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a b s t r a c t 

The combustion process of the Engine Combustion Network (ECN) Spray A and Spray D is studied over a wide range of ambient temperatures from 750 K to 900 K. 

With nominal diameters of 89.4 𝜇m for the Spray A and 190.3 𝜇m for the Spray D, these n-dodecane sprays are representative for light- and heavy-duty compression 

ignition engine applications, respectively. Computational Fluid Dynamics calculations are carried out using a Lagrangian parcel Eulerian fluid approach in a Reynolds 

averaged Navier–Stokes framework. For the Spray D reference condition, two sub-grid flame structure assumptions and the effect of turbulence chemistry interaction 

(TCI) on autoignition and flame structure at quasi-steady state are assessed in the context of a well-mixed and an Unsteady Flamelet Progress Variable (UFPV) 

combustion model. After that, UFPV approach is used to evaluate combustion behavior for the different ambient temperature conditions. Reference condition results 

show that both well-mixed and flamelet assumptions lead to a similar autoignition sequence. In terms of ignition delay time, TCI plays an important role, within 

the UFPV model, in reproducing the experimental trend observed for the increase in nozzle diameter. In terms of lift-off length, the well-mixed model is observed 

to predict a longer value compared to the flamelet-based sub-grid assumption. Lastly, the analysis of the autoignition sequence and flame structure at quasi-steady 

state is also extended over the whole range of ambient temperature conditions. 
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. Introduction 

Since its origin, the Engine Combustion Network (ECN) [1] has fo-

used on the improvement of the state-of-the-art knowledge on the most

elevant physical and chemical aspects of combustion processes by com-

ining advanced experimental and modeling techniques. The end goal

as been the development of highly predictive Computational Fluid Dy-

amic (CFD) models that enable an improved design of current and fu-

ure powertrains for transport applications. One of the core ECN work-

ng groups focuses its activities on the fundamental analysis of tran-

ient two-phase inert and reacting Diesel-like sprays that mimic as much

s possible the combustion system characteristic of current and future

ompression-Ignition (CI) engines. 

Initially, ECN efforts concentrated on the Spray A setup targeting the

ombustion system of High-Speed Direct Injection (HSDI) CI engines. An

xtensive Spray A experimental database containing detailed informa-

ion generated through different parametric studies is already available,

ncluding liquid and vapor penetrations under inert and reacting condi-

ions [ 2 , 3 ], mixing (mixture fraction) fields under inert conditions [4] ,

gnition delay and lift-off length [ 5 , 6 ] or spatial distribution of key com-

ustion species [7] and soot emissions [ 8 , 9 ]. More recently, two larger

ole nozzles, namely Spray C and Spray D, targeting the combustion

ystem of Heavy-Duty (HD) CI engines have also received attention in

erms of detailed experiments with similar combustion metrics available

 6 , 10 , 11 ]. 
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In parallel, significant Spray A, Spray C and Spray D CFD model-

ng activities are being also carried out with the aim of complementing

he insight provided by the experiments by accessing information other-

ise not available with the current experimental techniques. However,

he modeling setups found in the literature are quite heterogeneous and

everal combinations of turbulence and turbulence-chemistry interac-

ion (TCI) models have been evaluated. Thus, the different attempts

nclude well-mixed (WM) [12–16] and flamelet-based [17–23] combus-

ion models in both Reynolds Averaged Navier–Stokes (RANS) and Large

ddy Simulation (LES) turbulence modeling frameworks, together with

onditional Moment Closure (CMC) [24] and Lagrangian Transported

robability Density functions (TPDF) combustion models [ 25 , 26 ] only

n the RANS turbulence modeling environment. In the literature, some

orks have been carried out to assess the effect of TCI while keeping

he chemical mechanism and the rest of the computational setup un-

hanged. In particular there are several works focused on this type of

tudy in turbulent sprays comparing WM models and TPDF [ 27 , 28 ] mod-

ls and an Eulerian Stochastic Field Probability Density function (ESF-

DF) model [29] . In this regard, there are also several works comparing

M models with flamelet-based models in turbulent sprays [ 22 , 30 , 31 ]

nd CI engines [ 22 , 32 ]. Despite the fact that these models provide en-

ouraging results, particularly in terms of ignition delay and lift-off

ength macro-parameters predictions, there is still no evident superiority

f none of them over the others. In fact, there is not a clear trend when

omparing WM results with those of models accounting for TCI. In tur-

ulent spray flame applications, the trends reported heavily depend on

he boundary conditions under study. In general terms, at high-density

onditions ( ~ 30 kg/m 

3 ) ignition delay results for WM models com-

ared to TPDF [27] and ESF-PDF [29] models are virtually the same for

ifferent ambient oxygen concentrations. At lower density conditions
 2020 
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Table 1 

Target sprays injection and thermodynamic boundary 

conditions. 

Injection conditions 

Fuel n-dodecane 

Nozzle 

diameter 

89.4 𝜇m – Spray A 

190.3 𝜇m – Spray D 

Injection pressure 150 MPa 

Fuel temperature 363 K 

Thermodynamic conditions 

Ambient temperature 900 / 850 / 800 / 750 K 

Ambient density 22.8 kg/m 

3 

Ambient O 2 composition 𝑋 O 2 = 0 . 15 
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Fig. 1. Mesh setup schematic. Near nozzle fixed embedding and changes in 

cell size due to AMR are highlighted with blue arrows. (For interpretation of 

the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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3 ), TPDF models [ 27 , 28 ] and ESF-PDF [29] tend to pre-

ict shorter ignition delays compared to WM. Nevertheless, for flamelet-

ased model results reported in [ 30 , 31 ] the trend compared to WM re-

ults is highly dependent on the ambient thermodynamic conditions. 

According to the previous discussion, this paper reports the results of

 research activity focused on modeling both Spray A and Spray D spray

onfigurations applying the RANS Unsteady Flamelet Progress Variable

UFPV) combustion model developed by the authors [ 20 , 33 , 34 ], which

s described in Section 2 . The key objective of this work comprises the

valuation of the performance of this modeling approach to simulate

gnition and flame structure for different nozzle sizes operating at dif-

erent ambient reactivity conditions. In a first step, Spray D (reference

ondition) UFPV model results have been compared with those provided

y a WM model to gain insight on the differences between these two

odeling approaches, using the same fuel oxidation mechanism. WM

as been used as a benchmark comparison of UFPV because it offers

 more straightforward implementation of chemical activity within the

ow, provided a reduced chemical mechanism is used. However, it fully

eglects turbulence effects, which is especially critical within a RANS-

ype approach, and it is computationally more expensive, as results will

how. Later the UFPV model analysis has been extended to include the

pray A and Spray D temperature parametric studies, gaining insight

nto the role of nozzle size on ignition events and quasi-steady flame

tructure. 

. Methodology 

.1. Target sprays’ boundary conditions 

As discussed in the introduction, the present study makes use of ECN

ardware and standardized studies. Computations are carried-out for

CN Spray A and Spray D which correspond to single-hole nozzles with

iameters of 89.4 𝜇m (nozzle reference number 210,675) and 190.3 𝜇m

nozzle reference number 209,135), respectively. Operating conditions

nder investigation are shown in Table 1 , which correspond to an am-

ient temperature sweep at constant density and oxygen. The results

resented in this study are validated using experimental data measured

t CMT-Motores Térmicos in a constant-pressure vessel [ 2 , 5 , 6 ]. 

.2. Computational setup 

Computations have been carried-out using the CFD solver CON-

ERGE [35] following the traditional Lagrangian-parcel Eulerian-fluid

pproach. The CFD code uses a cut-cell Cartesian method for grid gener-

tion. The mesh setup schematic is shown in Fig. 1 . The computational

omain is a cylinder with 50 mm radius and 102 mm length for the

pray A and 140 mm for the larger Spray D. The base mesh cell size is

 mm for both nozzle cases. A truncated cone-shaped fixed embedding

s used near the nozzle region to improve accuracy around this critical

one. The fixed embedding adds 250 𝜇m and 500 𝜇m cells for Spray A

nd Spray D, respectively. In addition, adaptive mesh refinement (AMR)

llows for grid resolution to be added just where needed based on veloc-
ty, temperature and fuel mass fraction gradients. As a consequence, the

inimum cell size reached due to AMR is 125 𝜇m for Spray A and 250

m for Spray D cases. The minimum cell size for Spray A cases is the

esult of mesh convergence for the inert nominal condition in terms of

iquid length, spray tip penetration and local mixture fraction, mixture

raction variance and axial velocity. These results are not included for

he sake of brevity, but can be found in [36] . For Spray D, the minimum

ell size is set based on the assumption that the flow structures can be

caled by the ratio of change in nozzle diameter. 

The Eulerian fluid description is based on the Favre-averaged

avier–Stokes equations solved within a RANS framework. The stan-

ard 𝜅 − 𝜀 model is used with 𝐶 𝜀 1 = 1 . 55 to account for round jet correc-

ion [ 37 , 38 ]. On the other hand, the liquid-phase is described using the

agrangian-parcel approach in conjunction with sub-models for droplet

reakup, collisions, drag, and evaporation. The Kelvin-Helmholtz (KH)

nd the Rayleigh-Taylor (RT) models are used for the estimation of

roplet breakup. Droplet collisions are accounted for by the no time
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Fig. 2. Maximum temperature for Spray A (blue) and Spray D (green) using the 

WM (top panel) and UFPV (bottom panel) models. Square markers and dashed 

lines at ignition delay time for simulations and experiments, respectively. The 

gray shadow marks one standard deviation. Experimental results for Spray A 

from [5] and Spray D from [6] . (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of this article.) 
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i  
ounter (NTC) model. Droplet drag is predicted with a model that con-

iders variations in the drop shape using a distortion parameter. Lastly,

he droplet radius rate of change due to evaporation is estimated based

n the Frossling correlation [39] . 

The combustion modeling approach is fully discussed in [34] , so only

 brief summary is provided here. A skeletal mechanism with 54 species

nd 269 reactions [40] has been used, which has been extensively within

CN studies [ 12 , 20 , 21 , 26 , 34 ]. As for turbulence-chemistry interaction,

wo approaches are compared. On the one hand, the well-mixed SAGE

olver (hereafter WM), which assumes that the source terms of species

quations are only based on chemical kinetic rate terms calculated in

erms of mean local variables. To speed up the detailed chemistry cal-

ulation, a multizone approach is used with a temperature bin size of

 K and an equivalence ratio bin size of 0.01. On the other hand, the

FPV model by the authors [ 20 , 33 ] which leverages on detailed lami-

ar flamelet calculation carried out with the flamelet solver described

n [33] . This tabulated flamelet modeling approach speeds up the CFD

imulation since the mixing and chemistry states are tabulated a priori in

erms of flamelet intrinsic (i.e. control) variables, namely mixture frac-

ion ( Z ) and stoichiometric scalar dissipation rate ( 𝜒 st ), together with

he so-called progress variable ( Y c ). Progress variable is used to describe

he transition of the mixture from inert to fully burned state as function

f a linear combination of species. In this work the progress variable is

efined according to 

𝑌 𝑐 = 0 . 75 𝑌 𝐶𝑂 + 𝑌 𝐶 𝑂 2 + 𝑌 𝐻 2 𝑂 

UFPV accounts for sub-grid turbulence influence on combustion by

eans of a so-called presumed PDF approach, implemented on the lam-

nar flamelet solution as a post-processing step, which integrates fluctu-

tions of the control variables by fixed mathematical functions. In the

resent work, a beta-PDF and a log-normal are used for the mixture frac-

ion and scalar dissipation rate, respectively. Fluctuation amplitude in

oth PDF functions are accounted for in terms of a mixture fraction vari-

nce ( ̃𝑍 

′′2 ) and a constant factor 𝜎 = 

√
2 , respectively. This implies that

he stored table or manifold for any mean variable 𝜓̃ can be expressed

s a function of the mean values of the previous control variables and S,

.e. 𝜓̃ = 𝜓̃ ( 𝑍̃ , 𝑆, ̃𝜒𝑠𝑡 , 𝑌 𝑐 ) , where S is the so-called segregation factor cal-

ulated as 𝑆 = 𝑍 

′′2 ∕( 𝑍̃ ( 1 − 𝑍̃ ) ) . In practical terms, mean species mass

raction and mean progress variable source terms 𝑌 𝑡𝑎𝑏 
𝑘 

( 𝑍̃ , 𝑆, ̃𝜒𝑠𝑡 , 𝑌 𝑐 ) and

̃̇
 𝑌 𝑐 

𝑡𝑎𝑏 ( 𝑍̃ , 𝑆, ̃𝜒𝑠𝑡 , 𝑌 𝑐 ) are stored in tables with 41 points for 𝑍̃ , 17 points

or S , 27 points for 𝜒𝑠𝑡 and 51 points for 𝑌 𝑐 . 

Coupling of the UFPV model within the CFD framework is achieved

hrough the chemical source term of the species transport equation ( ̇𝜔 𝑘 )

ia a user defined function in CONVERGE. First, the local value of the

rogress variable at the cell has to be advanced by means of a simple

ime integration according to Eq. (1) . 

̃
 𝑐 ( 𝑡 + Δ𝑡 ) = 𝑌 𝑐 ( 𝑡 ) + ̃𝜔̇ 𝑌 𝑐 

(
𝑍̃ , 𝑆, ̃𝜒𝑠𝑡 , 𝑌 𝑐 ( 𝑡 ) 

)
Δ𝑡 (1)

Once this is done, the average composition value from each species

t the new reaction state 𝑌 𝑡𝑎𝑏 
𝑘 

( 𝑍̃ , 𝑆, ̃𝜒𝑠𝑡 , 𝑌 𝑐 ( 𝑡 + Δ𝑡 ) ) can be retrieved from

he table, from which the source term of every CFD species transport

quation is evaluated through Eq. (2) . 

̃̇
 𝑘 = 

𝑌 𝑡𝑎𝑏 
𝑘 

(
𝑍̃ , 𝑆, ̃𝜒𝑠𝑡 , 𝑌 𝑐 ( 𝑡 + Δ𝑡 ) 

)
− 𝑌 𝑐𝑒𝑙𝑙 

𝑘 
( 𝑡 ) 

Δ𝑡 
(2)

. Results and discussion 

As described in the introduction, the paper is focused on the appli-

ation of the modeling approach to both Spray A and Spray D cases.

he results section starts with the analysis of the reference condition

or both nozzles, with a detailed comparison between WM and UFPV

ombustion approaches. After that, the sensitivity of simulation results

o ambient temperature is assessed by means of the UFPV approach. 
.1. Analysis of the reference condition 

A detailed analysis of ignition and flame stabilization sequence is

resented in this section using the previously described CFD modeling

pproach. According to ECN standards ignition delay is defined by the

nterval from start of injection to the timing at which the dT max / dt is

aximum, with T max being the maximum temperature in the domain.

ig. 2 shows the time-evolution of T max and the corresponding ignition

elay timings. Both WM and UFPV approaches are able to predict the re-

arding effect of increased nozzle diameter on ignition delay. This figure

lso shows better agreement for UFPV predictions compared to exper-

mental results. As a result of the turbulent integration, the UFPV ap-

roach exhibits a smoother temperature increase compared to the WM,

here the two-step ignition process is much more evident. 

The temporal and spatial evolution during the autoignition sequence

f Spray D is provided in Fig. 3 , where local heat release rate (HRR) is

lotted in the upper half of the spray images. The lower half shows

ormaldehyde (CH 2 O) and hydroxyl radical (OH) contours, which are

onsidered as low- and high-temperature ignition tracers [ 41 , 42 ], re-

pectively. Low-temperature heat release (HR) is initiated at spray edge

nd propagates towards the spray core, followed by high-temperature

gnition occurring at the stoichiometric radius for both models. Com-

ared to Spray A [34] and also in agreement with experiments [6] , Spray

 ignition happens clearly upstream of the spray tip, while in the smaller

ozzle high-temperature ignition for the same operating conditions oc-

urs at the head vortex region. The UFPV model shows a more spatially

istributed (volumetric) ignition sequence, due to the presumed-PDF in-

egration [34] , which also explains the smoother HRR seen in the last

ow of Fig. 3 and peak temperature evolution in Fig. 2 . The integrated

mount of OH and CH 2 O is similar for both WM and UFPV, although

here is a broader distribution of CH 2 O preceding to high-temperature

gnition for UFPV. 

The reacting spray shows a quasi-steady appearance shortly after the

gnition sequence, which extends until the end of injection. This quasi-
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Fig. 3. Autoignition sequence for Spray D us- 

ing the WM (left panels) and UFPV (right pan- 

els) combustion models. In each panel, local 

heat release rate (top half) and false color im- 

ages (bottom half) are shown. Color scale for 

heat release rate is shown at the top, while 

color scale for species has been normalized for 

each frame. Spray radius and stoichiometric 

mixture fraction isocontour marked with solid 

and dotted lines, respectively. Integrated heat 

release rate and species mass is shown at bot- 

tom panels. 
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teady layout is analyzed at 4.45 ms in Fig. 4 by means of key species

ontours. The flame structure shows a low-temperature region upstream

he lift-off, indicated by CH 2 O, while the diffusion flame front, is lo-

ated around the stoichiometric surface, as indicated by the presence

f OH radical. Rich combustion products, such as acetylene (C 2 H 2 ) ap-

ear within the spray core. Despite the similar flame structure provided

y both models, shorter, and closer to measurements, lift-off flame is

redicted by UFPV [34] . 

The lower part of the Figure shows a ‘transverse integrated mass’ for

he key species, which is defined at each axial coordinate as in Eq. (3) :

 𝐼 𝑀 𝑘 ( 𝑥 ) = ∫
𝑅 

𝑟 =0 
𝑝 ( 𝑥, 𝑟 ) ⋅ 𝑌 𝐾 ( 𝑥, 𝑟 ) ⋅ 2 𝜋𝑟 ⋅ 𝑑𝑟 (3)

This variable makes it possible to compare the axial distribution of

he different species. The figure clearly shows that, within the quasi-

teady state, chemical activity starts closer to the nozzle with the low

emperature reactions, namely CH 2 O, increasing with axial distance un-

il reaching the lift-off location (roughly 38 mm for the WM and 26 mm

or the UFPV), which denotes the start of the high-temperature reac-

ions. At this point formaldehyde curve levels off and starts dropping

ith axial distance, and OH and C 2 H 2 start rising. OH seems to follow a

uite steady evolution with a slight increase with axial distance, while

 2 H 2 tends to reach a peak at around 100 mm from the nozzle. Values

t the tip end of the axial extent (from 120 mm) are already affected

y the transient spray head, so evolution departs from the quasi-steady

ne. 

A higher degree of spatial overlapping of the key species is observed

or the flamelet-based approach. This is quite clear in the case of CH 2 O,

hich shows a sharp drop at around 35 mm after the leveling-off for the
M evolution, coincident with a small peak in OH. For the UFPV case

 much milder leveling-off and later drop after 45 mm is observed for

H 2 O. Given the similar values of OH and C 2 H 2 along the main flame

ength for both TCI approaches, it is quite clear that the main effect of

he TCI occurs around the lift-off length location. 

.2. The effect of ambient temperature 

The analysis carried out for the nominal conditions is extended

hroughout this section for Spray A and Spray D at different ambient

emperatures ranging from 750 to 900 K using the UFPV combustion

odel. Results are validated in terms of spray tip penetration, ignition

elay time and lift-off length, after which the flame structure at ignition

iming and quasi-steady state is presented. 

.2.1. Spray tip penetration and global combustion indicators 

In order to assess the predictability of the computational setup in

elation to the reacting spray dynamics, Fig. 5 shows results for the

pray tip penetration and time-resolved lift-off length. For validation

urposes, experimental results for spray tip penetration are also plotted

black line) with the 95% confidence interval (gray shadow) for Spray A

t the whole range of ambient temperatures studied and for Spray D at

00 and 900 K. No experimental tip penetration data are available for

his nozzle at the lowest and intermediate temperatures, and the same

pplies to time-resolved lift-off length. Regardless the ambient tempera-

ure value, the larger nozzle exhibits faster penetration as a consequence

f the increased momentum flux in comparison to the smaller nozzle.

side from the momentum flux, detailed studies in [3] have shown that

eacting tip penetration is the result of flow acceleration and the radial

xpansion of the jet occurring at the ignition timing, both effects as a
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Fig. 4. False color images and transverse integrated mass of 

key species for Spray D using the WM (first and third panels) 

and UFPV (second and fourth panels) combustion models. 

Spray radius, stoichiometric mixture fraction isocontour and 

lift-off length marked with solid, dotted and dashed lines, 

respectively. 

Fig. 5. Spray tip penetration (dotted line) and lift-off length (solid line) for Spray A (blue) and Spray D (green) at different ambient temperatures. The gray shadow 

marks the 95% confidence interval for the experimental data. Experimental data for Spray A from [2] and Spray D from [6] . (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.) 
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esult of the density drop during the inert to reacting transition. For all

ases where experimental data are available, both Spray A and Spray D

umerical results show that the computational setup used successfully

eproduces the experimental tip penetration values. Additionally, local

ixture fraction, mixture fraction variance and axial velocity under in-

rt conditions were already validated in a previous work [34] show-

ng that the local flow state is adequately reproduced by the model.

ime-resolved lift-off length results show that the flame stabilizes fur-
her downstream from the nozzle for Spray D in comparison to Spray A

or all temperature conditions. Both nozzles reach a quasi-steady state

or any ambient temperature, as depicted by the flat lift-off length evo-

ution, with the exception of 750 K, where lift-off length is clearly re-

eding with time after the longest ignition delay period. This behavior

s observed for both nozzles. 

Combustion global indicators are also validated against experimental

ata in Fig. 6 . As described in Section 3.1 and following ECN standards,
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Fig. 6. Ignition delay time for Spray A (blue) and Spray D (green) at different ambient temperatures. Vertical bars mark one standard deviation for the experimental 

data. Experimental data for Spray A from [5] and Spray D from [6] . (For interpretation of the references to color in this figure legend, the reader is referred to the 

web version of this article.) 
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7  
gnition delay time is based on the temporal derivative of maximum tem-

erature. For the lift-off length, the criteria used is based on the location

t which 14% of the maximum OH mass fraction is reached. This loca-

ion is tracked at each time in the simulation after the ignition ( Fig. 5 )

nd is time-averaged once it has stabilized. There is an exception for

he 750 K case (both Spray A and Spray D) for which the time-resolved

ift-off length doesn’t stabilize by the end of the injection and the values

eported in Fig. 6 correspond to the value at that time. 

Both ignition delay and lift-off length are in excellent agreement in

he range of 800 to 900 K. The trend of slightly longer ignition de-

ay and longer lift-off length for the larger nozzle is captured by the

odel. At the lowest temperature condition, at which there is only ex-

erimental data for Spray A, the two global combustion indicators are

ver-predicted. Nonetheless, the level of agreement is still satisfactory

eeping in mind that this low-temperature condition is challenging both

umerically and experimentally. On the one hand, even with a long in-

ection (5 ms for Spray A and 4.5 ms for Spray D), the spray has not

eached quasi steady state yet (evidenced in time-resolved lift-off length

esults in Fig. 5 ) [20] . On the other hand, experimental measurements

re also challenging, as autoignition takes place further away from the

ozzle and closer to the field-of-view limit. 

.2.2. Flame structure at ignition timing and quasi-steady state 

In this section, the effect of ambient temperature on the flame struc-

ure is analyzed for the two nozzles under study at the time of ignition

nd at quasi-steady state. Fig. 7 shows the results at the time of ignition

or Spray A (left panels) and Spray D (right panels) using the same layout

s in Fig. 3 with the local heat release rate at the top half and key species

alse color images at the bottom half. To facilitate the comparison

mong the two nozzles, spatial coordinates have been normalized by an

quivalent diameter estimated according to 𝑑 𝑒𝑞 = 𝑑 𝑒𝑓 𝑓 𝑒𝑐𝑡𝑖𝑣𝑒 
√
𝜌𝑓𝑢𝑒𝑙 ∕ 𝜌𝑎𝑖𝑟 .

hrough this normalization, differences in air entrainment due to the

ozzle size are taken into account [43] leading to the same mixture

raction for either nozzle at the same normalized spatial coordinates. 

From top to bottom in Fig. 7 , the ambient temperature decreases, and

he ignition locations shifts further away from the nozzle towards leaner

ixtures. For all cases, the location of ignition is characterized by an in-

ense heat release rate spot, the appearance of OH and the consequent

onsumption of CH 2 O. In the range of 800–900 K, the ignition location

or Spray A tends to be closer to the spray head, in contrast to Spray

 for which ignitions seems to take place radially displaced in a wider

one of the spray. This feature has been reported experimentally for the
ominal ambient temperature condition [38] and can be explained by

ess strained mixtures and longer residence time in the larger nozzle,

hich facilitates autoignition in this radially displaced location as re-

orted by the authors in [34] . At 750 K ignition takes place at the spray

ead for both nozzles, although the relative differences in location still

olds valid i.e., Spray A ignition location downstream (in normalized

oordinates) from that of Spray D. In fact, this difference in location in

ormalized coordinates at ignition can be extended for the whole range

f ambient temperatures, and shows that at the same ambient tempera-

ure, the smaller nozzle with a consequent faster mixing process ignites

t leaner mixtures compared to the larger Spray D. 

Differences observed for the ignition location in Fig. 7 , in terms of

ixing among the nozzles and ambient temperatures, remain consis-

ent for the lift-off length location at quasi-steady state as reported in

ig. 8 . For both nozzles, lift-off length stabilizes further away from the

ozzle as the ambient temperature is decreased. Similarly, for the same

mbient temperature the lift-off length normalized by the equivalent di-

meter stabilizes at a farther location for spray A in relation to Spray D

howing the tendency for the larger nozzle to burn under more fuel rich

onditions. 

In addition to lift-off length results, the false color images plotted

n Fig. 8 allow to evaluate the flame structure for key species. For all

mbient temperature values, CH 2 O, OH and C 2 H 2 can be found at the

ase of the flame, around the stoichiometric mixture fraction isocon-

our and at the spray core, respectively, in accordance with the descrip-

ion made for the reference condition (see Fig. 4 ). The flame structure

round the lift-off location does not change essentially with decreasing

mbient temperature, it is mainly shifted to positions further away from

he nozzle. Despite evident similarities in relation to species location, it

s worth noting that the peak C 2 H 2 mass fraction changes in accordance

o changes in LOL, with an increasing value as the flame is stabilized at

icher mixtures as a consequence of higher ambient temperatures and/or

igger nozzle diameter. For instance, peak C 2 H 2 mass fraction (reported

t the top left corner for each case in Fig. 8 ) decreases by a factor of 1.3

t 900 K by changing the nozzle diameter from Spray D to Spray A,

hile for the large nozzle it drops by a factor of 1.05 if the ambient

emperature drops from 900 to 850 K. These changes in LOL and peak

 2 H 2 mass fraction hint at potentially more soot formation for the bigger

ozzle and higher temperatures, since C 2 H 2 is the main building-block

or the formation and growth of polycyclic aromatic hydrocarbon and

onsequently soot [ 44 , 45 ]. Lastly, it is also worth mentioning that the

50 K cases have not fully reached the quasi-steady state by the end of
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Fig. 7. Local heat release rate (top half) and key species false color images (bottom half) at ignition timing for Spray A (left panels) and Spray D (right panels) at 

different ambient temperatures. Spray radius and stoichiometric mixture fraction isocontour marked with solid and dotted lines, respectively. 

Fig. 8. Key species false color images for Spray A (left panels) and Spray D (right panels). Spray radius, stoichiometric mixture fraction isocontour and lift-off length 

marked with solid, dotted and dashed lines, respectively. A white vertical line marks the end of the computational domain for Spray D cases. 
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(  
he injection as evidenced by the flame structure depicted in the bottom

anes (see Fig. 8 ). For the lowest ambient temperature condition, both

pray A and Spray D exhibit a CH 2 O structure that is still transitioning

nto the longer curved shape observed for the rest of cases, while lift-off

ength is not stabilized yet and still shifting upstream in relation to the

gnition location, as shown in Fig. 5 . 
. Summary and conclusions 

The combustion process from the ECN Spray A and Spray D has been

nalyzed based on CFD results. For the analysis of the Spray D refer-

nce condition at 900 K, the well-mixed (WM model) and the flamelet

UFPV model) sub-grid assumptions have been assessed in relation to
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he autoignition sequence and flame structure at quasi-steady state. Af-

er that, the analysis of UFPV results has been extended for both Spray A

nd Spray D at various ambient temperature boundary conditions. Main

ndings can be summarized as follows: 

• UFPV delivers a more accurate prediction of global combustion indi-

cators for both nozzles. This has been shown at the reference temper-

ature case, but the conclusion extends to other operating conditions

not shown in the present study. This indicates that, compared to the

simple WM approach, a more refined TCI model is needed to suc-

cessfully predict combustion in this type of sprays with a RANS-type

simulation. 
• The use of the UFPV model also considerably reduces the computa-

tional cost of the simulations. Much of the computational time sav-

ing comes from solving the chemistry in advance and decoupling it

from the fluid dynamics solution, in contrast to the on-line detailed

chemistry solver from the WM model. The cost of a WM model sim-

ulation is in the order of 50.8 x 10 3 core hours and it is in the order

of 1.2 x 10 3 core hours for the UFPV model. 
• For the reference Spray D condition, WM and UFPV model results

show a similar autoignition sequence mainly characterized by a cool

flame wave moving from the spray radial periphery towards the

spray core. At the time of ignition, CH 2 O produced during the cool

flame period is consumed as OH appears at the ignition spot located

in the spray radial periphery. 
• At quasi-steady state, WM and UFPV models also predict a similar

flame structure for the reference Spray D case. In the results from

both combustion models, CH 2 O can be found at the base of the flame,

OH around the stoichiometric mixture fraction isocontour and C 2 H 2 

at the spray core. The biggest differences between both modeling

approaches are related to local details, with well delimited zones

in WM model in contrast to some degree of overlapping between

species in UFPV model results as a result of turbulent averaging. 
• At the different ambient temperatures, predicted spray tip penetra-

tion, ignition delay and lift-off length simulation results are in good

agreement with experimental data for both nozzle sizes. The flame

structure at the time of ignition shows that at the same ambient tem-

perature, the ignition location for Spray D takes place at richer mix-

tures compared to Spray A. This holds over all tested ambient tem-

perature values. This observation can also be extended to the quasi-

steady state, at which the lift-off length for Spray D also stabilizes at

richer mixtures compared to the smaller nozzle, which justifies the

more important soot formation in the larger nozzle. 
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