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ABSTRACT

The present work performs Unsteady Reynolds-averaged Navier-Stokes simulations to study the
effect of turbulence-chemistry interaction (TCI) on diesel spray flames. Three nozzle diameters (d,
) of 100 pm, 180 um, and 363 pum are considered in the present study. The Eulerian Stochastic
Fields (ESF) method (with TCI effect) and Well-Stirred Reactor (WSR) model (without TCI
effect) are considered in the present work. The model evaluation is carried out for ambient gas
densities (pgm) of 30.0 kg/m?3 and 58.5 kg/m?. ESF method is demonstrated to be able to reproduce
the ignition delay time (IDT), and lift-off length (LOL) with an improved accuracy than that from
the WSR method. Furthermore, TCI has relatively more influence on LOL than on IDT. A
normalized LOL (LOL*) is introduced, which considers the effect of d, and its subsequent effect
on the fuel-richness in the rich premixed core region is analyzed. The RO, distribution is less
influenced by the TCI effect as ambient density increases. The ESF model generally predicts
longer and wider CH20 distribution. The difference in the spatial distribution of CH20 between
the ESF and WSR model diminishes as d increases. At p,,, = 30.0 kg/m?3, the ESF method results
in a broader region of OH with a lower peak OH values than in the WSR case. However, at p,,,, =
58.5 kg/m?, the variation of peak OH value is less susceptible to the increase in d and the presence
of TCI model. Furthermore, the influence of the TCI on the total OH mass decreases as d
increases. The total NOx mass qualitatively follows the same trend as the total OH mass. This
present work clearly shows that influence of TCI on the global spray and combustion

characteristics becomes less prominent when d increases.
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1. INTRODUCTION

Diesel engines are and will remain in any foreseeable future the dominant propulsion system for
maritime industries. With the aim to reduce emissions of greenhouse gases and pollutants, the
maritime industry focuses on the use of alternative fuels in recent years"). These alternative fuels
have to be ignited with a small amount of directly injected conventional diesel fuel, commonly
referred to as a “pilot fuel injection”. Ignition delay time (IDT), ignition location and the
subsequent flame development of the pilot fuel are crucial to efficiently burn the succeeding
alternative fuels delivered during the main injection event. In these engines, the in-cylinder
pressure (or ambient density, p,,,) at the time when pilot fuel is delivered varies significantly with
engine loads®. Both numerical and experimental studies performed in an optical accessible
constant volume combustion chamber (CVCC) under diesel engine-like conditions have shown
that the flame size at quasi-steady state is reduced for increasing pg,,3*. A pilot spray flame that
is small and narrow can only increase the in-cylinder temperature locally and hence not optimum
for igniting the main fuel. In other optical measurements, the quasi-steady state flame size is shown
to increase with increasing nozzle diameter (dy)®. This was found to increase the in-cylinder
temperature in a larger region, which is expected to result in a better ignition of the main fuel.
However, increasing d, can lead to negative consequences, e.g. larger amount of soot formed®.
A detailed understanding of in-cylinder processes of the diesel fuel combustion is therefore
important to maximize the benefits of dual-fuel combustion applications. Despite substantial
progress in optical accessible CVCC, the most detailed available experiments can only provide a
partial set of data under engine-like conditions. It is hence challenging to understand all the
relevant combustion phenomena solely based on the experimental observation. For instance, the

quantitative flame size can only be obtained at quasi-steady state. Effects of p,, and djon
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transient flame development can only be evaluated based on qualitative data and the data are
scattered. Therefore, the use of computational fluid dynamic (CFD) and chemical kinetic
mechanism models can help to shed more light onto the limited information from present
experimental studies.

Various CFD works in the literature demonstrated the capability of the Transported Probability
Density Function Model (TPDF) with a skeletal diesel surrogate model to simulate diesel spray
flame. The effects of different do® and different ambient conditions, €.g. pm, ambient temperature
(T 4m), and ambient oxygen levels (O,.4,)*%19, on diesel spray characteristics were investigated in
numerous studies. However, there are only a few studies’-%10 that compared the results (e.g. spray
and flame characteristics) computed from the TPDF method and the Well-Stirred Reactor (WSR)
model, where the latter model does not consider turbulence-chemistry interactions (TCI). In
addition, these numerical studies were only carried out for small nozzle diameters (< 100 um) and
at low ambient density condition (pgy, < 30.0 kg/m?). Both the dg and p,, are generally much
larger for large two-stroke marine engines(-11-13),

Setting against this background, the current CFD work employs an Eulerian-based TPDF and
WSR model with a skeletal n-heptane model to investigate the effects of dyand pg,, on diesel
spray combustion, in which p,, is used to represent different engine loads. At the same time, the
influence of TCI on diesel spray and combustion characteristics is investigated by comparing the
numerical results from the Eulerian-based TPDF and the WSR model. The paper is structured as
follows. In Section 2, the description of model formulations is first shown, followed by the test
cases and the operating conditions. Section 3 discusses the model validation based on optical

measurements. This is followed by a detail numerical analysis of the TCI effect on the flame
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structures under different operating conditions. Finally, concluding remarks from this work are
then highlighted in Section 4.
2. NUMERICAL SETUP

2.1 Model formulation. The current three-dimensional (3-D) CFD spray combustion
simulations are carried out using the open-source code, OpenFOAM-v17120(4, The full numerical
and geometrical setup have been reported in Ref. (17). For brevity, only key information are
reported here. The skeletal n-heptane chemical kinetic mechanism developed by Liu et al.(!) is
employed as a diesel surrogate fuel model, while additional reactions are added for NOx formation.
For the operating conditions considered in the present study, thermal NO is expected to be the
principal pathway for NOx formation. Therefore, NOx formation is modeled using the Zeldovich
mechanism. The interaction between the turbulence and chemistry is modeled using an Eulerian-
based TPDF, which is henceforth addressed as the Eulerian Stochastic Fields (ESF) method®?.
The Well-Stirred Reactor (WSR) model, which has no turbulence-chemistry closure, is also
considered in this study. The WSR model is not applicable for modeling thin reaction zones in
flame propagation. In addition, there are also evidences that WSR tends to overpredict the lift-off
length in the URANS modeling of spray combustion?!-??), Despite this, the WSR model is still
widely used to simulate compression-ignition combustion engines(?3-29). The chemistry-coordinate
mapping (CCM) method is coupled with the ESF and WSR model in order to integrate the source
terms due to chemical reactions more efficiently*>-19, Full details pertaining to the CCM method
are available in Ref. (10,27).

2.2 Case descriptions. The experiments from Sandia National Laboratory were chosen for
numerical investigation in the current work. The experiments were conducted in an optical

accessible CVCC under diesel engine-like conditions®-%28-30) The initial ambient gas conditions
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of the current test cases are listed in Table 1. Experimental data of diesel #2 is used in this work.

The fuel is delivered at an injection pressure of 1400 bar through injectors with different d,. Since

the injection pressure is fixed, the fuel mass flow rate from different nozzle increases with

increasing dy. The measured IDT and lift-off length (LOL) are available in ECN database®®.
Further information regarding the reacting spray cases are available in Refs. (3,6,28-30). The
present investigation focuses on three dy of 100 pm, 180 pm, and 363 pum, as well as two levels
of pam at 30.0 kg/m?3 and 58.5 kg/m?. In order to clearly demonstrate the individual and the coupled
effects of dy and pg,,, on spray and combustion characteristics, only one parameter (dg or pgy,) 1S
varied independently in each of the single factorial study while other parameters are fixed.

Table 1: Operating conditions and injection specifications in the current test cases.!

Case O2um T um [K] Pam [kg/m?3] dg [um] Pinj [bar] 1y [mg/ms]

1 21% 1000 30.0 100 1400 2.8
2 21% 1000 30.0 180 1400 9.0
3 21% 1000 30.0 363 1400 36.3
4k 21% 1000 58.5 100 1400 2.8
5 21% 1000 58.5 180 1400 9.2
6%* 21% 1000 58.5 363 1400 36.3

Y Osum Tams Pam» dos Pnj, and my denote ambient oxygen levels, ambient gas temperature,
ambient gas density, injection pressure, nozzle diameter, and fuel mass flow rate, respectively.

(**) The m for pg,, = 30.0 kg/m? case is used as no experimental ri1f is available for 58.5 kg/m?.
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3. RESULTS AND DISCUSSION

3.1 Non-reacting spray characteristics. Model validation is first carried out on the sprays cases
(Cases 1 — 6 in Table 1) at different p,,, and d values by performing inert spray simulations and
computing their liquid penetration length (LPL) and vapor penetration length (VPL). It is
important to note that O, ,,, is set to zero when performing inert spray simulations. The LPL is
defined here as the maximum axial location from the injector encompassing 95 % of the total liquid
mass, while the VPL is defined as the furthest axial distance with 0.1% mixture fraction.

Model evaluation of the liquid-phase is carried out by comparing against the LPL obtained from
the liquid scaling law®D due to the lack of experimental measurements. The liquid properties of n-
heptadecane are used in the liquid scaling law to produce diesel #2 liquid length®D since these
resemble the properties of diesel #2. The computed LPL from different d at p, of 30.0 kg/m?
and 58.5 kg/m? are depicted in Figure 1a. In the figure, the computed LPLs correspond well with
the LPL obtained from the liquid scaling law across different p,,,. On the other hand, the
associated VPLs are evaluated by computing the dimensionless penetration length, ¢ and

dimensionless penetration time, T,

b
dnCa |1/ (1)
0= tn ©/2)
2(Pin'_Pam -1
R (N )) @)

where py and P, denote the fuel density and ambient pressure, respectively. C, and C,, refer to

the orifice area-contraction coefficient and velocity coefficient, respectively. The spray dispersion
angle is denoted as 6, while the term a is a constant. Full details of the methodology are available

in Ref. (32). As seen in Figure 1b, all the o curves collapse onto one another, which agrees with
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the trend reported in Ref. (32). Overall, Figure 1 demonstrates that the model is successful in

modeling the sensitivity of LPL and VPL to the change of d and pg,.

80 100 180 3 12
um pHm 363 um s
(a) Simulation, 30.0 kg/m®  ——  — — (b) =
50 Scaling law, 30.0 kg/m? LJ ® @ .
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£
E 30 -
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Figure 1: (a) Liquid penetration lengths (LPL) of non-reacting sprays as a function of time after
start of injection. (b) Dimensionless penetration length (o) as a function of dimensionless
penetration time () for different nozzle diameter and ambient density cases. Lines denote the
simulations results. Circle markers denote the liquid scaling law results.

3.2 Ignition delay time and lift-off length. Figure 2 compares the simulated IDT and LOL with
the experimental measurements. The IDT is defined as the time when the mixture is 400 K above
its initial temperature, following the definition in Ref. (4). The LOL is defined as the shortest
distance from the injector to the location with 2% of the maximum mass fraction of hydroxyl
radical (OH)@®. At p,, = 30.0 kg/m?, the predicted IDTs using the ESF model for the nozzle
diameters of 100 pm, 180 um, and 363 um have a relative difference of 47%, 6%, and 32%,
respectively. Meanwhile, the predicted IDTs by the WSR model at 30.0 kg/m? for all three nozzle
diameters have a relative difference within 55%. On the other hand, the simulated IDTs by the
ESF and WSR models under a higher ambient density condition (p,., = 58.5 kg/m?) have a relative

difference within 30% as compared to experimental data. The discrepancies observed in the IDT
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may likely be due to the experimental uncertainties from the hydraulic delay during fuel
injection®¥). Another possible reason could be due to the measured IDT being a pressure-based
IDT, which is obtained from pressure measurements of a single pressure transducer. This pressure
measurement requires adjustment to account for the time-delay in the measurement caused by the
speed-of-sound, as well as the distance between the ignition site and the pressure transducerG4.
Ignition sites were shown to vary differently across different nozzle sizes(!?. Meanwhile,
luminosity images identifying the exact location of ignition were not acquired during the
experiments of these three nozzles®¥. Therefore, this may lead to uncertainties in the speed-of-
sound time correction. Moreover, the use of a single pressure transducer may also lead to poor
signal-to-noise ratio in pressure diagnostics®*>. Based on Figure 2, it is worth mentioning that the
influence of TCI on IDT is not obvious at both ambient densities of 30.0 kg/m? and 58.5 kg/m3.
This could be due to the shorter chemical timescale when under high ambient density conditions.
This is, however, not the case for the LOL, where the ESF model predicts LOL that are consistently
lower than the ones by the WSR model (cf. Figure 2). At the same time, the LOLs simulated using
the ESF model correspond better with the measurements, with a maximum relative difference of
33% at both ambient densities. On the other hand, higher discrepancies are observed for the WSR
predictions, where the relative differences to measurements are within 84% at both ambient
densities. The present results for the 100 um case is consistent with that by Bhattacharjee and
Haworth(”), where they compared the predicted IDT and LOLSs using the Lagrangian-based TPDF
and WSR models in their n-heptane spray flame simulations with dy = 100 um. They suggested
that as pgm, (or Py, for a fixed T,,,) increases, the chemistry becomes faster so that finite rate
chemistry and TCI effects become relatively less prominent. The present work confirms the

findings by Bhattacharjee and Haworth(” where it is shown here that the difference between the
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predicted LOL between ESF and WSR reduces as p,,, increases. This trend remains the same

regardless of the d used.

1.0 30 1.0 30
| (a 0o (b) 4 A Measurement |,
03 ( ) ,,,,, % A AESF
0.8 e 20 0.8 A AWSR 20
B - 15 0.7 15
T, —_ —_
go.e-. Kr-TII- 10E w06 o 10%
=" 1 0 | e E | lemmm——
— 0.51 5 é — 0.5 === 5 w—
= o =
0 0.4 0O Doa 0O
= >~ - |
0.3 0.3
0.2 { A A Measurement 0.2}
0.1 nd 0.1
0.0 0.0
100 180 260 340 420 100 180 260 340 420
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Figure 2: Ignition delay time (IDT) and lift-off length (LOL) for different nozzle diameters (d)
predicted by the Eulerian Stochastic Fields (ESF) and Well-Stirred Reactor (WSR) models at (a)
30.0 kg/m?3 (solid line, filled symbols) and (b) 58.5 kg/m? (dashed line, open symbols) conditions.

3.3 Temporal evolution of vapor penetration, liquid penetration, and lift-off length. The
cylinder bores of marine engines are larger as compared to those in automotive engines. This
allows an established spray flame to form prior to flame-wall impingement®®). Vapor penetrations
of the reacting sprays for different d and p,, are shown in Figure 3. The vapor penetration of the
associated non-reacting cases are also included to illustrate the increasing difference in time due
to the combustion. Here, the reacting vapor penetration length is defined as the furthest axial
position where 0.1% of mixture fraction is observed. The vapor penetration lengths are depicted
in Figure 3 to increase with increasing d at both ambient densities. In addition, minor differences
can be observed in the predicted reacting vapor penetrations using ESF and WSR at both ambient

densities of 30.0 kg/m? (cf. Figure 3a) and 58.5 kg/m? (cf. Figure 3b). The results imply that the
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reacting vapor penetration is not significantly influenced by the TCI effect regardless of the

ambient density conditions and nozzle diameters used.
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= - . 100 pm A e —— 0 e 100 pum
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— e wibns 0 sham — s e b 363 um
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.2 804 .2 80
-+ o
© © ————
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o o
& & (b)
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0.2 0.4 0.6 0.8 1.0 1.2 0.2 0.4 0.6 0.8 1.0 1.2
Time after start of injection [ms] Time after start of injection [ms]

Figure 3: Comparisons of vapor penetration length for different nozzle diameters predicted by the
Eulerian Stochastic Fields (ESF) and Well-Stirred Reactor (WSR) models under (a) 30.0 kg/m3
and (b) 58.5 kg/m? conditions.

The temporal evolution of LPL and LOL for different nozzle diameters and TCI models is
depicted in Figure 4. The LPLs predicted by both the ESF and WSR models are similar. Hence,
only those predicted using the ESF model are shown in Figure 4.

At pam = 30.0 kg/m?, the ignition sites predicted in the ESF cases are consistently closer to the
injector than that predicted in the WSR cases (c.f. Figure 4a). The LOLs gradually shorten as the
flames stabilize towards the injection tip when the ESF model is considered. On the other hand,
the WSR model predicts flames that stabilize more quickly and at locations further downstream.
In the 100 um and 180 um nozzle cases, the flame stabilization location leads to the LOL to be
longer than the LPL in the WSR case, but vice-versa in the ESF case (cf. Figure 4a). This is,

however, not similarly seen for the 363 pm nozzle case, where the LOLs predicted using the ESF
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and WSR models are both shorter than the LPL (cf. Figure 4a). The implication of having longer
LOL than LPL is later examined in Section 3.4.

At pgm = 58.5 kg/m?, the ignition sites predicted by the ESF and WSR models are closer to one
another. Moreover, the LOL stabilizes more quickly than in the lower density case for both ESF
and WSR models. The difference in the predicted LOL between the ESF and WSR models are

now less obvious than that in the lower ambient density case (pqmn = 30.0 kg/m?). In all the cases,

the LOLs predicted by ESF and WSR models are consistently shorter than the associated LPL.

20 LPL (ESF) LOL (ESF) LOL (WSR) 20 LPL (ESF) LOL (ESF) LOL (WSR)
(a) e | e wper  100pm (b) ceee = =0 100um
- -O-- 180 pm -—-- —o— -O-- 180 um
40 gt A —— =-O-- 363 ym 40 o —— -O-- 363 um
— Fa h o m —
= A R & 4 S
E ,_w ANV E
— ] 5 — Simulated LPLs of
| 30 2 OO0 OO0 - O, 1 301 reacting sprays
S S B ol
© ! - SN IR IAAR A
c 207 ¢ c 201 |/
o U © ! Experimental
-l sl ! - xperimental
& E i ”,,pl'-'{jvvsﬁ:m <900 0O O LOLs
10 101 ot ‘L
I B e
/4 ~Simulated LPLs of Experimental
5 ¥ reacting sprays LOLs . H
02 04 06 08 1.0 12 14 16 1.8 02 04 06 08 10 1.2 14 16 1.8
Time after start of injection [ms] Time after start of injection [ms]

Figure 4: Temporal evolution of liquid penetration length (LPL) and lift-off length (LOL)
predicted by the Eulerian Stochastic Fields (ESF) and Well-Stirred Reactor (WSR) models for
different nozzle diameters under (a) 30.0 kg/m? and (b) 58.5 kg/m? conditions.

Based on Figure 4, it is shown that the ignition sites and the flame stabilization positions occur
further downstream from the injection tip, which consequently lead to longer LOL, when d,
increases. This is likely due to the longer liquid and vapor penetration lengths observed as d
increases. In order to take into account the influence of d on the LOL and LPL, both the LOL and
LPL are normalized by the equivalent diameter (d,) for each nozzle, i.e. LOL* = LOL/d,, and

LPL* = LPL/d,,, respectively. Following the same methodology in Ref. (37,38), the equivalent

eq»
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diameter for each nozzle is computed as d,, = do\/m , Where pr denotes the density of fuel.
The LPL* is depicted in Figure 5 to be insensitive to the variation of nozzle diameter for both
ambient densities. This agrees with Sieber’s empirical scaling law(31), which shows that LPL o« d,,
W. The full description of the empirical scaling law can be seen in Ref. (31). Based on
Figure 5, LOL* is shown to decrease with increasing d,, which is opposite to the LOL trend
observed in Figure 2. This observation suggests that the amount of fuel injected is more significant
than the amount of air entrained, which may lead to a more fuel-rich mixture in the spray. The

effect of LOL and LPL on fuel-air mixing is further investigated in the following section.

40 40

(a) Exp ESF WSR (b) Exp ESF WSR
LOL* o—o0 o0—0 0—o0 | LOL* o—o0 o0—0 o0—o0

LBi# | sewss —

w
o
w
o

N
o

LOL* and LPL* [-]
1

5
0

LOL* and LPL* [-]

100 180 260 340 420 100 180 260 340 420
do [um] do [um]

Figure 5: Normalized liquid penetration length (LPL*) and normalized lift-off length (LOL*) for
different nozzle diameters using the Eulerian Stochastic Fields (ESF) and Well-Stirred Reactor
(WSR) model under (a) 30.0 kg/m?3 (solid lines, filled symbols) and (b) 58.5 kg/m? (dashed lines,
hollow symbols) conditions.

3.4 Temperature-equivalence ratio scatter plots. Figure 6 shows the scatter plots in the
temperature-equivalence ratio (T-¢) space for the spray flames during quasi-steady state. The rich
premixed core region is defined here as the region where ¢ > 1.5 and 1000 K <T <1600 K. Based

on Figure 6, the rich premixed core region appears to vary with nozzle diameters and TCI model
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used. The T-¢ distribution predicted using the ESF model is different from that using the WSR
model at an ambient density of 30.0 kg/m? (cf. Figure 6a and Figure 6¢), whereas this difference

is less apparent when at higher ambient density of 58.5 kg/m? (cf. Figure 6b and Figure 6d).

30.0 kg/m? 58.5 kg/m3
10 10 ; ;
(a) ¢ 100 pm (b)
. e 180 pm
N 363 um

Initial chamber

6 temperature
- -

4

Stoichiometric
mixture

2400 2800 ; 1600 2000

1600 2000 2400 00
T [K] T [K]
10 10
(c) ¢ 100 pm (d) @100 um
e 180 pm e 180 pm
8 — L 8
@363 um e 363 um
_ 6 Rich premixed _ 6
< core region o
= =
4 4

1600 2000 2400 2800 %0 1600 2000 2400 2800

T [K] T [K]
Figure 6: Comparisons of local temperature-equivalence ratio (T-¢) characteristics predicted using
the Eulerian Stochastic Fields model (a-b) and Well-Stirred Reactor model (c-d) for different

nozzle diameters under different ambient densities during quasi-steady state.
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In order to better elucidate the effect of dy, pum, and TCI model on the ¢ distribution in the rich
premixed core region, the distribution of spray in the rich premixed core region is represented as
a discrete probability density function (PDF) of ¢ and is depicted in Figure 7. The ¢ value within
the rich premixed core region for a given d, usually decreases with the increase of LOL due to
stronger air entrainment process. However, an opposite trend is observed in Figure 7, where the
rich premixed core region becomes more fuel-rich as d increases regardless of the TCI model and
Ppam considered. This is likely due to the larger amount of fuel being injected as d increases (see
Table 1). Furthermore, this also corresponds with the LOL* trend depicted in Figure 5, in which
LOL* is shown to decrease as d increases. The results imply that the amount of fuel injected is
more significant than the amount of air entrained when d increases. As a result, the premixed core
region becomes more fuel-rich (cf. Figure 7). Based on the findings, it is suggested that LOL* is
a better parameter to describe T-¢ space for the spray flames obtained from different d,,.

At ambient density of 30.0 kg/m?, it is notable from Figure 7a and Figure 7c that the premixed
core region in the WSR case are significantly less fuel-rich than their ESF counterparts in the 100
um and 180 um nozzle cases. This is likely due to predicted LOL in the WSR case being longer
than the LPL. Based on the work by Sieber and Higgins®®, the amount of air entrained into the
flame was shown to be higher when the LOL is longer than the LPL. Meanwhile, based on Figure
4a and Figure 5a, the WSR model predicted LOL that are longer than the LPL in the 100 gm and
180 um nozzle cases, but vice versa when the ESF model is used. As a result, the WSR cases with
nozzle diameter of 100 um and 180 um experiences higher air entrainment, which eventually lead
to less fuel-rich mixture in the premixed core region (cf. Figure 7¢). In the large nozzle case (363
um), both the WSR and ESF models predicted LOL that are consistently shorter than the LPL (cf.

Figure 4a and Figure 5a). This is similarly obtained across all three nozzle diameters when at a
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higher ambient density of 58.5 kg/m? (cf. Figure 4b and Figure 5b). Therefore, it is shown that the
difference in the PDF of ¢ between the ESF and WSR cases for these cases are relatively less
apparent (cf. Figure 7). The above results demonstrate the importance of considering TCI effect
for small nozzle cases and at low ambient density conditions to ensure an accurate prediction of

the air entrainment process.

30.0 kg/m3 58.5 kg/m?
0.5 0.5
(a) mm 100 um (b) B 100 m
EE 130 um = 180 um
0.4 B 363 um 0.4 EEN 363 um
o.03 o 03
Y— Y—
5} o
&5 0.2 B 0.2
o. o
0.1 ‘ui 0.1
*.ﬁli 1| H“Jﬂi M. A |
00y 5 3 4 56 7 g My 2 SRR BT R 8
¢ [-] ¢ [-]
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(c) EEN 100 gm (d) 100 um
E 180 um W 180 um
0.4 B 363 pum 0.41 B 363 um
=03 o03
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5} S}
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0.1 | | 0.1
0-09 2 3 4 5 6 7 g %01 2 3 4 5 6 7 8
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Figure 7: Discrete probability density function (PDF) of ¢ in the rich premixed core region for
different nozzle diameters under different ambient densities during quasi-steady state using the

Eulerian Stochastic Fields model (a-b) and Well-Stirred Reactor model (c-d).
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3.5 Spatial distribution of intermediate species and emission. To understand the effects of
the dy, pam, and TCI model on the overall flame structure, the mass fractions of RO,, CH,0, and
OH are examined next. The heptyl peroxy radical (C;H;s0,, also known as RO,) is one of the first
species in the decomposition path of n-heptane and is therefore a good marker for the first-stage
ignition and the low-temperature chemistry activity®®). Formaldehyde (CH,0) is a product of the
first-stage ignition which is frequently measured in experiments as a marker of regions where low-
temperature (cool-flame) chemistry is underway“%4!). Hydroxyl (OH) is selected as a marker of
regions where high-temperature chemistry is active, also in accordance with several experimental
studies(®3:42),

The spatial distributions of RO, mass fraction are shown in Figure 8. It is important to note that
the peak RO, mass fraction in the ESF cases are consistently higher than that in the WSR cases
regardless of dy and pg,, considered (not shown). At p,n,= 30.0 kg/m?, both WSR and ESF
predicted RO, distribution that are similar to one another in the 100 pm and 180 um cases (cf.
Figure 8a and Figure 8b). However, when the d increases to 363 pum, the RO, distribution
predicted by the WSR model is significantly longer than that predicted by the ESF model (cf.
Figure 8c). This inconsistency in the results is likely attributed to LOL being longer than LPL in
the WSR cases with nozzle size of 100 um and 180 um. Due to longer LOL and stronger air
entrainment process, the RO, distribution in the 100 um and 180 um cases is predicted to be shorter
and further downstream from the injector. At p,,,= 58.5 kg/m?, RO, distributions in the WSR and
ESF cases correspond to one another across all three nozzle diameters. It likely due to smaller
differences in the LOL predicted between WSR and ESF, as depicted in Figure 2. Therefore, it is

suggested that RO, distribution becomes less sensitive to TCI effect as ambient density increases.
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The spatial distribution of OH and CH,0 mass fraction at 1.2 ms using different TCI model and
across different nozzle diameters are show in Figure 9 (pgn= 30.0 kg/m?) and Figure 10 (pgn=
58.5 kg/m?3). Based on Figure 9 and Figure 10, the CH,O distribution are predicted differently by
using ESF and WSR models. The CH,O distribution in the ESF cases are generally longer axially
and wider radially as compared to that in the WSR cases. Such results agree with that reported by
numerous work(*3#4 at a lower ambient density of 14.8 kg/m? and nozzle diameter of <100 pum.
Despite this, a noticeable difference can be seen in the 100 um and 180 um cases at pg, = 30.0
kg/m?3 and the 100 pm case at pg,, = 58.5 kg/m?, where a significantly shorter span for the CH,O
distributions is predicted by the WSR model as compared to that by the ESF model. This
observation is likely due to the difference in the rich premixed core region, as depicted in Figure
7. The fuel-rich premixed region in both the 100 um and 180 um, WSR cases predicts relatively
less fuel-rich mixture due to longer LOL. This subsequently led to a narrower and shorter mixture
region for CH,O to form. Focusing solely on the ESF cases, the axial span of the CH,O distribution
is shown to increase as the nozzle diameter increases at both ambient densities (cf. Figure 9a-c and
Figure 10a-c). This is expected as the spray penetrates further downstream as nozzle diameter
increases. Furthermore, it is worth highlighting that the predicted CH,O distribution by the ESF
model for the 363 um case corresponds well with its corresponding WSR counterpart at both
ambient densities of 30.0 kg/m?3 (cf. Figure 9¢ and Figure 9f) and 58.5 kg/m? (cf. Figure 10c and
Figure 10f). This observation may be attributed to both ESF and WSR models predicting similar
mixture distribution in their rich premixed core region (cf. Figure 7). Hence, it is suggested that
the effect of TCI on the CH,O distribution becomes less significant when the nozzle diameter is

large under the ambient conditions in the present study.
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Figure 8: Mass fraction distribution of RO, at t = 1.2 ms by using the Eulerian Stochastic Fields

45 (ESF) and Well-Stirred Reactor (WSR) model for different nozzle diameters under (a-b) 30.0

47 kg/m? and (d-e) 58.5 kg/m? conditions. Black solid lines represent the stoichiometric mixture

fraction, Zg. Solid magenta line represent averaged liquid length. Red solid represent iso-lines for

52 temperature of 1200 K. Each frame for 100 pm, 180 um, and 363 um shows 15 %< 30 mm, 20 x 40

54 mm, and 40 x 80 mm, respectively.
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Figure 9: Mass fraction distribution of OH, CH,O, and NOx at t = 1.2 ms by using the Eulerian
Stochastic Fields (a-c) and Well-Stirred Reactor (d-f) model for different nozzle diameters under
30.0 kg/m? conditions. Black solid lines represent the stoichiometric mixture fraction, Z. Solid
magenta line represent averaged liquid length. Red solid and dotted lines represent iso-lines for
temperature of 1200 K and 2000 K, respectively. Each frame for 100 um, 180 um, and 363 um

shows 30 x 60 mm, 40 x 80 mm, and 60 x 120 mm, respectively.
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43 Figure 10: Mass fraction distribution of OH, CH,0, and NOx at t = 1.2 ms by using the Eulerian
45 Stochastic Fields (a-c) and Well-Stirred Reactor (d-f) model for different nozzle diameters under
48 58.5 kg/m3 conditions. Descriptions can be found in the caption of Figure 9.

50 The OH distribution is examined next to better understand the effect of the ambient densities,

52 nozzle diameter, and TCI model on high-temperature flame structure. At p,,,= 30 kg/m?, the ESF

55 results show a broader OH region, while the WSR model predicted a much thinner OH region for
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all nozzle cases. Meanwhile, it is also notable that the peak OH regions are located differently
between the ESF and WSR cases. In all the nozzle cases, high concentrations of OH are generally
formed at the spray periphery in the ESF cases. This is indicated by red arrows in Figure 9a-c. In
contrast, high concentrations of OH are formed at both the spray periphery and the spray head in
the WSR cases (cf. Figure 9d-f). This difference in the distribution of OH can be similarly seen in
the numerical results from Refs. (8,21) which uses different TCI model, e.g. TPDF and multiple
representative interactive flamelet approaches. It is also obvious from Figure 9a-c that the effect
of dy on the OH distribution varies between the ESF and WSR cases. The peak OH regions shrink
more significantly in the ESF case as dy increases from 100 pm to 363 um, while the region in the
WSR case is rather insensitive to the variation of dy. It is worth noting that the aforementioned
observations in the flame structure predicted by the ESF and WSR model at p,,,, = 30.0 kg/m? are
similarly captured when ambient density increases to 58.5 kg/m?, as depicted in Figure 10.

Figure 11 depicts the temporal evolution of maximum OH-mass fraction for different nozzle
diameters at ambient densities of 30.0 kg/m? and 58.5 kg/m?. At p,,,= 30.0 kg/m?, the maximum
OH-mass fraction for the ESF cases are consistently lower than the ones predicted by the WSR
model regardless of the nozzle diameter. This observation agrees with the findings in Refs. (7,8)
which used the TPDF model. In contrast, the observation is not captured when p,, is increased to
58.5 kg/m3. At this high density condition, the computed maximum OH-mass fraction are shown
to be insensitive to the effect of TCI model used as well as the variation of nozzle diameter size
(cf. Figure 11b). This could be due to the extremely short chemical reaction time at high ambient
density condition, thus rendering the TCI effect to be less significant to the ignition process.

The spatial distributions of NOx computed using the WSR and ESF models are also depicted in

Figure 9 and Figure 10 for different nozzle diameters and at different ambient densities. At pg,=
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30.0 kg/m?, noticeable difference can be seen in when comparing the NOx distribution by the WSR

model to the one by ESF model in the small nozzle case (dy = 100 um). This difference is,
however, less apparent as d increases to 363 um. This is similarly observed at the higher ambient

density condition of 58.5 kg/m>.
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Figure 11: Maximum mass fraction of OH predicted by the Eulerian Stochastic Fields (ESF) and
Well-Stirred Reactor (WSR) model for different nozzle diameters under (a) 30.0 kg/m? and (b)
58.5 kg/m? conditions.

Following the Zeldovich mechanism, NOx formation strongly depends on the concentration of
O and OH radicals™). Therefore, it is obvious from Figure 9 and Figure 10 that the spatial location
of the NOx distributions in all the cases coincide with the spatial location of the high OH
concentration. The same observation is obtained when examining the normalized mass of NOx
(Figure 12a-b) and OH (Figure 12¢-d) for different nozzle diameters at different ambient densities
using the ESF and WSR models. The predicted normalized NOx mass are depicted to be akin to
the temporal evolution of normalized OH mass. The predicted mass of NOx formed are shown to
decrease with increasing nozzle diameter at both ambient densities, regardless of TCI models used.

This finding agrees with the simulation results in Refs. (46,47). Despite this, it is worth noting that
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the difference in the predicted NOx by using WSR and ESF model is also shown in Figure 12 to

be the largest for the small nozzle case (100 um), but smallest for the large nozzle case (363 pm).

This observation provides supporting evidence that TCI effect on NOx formation becomes less

significant as d increases.
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Figure 12: Normalized mass of NOx (a-b) and normalized mass of OH (c-d) predicted by the

Eulerian Stochastic Fields (ESF) and Well-Stirred Reactor (WSR) model for different nozzle

diameters under 30.0 kg/m? and 58.5 kg/m? conditions.
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4. CONCLUSIONS

The present work performs Unsteady Reynolds-averaged Navier-Stokes (URANS) simulations
coupled with Eulerian Stochastic Fields (ESF) model and Well-Stirred Reactor (WSR) model to
study the effect turbulence-chemistry interaction (TCI) on the spray and combustion characteristics
of diesel spray under marine engine-like conditions. To replicate marine engine-like conditions,
three nozzle diameters (d) of 100 um, 180 pm, and 363 um at two ambient gas densities (pq,) of
30.0 kg/m? and 58.5 kg/m? are considered in the current work.

A comparison to measurements shows that the ESF method can reproduce spray characteristics,
ignition delay time (IDT), and lift-off length (LOL) with an improved accuracy than that from the
WSR method. TCI has significant influence on LOL but not on IDT. A normalized LOL (LOL¥*)
is introduced here, which considers the effect of dy on LOL, and its subsequent effect on the fuel-
richness in the rich premixed core region is analyzed. In addition, insignificant differences is
observed in the predicted vapor penetration lengths using the ESF and WSR models regardless of
the nozzle diameters and ambient densities considered in the present study.

TCI effect on the spatial distribution of RO, becomes less significant as ambient density
increases. The consideration of TCI closure causes notable effect on the spatial distribution of
formaldehyde (CH,0) and hydroxyl radical (OH). The ESF model generally predicts longer and
wider CH2O distribution as compared to that by the WSR model. The difference in the spatial
distribution of CH20 between the ESF and WSR model diminishes as d increases to 363 um.
Meanwhile, the ESF model predicts a broader OH distribution than that by the WSR model at both
ambient densities. However, the peak OH value in the ESF case is consistently lower than in the
WSR case at 30.0 kg/m?, but are similar to one another at 58.5 kg/m? for all nozzle sizes. The total

mass of OH formed in the ESF case is significantly more than that in the WSR case for dy = 100
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pum at both ambient densities. However, the high concentration OH region is shown to shrink as
do becomes larger. This consequently leads to the total mass of OH formed by the ESF and WSR
models to be close to one another in the large nozzle case. As NOx forms from OH radicals, the
total NOx mass formed follows qualitatively the total OH mass profile from different dy and pq,
using the ESF and WSR models.

In general, this URANS study clearly demonstrates that the effect of TCI on the global spray

and combustion characteristics becomes less prominent when d|, increases.
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