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Abstract 

Numerical simulations were conducted to systematically assess the 
effects of different spray models on the ignition delay predictions and 
compared with experimental measurements obtained at the KAUST 
ignition quality tester (IQT) facility. The influence of physical 
properties and chemical kinetics over the ignition delay time is also 
investigated.  The IQT experiments provided the pressure traces as 
the main observables, which are not sufficient to obtain a detailed 
understanding of physical (breakup, evaporation) and chemical 
(reactivity) processes associated with auto-ignition. A three-
dimensional computational fluid dynamics (CFD) code, 
CONVERGETM, was used to capture the detailed fluid/spray 
dynamics and chemical characteristics within the IQT configuration. 
The Reynolds-averaged Navier-Stokes (RANS) turbulence with 
multi-zone chemistry sub-models was adopted with a reduced 
chemical kinetic mechanism for n-heptane and iso-octane. The 
emphasis was on the assessment of two common spray breakup 
models, namely the Kelvin-Helmholtz/Rayleigh-Taylor (KH-RT) and 
linearized instability sheet atomization (LISA) models, in terms of 
their influence on auto-ignition predictions. Two spray models 
resulted in different local mixing, and their influence in the prediction 
of auto-ignition was investigated. The relative importance of physical 
ignition delay, characterized by spray evaporation and mixing 
processes, in the overall ignition behavior for the two different fuels 
were examined. The results provided an improved understanding of 
the essential contribution of physical and chemical processes that are 
critical in describing the IQT auto-ignition event at different pressure 
and temperature conditions, and allowed a systematic way to 
distinguish between the physical and chemical ignition delay times.  

Introduction 

Global demand for transportation energy continues to increase, most 
notably in the heavy duty sectors which rely on compression ignition 
(CI) engines in favor of their higher efficiencies [1].  Furthermore, 
there is growing interest in burning gasoline or other light distillates 
in the CI engine mode [2],  in favor of its potential to achieve higher 
efficiencies and lower emissions by operating at low-temperature 
combustion (LTC) conditions. Therefore, the successful design of CI 
engines for modern engines for both diesel and gasoline-like fuels 
require an accurate prediction of the fuel spray and subsequent 
ignition characteristics under practical engine operating conditions.  

 

The ignition quality tester (IQT) is a device to measure the ignition 
delay by injecting liquid fuel into a constant volume combustion 
chamber (CVCC), which provides operating conditions similar to 
engines for testing fuels in the CI mode. A standard test method, 
ASTM D6890-10a, was established to determine the derived cetane 
number (DCN) using the ignition delay obtained from IQT [3], which 
has since been used as a validation tool for chemical kinetic modeling 
[4-8]. Testing fuels under environments similar to real CI engines 
allow a better understanding of spray characteristics (penetration, 
dispersion, droplet diameter) and gas phase chemical kinetics of the 
fuels related to ignition. Another advantage of IQT compared to an 
actual engine testing is its cost-effectiveness, in terms of the required 
amount of fuel and a potential for systematic assessment of the fuel 
characteristics in a constant volume condition in the absence of gas 
exchange. On the other hand, the lack of optical access limits the 
experimental observations solely based on the pressure traces, 
making it difficult to identify the relative importance between the 
physical and chemical ignition delays associated with the spray 
combustion. Although IQT was mainly used for diesel-like fuels, its 
application can be extended to test gasoline-like fuels [9, 10]. In fact, 
gasoline may be considered a more desirable fuel in IQT tests 
considering its longer ignition delay times, such that the effect of 
physical delay due to droplet dispersion and evaporation is expected 
to be small, which is the major uncertainty in interpreting the 
pressure trace data in predicting ignition properties of the fuel. 
Recent work by Alfazazi et. al. [8] showed that fuels with long 
ignition delay times in the IQT (e.g., iso-octane) could be accurately 
simulated using a simple two-stage Langrangian (TSL) models that 
only considers gas-phase mixing and detailed chemistry, while 
neglecting physical processes related to the droplet.  The TSL model 
could not accurately simulate fuels with short IQT ignition delay 
times (e.g., n-heptane) because physical processes, in addition to 
chemical kinetics, strongly affect the ignition process. 

To this end, computational simulations serve as an excellent 
complementary tool to provide insights into better understanding of 
the complex spray and combustion processes. Upon careful 
validation of the spray, mixing, and reaction kinetics, the simulations 
with properly matched parametric conditions can be used to extract 
detailed spatial and temporal information for accurate description of 
the above said phenomena.  

The objective of the present study is to provide a better understanding 
of physical and chemical ignition processes inside IQT through the 
experimental measurements and computational simulations. The 
main focus is to investigate the influence of the physical properties 
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(spray evaporation and mixing) and chemical kinetics (ignition of 
reactant mixture) on the respective ignition delay period for two 
different fuels. Specifically, n-heptane (DCN 53.8) and iso-octane 
(DCN 17.8) fuels were chosen [9], where the former is a standard 
fuel for derived cetane number (DCN) test and the latter represents a 
fuel with long ignition delay to assess the influence of physical delay. 
Note that these fuels constitute the primary reference fuels (PRFs) for 
octane rating in gasoline engines. The main hypothesis and 
expectation is that the iso-octane auto-ignition predictions would be 
less sensitive to the effects of the physical delay which constitutes a 
shorter fraction of the total ignition delay compared to n-heptane, 
hence would yield a more consistent description of the overall 
ignition behavior based primarily on the chemical kinetics. The 
experimental measurements were used to validate the quantitative 
model prediction. Subsequently, the simulation data allow detailed 
analysis of physical and chemical aspects of the two fuels 
contributing to the observed behavior at different pressure and 
temperature conditions. The sensitivity of the results to different 
spray breakup models on the ignition predictions is also investigated. 

Experimental Setup 

Figure 1 shows the schematic of the IQT, which is a constant volume 
combustion chamber in which liquid fuel is injected to determine the 
ignition delay time. A piezoelectric pressure transducer (Kistler 601 
B1) was used to measure the pressure changes after the start of 
injection (ASOI) to end of combustion (EOC). Fuel samples are 
injected into a pre-heated chamber (0.213± 0.002 L), which is 
charged with compressed air having oxygen concentration of 20.9 ± 
1.0 volume percentage. The temperature was preset by heating the 
walls using cartridge-type electrical heaters in the outer wall of the 
steel combustion chamber. Before performing the IQT experiments, 
the mass injected was measured for each injection which were 
repeatable with a range of approximately ± 0.3mg per injection for 
heptane and ± 0.4 mg for iso-octane. Fuel was delivered to the 
injector by a mechanical fuel pump driven pneumatically with air 
pressure of 1.21 ± 0.03 Mpa. The injection duration for both fuels 
was approximately 2 ms with injection pressure of 225 bar.  Each 
injection results in compression ignition combustion.  Ignition delay 
(ID) is measured with pressure sensor to a preset value of pressure 
rise, which will be further discussed in detail later in the study.  The 
obtained ID is averaged over 32 injections after 15 pre-injections for 
stabilization.  Standard calibration reference tests at 2.137 ± 0.007 
Mpa at 545 ± 30C was conducted with n-heptane in which average of 
three ID values is within 3.78 ± 0.01 ms. The pressure history of n-
heptane and iso-octane were obtained directly and recorded 
automatically for 32 injections. The results from IQT are repeatable 
and reliable [8-10]. More detailed description of the KAUST-IQT 
and its operation is well described in work by Yang et. al. [9].  

Computational Model  

Simulation of IQT was performed with three-dimensional 
computational fluid dynamics code CONVERGE.  Finite volume 
method (FVM) was used to discretize the spatial domain with 
conservation of mass, momentum and energy.  The IQT geometry 
developed for the study (Figure 2(a)) and mesh generated is shown in 
Figure 2(b). A base mesh of 4 mm grid size was used with adaptive 
mesh refinement (AMR), which refines the cells locally based on 
temperature difference between the neighboring cells (5K).  Level 4 
AMR with a fixed embedding (level 4) near nozzle was used to 
capture the near nozzle physics during spray injection (New cell size 
= base grid/2level). Modeling of spray dynamics is critical for the 

fidelity of the predictions. A Lagrangian particle tracking method was 
employed, combined with standard spray break-up models [11, 12].  
In this approach, parcels of fuel droplets were injected into the 
domain to represent the spray dispersion and subsequent evaporation 
processes. 

 

 

Figure 1. Schematic of the ignition quality tester (IQT) [9]. 

 

Figure 2. (a) IQT CAD geometry; (b) AMR with base grid 4mm developing 
during the spray event at 1.5 ms after start of injection. 

A proper choice of the spray break-up model is important to represent 
the inwardly moving pintle nozzle since the spray behavior is 
different from the other common hollow cone injectors because of the 
presence of the pintle and a narrow hollow cone angle of 12°.  
Therefore, part of the present study was to assess the fidelity of the 
two commonly adopted spray break-up models: the Kelvin-
Helmholtz-Rayleigh-Taylor (KH-RT) [13, 14], and linearized 
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instability sheet atomization (LISA) spray models for hollow cone 
injectors [15].  Each of the break-up models was tuned to better 
represent the spray behavior (penetration and dispersion) of the 
present injector used in the study and detailed validation of the spray 
models and model constants used can be found in Appendix. The 
chemical reaction closure was made by the multi-zone combustion 
model based on well-stirred reactor assumption that groups 
computational cells based on temperature and equivalence ratio of 5 
K and 0.05 φ increments [16, 17]. A reduced reaction mechanism 
with 42 species and 168 reactions was used for n-heptane [18], and 
the skeletal PRF mechanism with 56 species and 169 reactions was 
used for iso-octane [19]. Wall heat loss was accounted by the model 
proposed by Han et. al. [20].   

Results and Discussion 

Reacting Cases 

The reacting case simulations were subsequently conducted and the 
results were compared with experimental measurements in terms of 
the pressure history. The simulation data were then analyzed to 
provide detailed understanding of the observed behavior.  Some 
definitions are warranted. The total ignition delay (TID) is the sum of 
the physical and chemical ignition delays. The physical ignition delay 
(PID) is the time period in which the physical properties such as 
breakup and evaporation of the fuel are dominant, while the chemical 
reactions are negligible. The PID of engine fuels has been widely 
studied and reported in the literature [21-25].  The chemical ignition 
delay (CID) is the remaining period until auto-ignition during which 
chemical chain-branching reactions along with temperature rise 
occur. The relative importance between the PID and CID depends on 
the spray break-up, evaporation, transport and ignition tendencies of 
the fuels. These issues are investigated by comparing the results with 
n-heptane and iso-octane fuels, where the former has higher ignition 
tendency. The importance of spray models on describing the behavior 
is assessed.    

Since the IQT measures the temporal history of pressure, the 
definition of the PID and CID should be based on the pressure trace. 
There is no universally accepted definition for the PID. The present 
study adopts the point of inflection [25, 26], defined as the departure 
point between the pressure traces predicted by the reactive and the 
corresponding nonreactive simulations. The TID is then defined as 
the intersection of maximum pressure gradient during thermal 
runaway (slope II) and the pressure gradient at pressure recovery 
point (slope I), namely the gradient method [9].  The difference 
between the PID and TID provides CID. 

All combustion simulations used the initial and boundary conditions 
matching the experimental operating conditions shown in Table 1.  
For each case, two sets of simulations were performed with the 
different spray break-up models for comparative study.  

Table 1. Experimental and simulation conditions for the reacting cases. 

Fuel n-heptane iso-octane 

Initial chamber pressure (bar) 15 21 15 21 

Initial chamber temperature (K) 839.8 870.4 840.2 859.2 

Wall temperature (K) 839.8 870.4 840.2 859.2 

Injected fuel temperature (K) 325.5 329.7 325.6 330.5 

Mass of fuel injected (mg) 82.3 ± 0.3  84.2 ± 0.3  82.6 ± 0.4  83.3 ± 0.4  

Results for n-heptane  

Figure 3 shows the comparison of the pressure history for the n-
heptane fuel at 15 bar and 21 bar, respectively. The pressure trace 
obtained with experiments is overlaid for comparison. As expected, 
different spray models resulted in different pressure rise prediction 
for both pressure conditions, with KH-RT over-predicting the TID at 
lower pressures (15 bar). Since the two simulations used the identical 
chemical kinetics and physical properties, the differences are 
attributed to the physical spray parameters and the break-up models 
that affect the PID characteristics. At the IQT pressure and 
temperature conditions studied here, both fuels exhibit two-stage 
ignition behavior associated with the negative temperature coefficient 
(NTC) chemical kinetics.  This is in agreement with detailed 
chemical kinetic modeling studies of n-heptane and iso-octane 
ignition in shock tubes and rapid compression machines. This two-
stage ignition is properly captured by the present computational 
model as shown by the pressure histories in Figure 3 for n-heptane 
(and later in Figure 7 for iso-octane).  

          

          

Figure 3. The pressure time-histories for the n-heptane case with the initial 
pressure at 15 bar (top) and 21 bar (bottom). 

Figure 4 (a) illustrates the procedure used to determine the PID for 
each simulation by comparing the two companion simulation results 
– reacting (solid) and non-reacting (NR; dotted) cases. The pressure 
decrease at an early phase of the simulation is due to the evaporative 
cooling of the liquid spray droplets. The pressure rise is observed for 
the reactive simulations only, indicating the heat release resulting 
from chemical reactions and the time at which both the reacting and 
non-reacting curves deviate is considered as physical ignition delay 
(PID).  The TID is subsequently determined from the pressure trace 
using gradient method shown in Figure 4(b).  Intersection of tangents 
from minimum and maximum slopes provides TID.  CID is obtained 
by subtracting PID from TID.  

Table 2 summarizes the three ignition delays, PID, CID, and TID, for 
n-heptane using the two different spray models. Comparing the two 
pressure cases, the lower pressure cases (15 bar) have longer PIDs, 
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compared to the high-pressure cases (21 bar).  Similar results were 
also obtained in a previous study [21]. Longer PID also results in a 
longer CID with the same reaction mechanism used, suggesting that 
the differences in the physical effects leads to different CID. The 
relative fraction of PID constituting TID decreases at 21 bar, which is 
attributed to the enhanced role of chemical reactions. Note also that 
the agreement with the experimental data is better with the LISA 
model at 15 bar, and with the KH-RT model at 21 bar. While it may 
be argued that the KH-RT model better represents the spray break-up 
process at higher pressure.  

        

Figure 4 (a). The point-of-inflection (POI) method to determine PID based on 
the reacting (solid) and non-reacting (dotted) simulations (top), (b) gradient 
method to determine the total ignition delay for n-heptane at 15 bar (bottom). 

Table 2.  Comparison of PID, CID and TID for n-heptane with various spray 
models. 

Data PID 
(ms) 

CID 
(ms) 

TID 
(ms) 

%PID %CID 

n-heptane (15 
bar) 

KH-
RT 

4.1 3.6 7.7 53.3 46.7 

LISA 2.1 3.2 5.3 39.7 60.3 

Exp - - 5.6 - - 

n-heptane (21 
bar) 

KH-
RT 

1.1 2.7 3.8 28.9 71.1 

LISA 0.7 2.3 3.0 23.3 76.7 

Exp - - 3.7 - - 

 

To understand the detailed mechanisms of how the physical and 
chemical processes interact towards the ignition behavior, the local 
mixture distribution is investigated with the help of the simulation 
data. First, to validate the fidelity of the spray prediction in the actual 
IQT at higher pressures, the penetration length for n-heptane spray at 

both 15 and 21 bar conditions are shown in Figure 5. Consistent with 
the open-air conditions discussed in Appendix, the LISA model 
predicts a longer penetration length due to the differences in the SMD 
prediction. The iso-octane spray results also showed consistent 
behavior (not shown). The overall penetration length is lower for the 
high-pressure case as the gas medium becomes denser.  

                

 

Figure 5. Spray penetration length for 15 bar (top) and 21 bar (bottom) for n-
heptane in IQT simulations. 

 Inspection of temperature and equivalence ratio distributions inside 
the domain at the time of ignition provides insight for the difference 
in PID predictions, which in turn affects the TID predictions. Figure 
6 shows the instantaneous images of the temperature and equivalence 
ratio distribution on the center cross-sectional plane at times near the 
auto-ignition defined as the time of the maximum pressure rise. 
Comparing the results for the two spray models, a general 
observation is that for the LISA model, due to its larger SMD and 
longer penetration length, a larger portion of fuel reaches the end tube 
region, thereby making the mixture pocket inside the chamber leaner. 
Since the mixture composition near the region of the onset of auto-
ignition is significantly rich, the LISA model yields a mixture 
condition near the ignition region closer to stoichiometry, achieving 
faster auto-ignition compared to the KH-RT model prediction. The 
location of ignition also varies at different pressure conditions. At 21 
bar, the ignition location is pushed near the end wall of the chamber. 
This is attributed to cause the longer CID relative to PID (note that 
percentage of CID is over 70 at 21 bar while it is less than 60 at 15 
bar). Therefore, the simulations provided a rational explanation for 
how the physical properties and spray evaporation process can further 
influence the subsequent CID in addition to the simple 
thermodynamic effects on the chemistry homogeneous mixture. As 
will be discussed later, the prediction results depend much more 
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strongly on the choice of the spray break-up model in the case of the 
n-heptane fuel with higher reactivity.  

 

Figure 6. Temperature and equivalence ratio distributions for 15 bar (top) and 
21 bar (bottom) at the time of auto-ignition for n-heptane cases. 

Results for iso-octane 

The characteristics of iso-octane auto-ignition are investigated next. 
Figure 7 shows the predictions of the pressure histories by the two 
spray models at 15 and 21 bar, respectively. The experimental 
measurements are shown for comparison. Compared to the n-heptane 
case in Figure 3, it is immediately noted that the agreement with the 
experimental data is better and the differences between the 
predictions by the two spray models are much smaller. Table 3 
summarizes the breakdown of individual ignition delay components 
for the iso-octane cases. In contrast to the n-heptane case, the net 
contribution of PID is much smaller and the difference between the 
KH-RT and LISA predictions is minimal. Consequently, the CID also 
agrees well between the two spray model predictions, as the physical 
evaporation and mixing behavior becomes nearly identical. 

 

Figure 7. The pressure time-histories for the iso-octane case with the initial 
pressure at 15 bar (top) and 21 bar (bottom). 

Table 3. Comparison of PID, CID and TID for various spray models at 15 and 
21 Bar for iso-octane. 

Data  PID 
(ms) 

CID 
(ms) 

TID 
(ms) 

%PID %CID 

iso-octane (15 
bar) 

KH-
RT 

4.0 30.0 34.0 11.7 88.3 

LISA 4.0 30.7 34.7 11.5 88.5 

Exp - - 37.5 - - 

iso-octane (21 
bar) 

KH-
RT 

2.9 10.6 13.5 21.4 78.6 

LISA 2.9 9.9 12.8 22.7 77.3 

Exp - - 14.8 - - 

 

Figure 8 shows the comparison of the temperature and equivalence 
ratio distributions for the iso-octane cases. For both pressure 
conditions, the differences between the KH-RT and LISA predictions 
are much smaller than those for the n-heptane case, in terms of the 
mixture distributions in the bulk chamber as well as in the end tube. 
Some differences are observed in the initial ignition location, which 
may be due to the specific pattern of the spray break-up processes 
associated with the model. The specific composition and thermal 
conditions of the ignition location are possibly responsible for the 
slight variations in the ignition delay. The point is that the iso-octane 
fuel undergoes a long ignition delay time, such that the spray has 
sufficient time to evaporate and mix long before the chemical 
reactions take place. The simulation results are much less sensitive to 
the specific choice of the physical spray breakup models as expected 
for longer ignition delay fuels and auto-ignition is dominated by CID, 
when compared to physical delay, confirming the hypothesis 
proposed in the study. 

 

Figure 8. Temperature and equivalence ratio distributions for 15 bar (top) and 
21 bar (bottom) at the time of auto-ignition for iso-octane cases. 

Finally, to further support the hypothesis proposed and to validate the 
results obtained from the study, simulations were performed at two 
different pressures for the fuels discussed previously at temperature 
varying from higher temperature (1000 K) to lower temperature (700 
K).  IQT has an operating temperature limit of 890 K, which restricts 
the high temperature experiments due to material limitations. 
Simulations can provide additional information in these operating 
ranges.  The experimental matrix selected for previous simulations 
have approximately 2 K to 10 K temperature difference between the 
simulated cases of n-heptane and iso-octane fuels at 15 bar and 21 bar 
pressure conditions.  To avoid these uncertainties, simulations were 
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performed at same initial (15 bar and 21 bar pressure) and boundary 
conditions for n-heptane and iso-octane with KH-RT spray model, 
which provides reasonable predictions for both the fuels with an 
equivalence ratio of 0.7.  The PID is found to be temperature 
sensitive irrespective of pressure and fuel. When temperature is 
below 900 K, a strong non-linear dependency of PID over 
temperature is observed as shown in Figure 9.  Most of the IC engine 
injection timing falls in the range below 900 K, which further 
indicates the importance of spray models especially for the fuels with 
short ignition delay time.  The trend of PID is consistent at 15 bar and 
21 bar pressures for both the fuels.  PID increases with decrease of 
chamber temperature and pressure. Contribution (percentage) of PID 
in TID decreases with increase of chamber pressure for n-heptane due 
to increased reactivity and vice versa for iso-octane, which is 
consistent with results in previous sections.  Note that, at 
temperatures higher than 900 K, PID reaches nearly a constant value 
for all fuels irrespective of the chamber pressure.   

 

Figure 9. Physical ignition delay for n-heptane and iso-octane at 15 bar and 21 
bar pressures (φ=0.7). 

Conclusions 

Computational simulations were conducted to understand the 
influence physical properties and chemical kinetics over ignition 
delay time in IQT. The fuels used were n-heptane and iso-octane. 
Considering that the IQT experiment provides information mainly 
limited to the pressure history, the objective was to provide further 
detailed understanding of the physical and chemical characteristics 
through computational simulations.  

Open-air experiments were performed at atmospheric pressure and 
temperature conditions (1.10325 bar, 300K) to validate KH-RT and 
LISA spray models. Spray penetration length comparison between 
experiments and simulations showed good agreement for both 
models, with the KH-RT yielding a slightly better prediction because 
its description of the physical breakup process led to smaller droplets 
and thus shorter penetration lengths. The different break-up behavior 
also resulted in the local mixture composition, which was found to be 
a crucial factor in auto-ignition predictions for reacting conditions. 

The reacting spray simulations for both fuels at two pressure 
conditions were performed and good agreement with the 
experimental data was found. The differences in the auto-ignition 

predictions by the two spray models showed a consistent trend for 
both fuels.  The detailed spatial information from the simulation 
revealed that ignition was triggered in the recirculation region or near 
the entrance of the end-tube, such that the amount of fuel trapped in 
the end-tube region plays a significant role in auto-ignition 
predictions. The higher penetration length predicted by the LISA 
model caused a larger amount of fuel to be trapped inside the end-
tube. In comparison, the KH-RT model yielded a larger amount of 
fuel retained in the recirculation region. As a result, the LISA model 
predicted that the mixture in recirculation region was closer to 
stoichiometry and auto-ignited faster.  

For the n-heptane spray, which ignites much faster than iso-octane, 
there was a larger net contribution from the PID toward the TID, 
which was more pronounced at 15 bar than at 21 bar due to the lower 
temperature and reactivity. Consequently, TID was more largely 
affected by the choice of the spray model even with the identical 
chemical kinetic mechanism. The discrepancies among the different 
spray models in predicting the PID were found to be consistent at two 
different pressure conditions. On the contrary, for iso-octane, the net 
contribution of the PID is significantly smaller for both pressures, as 
the evaporation is fast and ignition is slow. Therefore, the differences 
in the two spray models have insignificant effects on the prediction of 
PID and TID, and the ignition process is mainly driven by chemistry. 
The computational simulations successfully validated the hypothesis 
of the study, and revealed important details about ignition behavior of 
fuels inside IQT, PID and CID in particular, thereby supplementing 
its role as a valuable research tool in mechanism validation and IC 
engine studies.  In overall the sensitivity of the results to spray 
models are not significant for longer ignition delay fuels irrespective 
of pressure and temperature whereas, the shorter ignition delay fuels 
are sensitive to the spray models utilized.  LISA model can be used 
for lower pressure conditions for better ignition delay predictions and 
KH-RT model can be utilized for higher pressures for accurate 
ignition delay predictions.  Nevertheless, KH-RT model can better 
represent the fuel sprays at all pressure and temperature conditions. 
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Appendix 

Open-air Spray experiments and Simulations 

Open-air Experimental Set-up  

As a first step to validate the spray models used for the combustion simulation, an experimental setup was arranged to perform open-air spray 
injection similar to a previous study [5].  Figure A1 (a) shows the schematic of the experimental layout consisting of a high-speed, charge-coupled 
device (CCD) imaging system.  A single hole S-type pintle nozzle (ND-DN12SD12) injector used in IQT experiments was mounted vertically to 
inject sprays downwards into open-air conditions (300 ± 2K, 1.01325 bar) at the injection pressure of 225 bar with 82.5 mg of fuel injected for each 
injection.  The injector has a nozzle hole diameter of 1.1 mm and the pintle width of 0.8 mm as shown in Figure A1(b).  A high-speed camera 
(Photron, Fastcam SA4) captured the images of the spray at 10,000 fps, using a direct cine photography with back light technique where a 
homogenous light source illuminated the spray jet with 80 × 20 mm focus area. A light source used was from Sumita, model LS-M252, which 
produced a uniform light distribution. To ensure the light uniformity, a diffusive plate was placed between the light source and the imaging plane 
where the spray is injected. The uniformity through the 500 average images was checked without spray, and the results showed a high uniform 
intensity profile within the imaging field of view.  Two fuels, n-heptane and iso-octane (refer Table A1 for physical properties), were used, and their 
spray penetration lengths were measured based on the maximum intensity gradient present in the spray images along the axis of spray injection.  A 
total of 15 spray injections were performed to determine penetration length from the spray images for each injection. In addition to the penetration 
length, the high-speed imaging provides additional insights into the details of the spray characteristics. 

Table A1 Physical property of n-heptane and iso-octane at 300 K 

Physical Property n-heptane iso-octane 

Density (kg/m3) 683.75 691.95 

Viscosity (Ns/m2) 3.86e-04 4.7e-04 

Surface Tension (N/m) 2.869e-02 1.816e-04 

Vapor pressure (Pa) 7780 7322 

Critical temperature (K) 540.3 543.9 

Conductivity (W/mK) 1.161e-01 9.61e-02 

Heat of Vaporization (J/kg) 360600 305000 

 

The spray velocity was calculated in simulations using Bernoullie’s equation (1) using the injection pressure, chamber pressure and density of the 
injected fuel.  

                              (1) 

Where ρl is the density of the liquid, pinj and pc are the injection and chamber pressure, respectively. To obtain proper spray injection velocity, first, 
the area of nozzle exit at maximum needle lift is used to calculate the exit velocity assuming a constant mass flow rate. A normalized square shaped 
profile was used as injection rate shape for the simulations (Figure A2) assuming that the rateshape incorporated can represent the velocity and mass 
flow rate from the experiments since the injection velocity is determined by the Bernoullie’s equation which can provide fluctuating unsteady exit 
velocity. Second the nozzle exit velocity obtained from the simulations is matched by tuning the spray parameters (mainly B1) with the estimated 
nozzle exit velocity to match the spray penetration obtained from open-air experiments.  

The secondary TAB break-up is assumed to occur simultaneous with the primary LISA break-up. The initial Sauter-mean diameter (SMD) of the 
droplets upon the secondary break-up process was determined by assuming that the liquid column is filled up with a number of droplets at the same 
diameter at D0 [27], 

                                                                              (2)   

where dn is the diameter of the injector hole. The sheet thickness (0.27 mm) in the nozzle exit is assumed to be equal to distance between the pintle 
and nozzle exit at maximum needle lift in the present modeling approach.  The adjusted spray model constants for both spray models can be found in 
Table A3 and A4 for KH-RT and LISA models.              
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(a) 

 

               (b) 

 
Figure A1 (a) Experimental setup for open-air spray injection study, (b) Schematic of S-type pintle nozzle adopted from Bogin et. al. [5] used in the experiments with 
measurements shown at nozzle exit at maximum needle lift. 

                                                        
Figure A2 Injection rate shape used in simulation and needle lift obtained from experiments. 

The droplets not only break up, but they also collide and coalesce. As for the collision model, a no-time-counter (NTC) scheme was used to 
determine the probability of the collisions between the droplets [28].  Infinite thermal conductivity was used which assumes uniform temperature 
distribution inside the droplet and the droplets impinging on the wall were assumed to rebound into the chamber.  The Rossin-Rammler distribution 
of the droplets was used to model the drop size distribution.  The Eulerian gas-phase transport equations were solved by the built-in CONVERGETM 

algorithm, fully coupled with the Lagrangian droplets in terms of mass, momentum, energy, and species concentration through the droplet 
evaporation process. The Frossling correlation was used to determine the rate of change of droplet radius due to vaporization of fuel droplets [29]. 
Reynolds-averaged Navier-Stokes (RANS) formulation with the renormalization group (RNG) k-epsilon turbulence model [30] was employed to 
represent the spray induced turbulence. 
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Results: Open-Air Jet Comparison 

Since there is no optical access inside IQT, validations of the spray characteristics were made by comparing the average spray penetration length in 
the open-air experimental setup with simulations. The experiments were conducted at the atmospheric temperature and pressure conditions (300K, 
1.01325 bar) with the injection pressure of 225 bar.  The experimental spray images were averaged for 15 injections to obtain the average spray 
penetration length based on the maximum intensity gradient in the images along the axis of injection from nozzle exit for each 0.1 ms time intervals. 
The average cone angle of the spray was found to be 12° and the penetration length measurement method is shown in Figure A3. 

        
Figure A3 Measurement method of spray cone angle and penetration distance for n-heptane. 

The simulations were performed using the same initial and boundary conditions (Table A2) with a larger rectangular computational domain of size 
80 × 80 mm in breath and width.  The length (Lz) of the rectangular domain of 100, 140, 170, and 230 mm were used to ensure that the solutions are 
unaffected by the boundary conditions with an initial calculated SMD size of 120 µm. Grid-converged solutions were obtained with a minimum cell 
size of 0.25 mm with AMR including a fixed embedding of grid in near nozzle region, as shown in Figure 2(b).  

Table A2 Spray parameters for open-air simulations 

Fuel n-heptane iso-octane 

Fuel temperature 300 ± 2 K 300 ± 2 K 

Mass of fuel injected (mg/inj) 82.3 ± 0.3 82.5 ± 0.4 

Injection duration (ms) 2 ms 2 ms 

Co-efficient of discharge 0.79 0.79 

Air temperature (K) 300 ± 2 K 300 ± 2 K 

Air pressure (bar) 1.01325 1.01325 

Initial SMD 120 µm 120 µm 

Circular injection radius 0.48 mm 0.48 mm 

Nozzle diameter 1.1 mm 1.1 mm 

Hollow cone angle 12° 12° 

Sheet thickness 0.27 mm 0.27 mm 

Total number of injected parcels 50,000 50,000 

 

Figure A4 shows the comparison of the spray penetration length for n-heptane and iso-octane fuels, with the simulations using two different spray 
break-up models, KH-RT and LISA. While the overall agreement is good, the KH-RT model shows better agreement with the experimental data. The 
longer penetration length at a later stage predicted by the LISA model is attributed to the differences in the SMD prediction, as shown in Figure A5. 
Due to the physical description of the break-up processes, the KH-RT model starts with a much larger SMD, which rapidly breaks down to smaller 
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sizes. The LISA model, on the other hand, initially decreases and then predicts nearly constant (slightly increasing) SMD history due to collision of 
the droplets due to the dense liquid sheet assumption in the model. While the experimental characterization of the SMD distribution is unavailable for 
the present study, we believe that the KH-RT model is a better representation for the injector under study. Despite its hollow-cone design, the injector 
is configured to generate a spray at a narrow hollow cone angle (12°), yielding a dense liquid column region near the nozzle exit, which is 
significantly different from common hollow-cone injectors. Incidentally, Figure A5 also shows that the SMD is smaller for iso-octane due to the 
lower surface tension (0.02 N/m lower than that of n-heptane). 

    
Figure A4. Penetration length comparisons for n-heptane (left) and iso-octane (right) for open-air spray (Error bars indicate the standard deviation). 

 

     
Figure A5. SMD comparison of KH-RT and LISA models for n-heptane (left) and for iso-octane (right) for the open-air spray simulations. 

Detailed spray dispersion patterns are examined in Figures A6, where the experimental n-heptane spray images at different times are reproduced by 
the simulations, using the two break-up models. The liquid density spray pattern is compared between the experiments and simulation for the two 
models.  KH-RT model shows higher dispersion of liquid fuel around the liquid core due to the better breakup of the spray droplets when compared 
with LISA model where the dispersion is found only at the tip of the spray with a dense liquid core. Figure A7 also shows the spray dispersion results 
for iso-octane which has similar behavior between the models as explained earlier.   
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Figure A6. Liquid spray dispersion patterns for experiment (top), KH-RT (middle)  and LISA model (bottom) for n-heptane at various times. 

 

Figure A7. Liquid spray dispersion patterns for experiment (top), KH-RT (middle) and LISA (bottom) model for iso-octane at various times. 
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Figure A8. Scatter plots of the temperature-equivalence ratio (ϕ) of the gas phase mixture for all computational cells at 1 ms into simulation, for n-heptane (left), and 
iso-octane (right). The results from the KH-RT (blue) and LISA (red) models are compared.  

Figure A8 shows the distribution of the temperature and equivalence ratio within the gas phase computational cells for the n-heptane and iso-octane 
cases. While the distribution for the iso-octane is nearly identical for both break-up models, some differences are observed for the n-heptane fuel. 
Considering the similar level of differences between the KH-RT versus LISA models shown in Figures A4 and A5, Figure A8 suggests that the 
differences in the break-up models have a greater impact in the gas-phase conditions for n-heptane, due to larger SMD and higher surface tension 
which delays the breakup and as a result larger droplets undergoes slower evaporation process. The significance of these differences is also assessed 
in the reactive cases. 

Before conducting the reacting case study, it was confirmed that open-air spray results were reproduced nearly identically by the simulations using 
the IQT geometry for both n-heptane and iso-octane for conditions given at Table A2. Considering the spray penetration depth (80-90 mm) is 
sufficiently shorter than the length of the IQT chamber (176.5 mm), as well as the narrow spray cone angle for the injector under study, the wall 
effects can be ignored. It is concluded that the spray characteristics are properly captured by the simulations in the IQT as shown in Figure A9 for n-
heptane.  

 

 
Figure A9 Penetration length comparison between spray models in IQT geometry compared with open-air experiments for n-heptane. 
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Table A3 KH-RT spray breakup constants. 

KH-RT Model Constants Constant Values 

KH Breakup model size constant (B0) 0.61 

KH Breakup model velocity constant (C1) 0.188 

KH Breakup model time constant (B1) 7 

RT model time constant (Cτ) 1.0 

RT model size constant (CRT) 0.1 

RT model breakup length constant Not used 

New parcel cutoff 0.05 

Shed_factor 1.0 

 

Table A4 LISA spray constants 

LISA Model Constants Constant Values 

LISA size constant (Clisa) 0.5 

LISA length constant(ηb/ η0) 12 

 

 

 

Table A5 TAB spray constants 

TAB Model Constants Constant Values 

TAB force constant (Cf) 0.33 

Tab damping constant 5 

 

Table A6 Time taken for 99 % and 100 % evaporation of total number of droplets. 

Time 99 % 100 % 

Fuel n-heptane 

Spray Model KH-RT (ms) LISA (ms) KH-RT (ms) LISA (ms) 

Pressure (bar) 
15 5.6 3.2 7.7 3.6 

21 2.9 2.3 4.4 2.6 

Fuel iso-octane 

Pressure (bar) 
15 6.7 5.3 35.7 5.4 

21 4.2 3.3 16.8 3.4 
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Table A7 Ignition delay for mean equivalence ratio with similar initial temperature as IQT experiments. 

Fuel 0-D 
(ms) 

CID 
(ms) Fuel 0-D 

(ms) 
CID 
(ms) 

n-heptane (K-RT), 
15bar 

1.8 

3.6 n-heptane (KH-RT), 
21 bar 

1.9 

2.7 

n-heptane (LISA), 
15 bar 

3.2 n-heptane (LISA), 21 
bar 2.3 

iso-octane (KH-RT), 
15 bar 25.9 

30.0 iso-octane (KH-RT), 
21 bar 

9.5 

10.6 

iso-octane (LISA), 
15 bar 

30.7 iso-octane (LISA), 21 
bar 9.9 

 

 

Table A8 Standard deviation of the calculated Total ignition delay (TID) values. 

Pressure n-heptane iso-octane 

15 bar 0.05 1.59 

21 bar 0.05 1.36 

 

 


