied to the viscid form of the RT model [40]. The drag acceleration is calculated as follows: 

𝑎𝑅𝑇 =
3

8
𝐶𝑑

𝜌𝑔𝑈2

𝜌𝑑𝑟𝑝
 

(A15) 

The value for the drag coefficient (Cd) is dependent on the Reynolds number: 

𝐶𝑑 = {
𝑅𝑒 ≥ 1000,

𝑅𝑒 < 1000,

 𝐶𝑑 = 0.424

 𝐶𝑑 =
24

𝑅𝑒
(1 +

1

6
𝑅𝑒0.6667)

 

 (A16) 

As in the KH model described above, the maximum surface wave growth rate (ΩRT) is the critical break-up mechanism. Within the viscid RT model 

the surface wave growth rate is found from: 

𝜔𝑅𝑇 = −𝑘𝑅𝑇
2 (

𝜇𝑑 + 𝜇𝑔

𝜌𝑑 + 𝜌𝑔
) + √𝑘𝑅𝑇 (

𝜌𝑑 − 𝜌𝑔

𝜌𝑑 + 𝜌𝑔
) 𝑎 −

𝑘𝑅𝑇
3 𝜎𝑑

𝜌𝑑 + 𝜌𝑔
+ 𝑘𝑅𝑇

4 (
𝜇𝑑 + 𝜇𝑔

𝜌𝑑 + 𝜌𝑔
)

2

 

(A17) 

where kRT is the wavenumber. The wavenumber that corresponds to the maximum surface wave growth rate is KRT, and is found using a numerical 

bisection method from Eq.A17 within Star-CD. This value of KRT is then substituted into Eq.A17, replacing kRT, to find the maximum surface wave 

growth rate (ΩRT). The wavelength that corresponds to this growth rate is calculated as: 

Λ𝑅𝑇 =
2𝜋

𝐾𝑅𝑇
 

(A18) 

Finally, the child droplet radius and break-up time can be calculated: 

𝑟𝑐 = 𝐵2Λ𝑅𝑇  

(A19) 

𝜏𝑅𝑇 =
𝐵3

Ω𝑅𝑇
 

(A20) 
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with B2 and B3 as the RT model coefficients. As with the KH model before, the results from Eq.A19 and Eq.A20 are used with Eq.A8 to calculate the 

parent droplet break-up rate. 

Table A2 – KH-RT model coefficients and their values used in simulations 

B0 0.6 

B1 7 

B2 0.1  

B3 1 

 


