
1

3 Modelling of soot formation in a heavy-duty diesel engine
4 with conditional moment closure

5

6

7 Michele Bolla ⇑
Q1 , Daniele Farrace, Yuri M. Wright, Konstantinos Boulouchos

8 Swiss Federal Institute of Technology, ETH Zurich, SwitzerlandQ2

9
10

1 2
h i g h l i g h t s

13
14 � First application of multidimensional CMC model for soot to diesel engine.
15 � Comparison of quantitative in-cylinder soot, pressure and AHRR evolutions.
16 � Methodology for derivation of line-of-sight ‘‘numerical soot luminosity’’.
17 � Spatial soot predictions validated by optical data for 5 reference cases.
18 � In-sights into soot inception, formation and oxidation modelling uncertainties.

19

2 1
a r t i c l e i n f o

22 Article history:
23 Received 19 March 2013
24 Received in revised form 11 September 2013
25 Accepted 12 September 2013
26 Available online xxxx

27 Keywords:
28 Conditional moment closure
29 Soot modelling
30 Diesel engines
31 Spray combustion
32 Low temperature combustion
33

3 4
a b s t r a c t

35This study presents the first application of a multidimensional conditional moment closure (CMC) com-
36bustion with a two-equation soot model to study the evolution of in-cylinder soot in diesel engines. Five
37high-fidelity reference cases from an optically accessible heavy-duty diesel engine were used to validate
38the model predictions; these include two high-temperature cases and two low-temperature cases with
39two different injection timings and one low-temperature case with a split injection strategy. Simulation
40results have been compared with experimental data by means of non-reactive fuel vapour distribution,
41apparent heat release rates (AHRR), temporal evolutions of quantitative in-cylinder soot mass and natural
42luminosity. The model was capable to reproduce semi-quantitative trends of soot mass for all five cases.
43In particular for low-temperature conditions the evolution of soot formation and oxidation is very well
44captured. A line-of-sight transformation of the computed 3D soot is proposed to ensure a consistent com-
45parison with the measured 2D soot natural luminosity images. With this methodology additional effects
46related to radiation adsorption were observed. Evolutions of line-of-sight soot natural luminosity were
47qualitatively very well reproduced. Overall the findings suggest that the presented two-equation soot
48model implemented in the CMC framework is a highly promising candidate for predicting time evolu-
49tions of in-cylinder soot for diesel engines operating in different combustion modes.
50� 2013 Published by Elsevier Ltd.
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53 1. Introduction

54 Diesel engines are among the highest efficiency energy conver-
55 sion devices and therefore heavily relied upon for power genera-
56 tion, seaborne and land transport for freight as well as for
57 passenger cars. The success of the quality controlled, non-pre-
58 mixed operation is however aggravated by significant in-cylinder
59 emissions due to rich and lean regions of the combustion zones
60 leading to substantial amounts of soot and nitric oxides. Soot is
61 particularly difficult to model because most of the soot, which is
62 formed during the mixing controlled part of the combustion, is

63oxidised after end of injection (EOI) [1]. Therefore an improved
64understanding of the in-cylinder processes is needed to further
65develop simulation tools towards reliable predictions for wide
66ranges of operating conditions and hence aiding in the develop-
67ment of future lowest emission diesel engines.
68Traditionally soot is measured in the exhaust by means of
69smoke meters or photo-acoustic methods, both of which return
70the net soot amount, i.e. the difference between the soot generated
71and oxidised. As a consequence, no isolation of effects is possible
72which would allow for an independent validation of the soot
73formation and oxidation models. Optically accessible test rigs
74and engines in conjunction with the emergence of cycle-resolved
75measurement techniques and high-speed imaging in recent years
76has significantly improved the situation with respect to the
77availability of large data-sets for validation of models under
78well-controlled conditions with quantifiable measurement
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79 uncertainties. It should be noted however, that the major advan-
80 tage of optical accessibility lies not solely in the provision of addi-
81 tional spatial and temporal information relating to soot and hence
82 complementing tail-pipe measurements. Important benefits stem
83 from the fact that all the important pre-processes leading to soot,
84 viz. spray morphology development, ignition location and subse-
85 quent flame structure evolution can be recorded as well, processes
86 which greatly affect soot formation and oxidation and hence call
87 for well validated, high fidelity models. Experimental work done
88 at the Sandia optical heavy-duty diesel engine has contributed to
89 an improved understanding of in-cylinder processes resulting in
90 conceptual models for conventional [2] as well as for advanced
91 combustion strategies, e.g. for low-temperature combustion (LTC)
92 with early [3] and with split injection [4] and for which a review
93 can be found in [5,6]. In recent years this engine has received
94 increasing interest for model validation purposes, e.g. [7–14]. Pre-
95 dictions of soot emissions have been attempted with different
96 combustion models and with different fuel chemical mechanisms
97 as well as soot precursor chemistry complexities [7,9,11,12,14].
98 Despite the large amount of soot related studies, most of them
99 reported normalised soot evolutions for comparison with the en-

100 gine in-cylinder data. To the authors’ best knowledge only in [12]
101 soot results have been compared quantitatively for 4 of the 5 ref-
102 erence cases from [15]. Motivated by the results achieved in a pre-
103 vious study [16] reporting semi-quantitative soot distributions for
104 an optically accessible spray combustion chamber at diesel like
105 conditions, in this study all five ‘reference’ cases from [15] are
106 investigated. The methodology follows the one from [16] and em-
107 ploys a two-equation soot model implemented in the context of
108 conditional moment closure (CMC). The latter combustion model
109 has seen successful application to various gaseous flame configura-
110 tions for which a comprehensive review is presented in [17], and
111 has also been used to study spray autoignition at diesel engine
112 conditions in generic test rigs [18–22] and in real diesel engines
113 [23–25]. Due to the proven predictive capability of CMC concern-
114 ing many of the pre-processes such as ignition delay and location,
115 flame lift-off length and flame structure, the approach has demon-
116 strated much promise also for the prediction of soot [16] in a gen-
117 eric spray test rig. This study represents the first assessment of soot
118 formation with a two-phase multidimensional CMC formulation in
119 a diesel engine. In addition, a methodology is presented which
120 enables comparisons between the predicted soot distributions
121 with the measured spatial evolution of soot natural luminosity.
122 The remainder of this paper is structured as follows: first a short
123 description of the experimental setup and test cases considered is
124 presented, followed by the model formulation. The results start
125 from a spray validation study for non-reactive conditions; followed
126 by an analysis of the ‘integral’ engine quantities, i.e. pressure traces
127 and AHRR for the 5 operating conditions. Subsequently, a compar-
128 ison of both integrated as well as spatial distributions of the soot
129 evolutions is presented and discussed also in the context of con-
130 ceptual models presented in the literature. The paper closes with
131 concluding remarks.

132 2. Experimental setup

133 Experimental data available from the optically accessible hea-
134 vy-duty diesel engine installed at Sandia National Laboratories
135 [15] has been used for model validation. The measurements were
136 obtained on a single-cylinder, common-rail, direct-injection hea-
137 vy-duty diesel engine based on a Cummins N-series with
138 139.7 mm bore and 2.34 l displacement. The main specifications
139 of the engine and injector are summarised in Table 1. To minimise
140 thermal loading the engine was operated skip fired where every
141 tenth cycle was fired. The injector has eight equally spaced orifices

142with a nominal diameter of 0.196 mm. An ultra-low sulphur diesel
143fuel was employed for which the specification is given in [3]. Opti-
144cal access is provided by an extended piston and a flat piston-
145crown window for signal collection as well as windows located
146around the top of the cylinder-wall for laser-based imaging diag-
147nostics. For a detailed description of the engine specifications
148and diagnostics employed the reader is referred to [3] and refer-
149ences therein.
150In this study, all five ‘reference’ cases reported in [15] have been
151considered (cf. Table 2). These consist of two high temperature
152combustion (HTC) cases with different ignition delays, two low
153temperature (LTC) cases with different start of injection and a
154LTC case with split injection. HTC and LTC refer to the different adi-
155abatic temperatures as a consequence of the oxygen concentration
156in the oxidizer caused by dilution. The latter is normally achieved
157by exhaust gas recirculation; for this engine, pure N2 is employed
158due to the skip-fired operation.
159The two HTC conditions correspond to ‘classical’ diesel combus-
160tion, which is characterised by a premixed combustion phase fol-
161lowed by mixing controlled energy conversion; the respective
162modal split for these two cases is 32%/68% and 85%/15%. The LTC
163cases have been chosen to represent three alternative combustion
164concepts proposed in the literature, all of which attempt to simul-
165taneously reduce soot and NOx, namely the so-called ‘‘Premixed
166lean diesel combustion’’, the ‘‘Modulated Kinetics’’ approach as
167well as the ‘‘UNIBUS’’ concept. For references and further discus-
168sion to these combustion strategies the reader is referred to [15].
169All cases have been run at a constant engine speed of 1200 RPM.
170Due to the profound differences in both oxidizer reactivity as well
171as ignition delays, the operating conditions span between almost
172fully premixed type combustion to a combination of premixed/dif-
173fusion combustion modes. As a consequence, this dataset sets very
174high requirements for the numerical model.

1753. Numerical methodology

176The numerical methodology consists of the widely adopted CFD
177solver STAR-CD coupled with an elliptic first order CMC combus-
178tion model augmented by a two-equation soot model. The latter
179is also solved in the CMC context – as will be discussed next –
180and hence is not among the ‘‘post-processing type’’ emission mod-
181els commonly used on the CFD side.

1823.1. CMC formulation

183The conditional moment closure belongs to the class of pre-
184sumed PDF methods. In the cases of non-premixed combustion
185the gas-phase mixture fraction is used as conditional quantity.
186Transport equations are solved for conditionally averaged reactive
187scalars. The reader is referred to [26] for a detailed derivation of the
188CMC governing equations; here only a brief presentation of the

Table 1
Engine and injector specifications.

Engine type base Cummins N-14, Diesel

Swirl ratio 0.5
Bore � stroke (mm) 139.7 � 152.4
Bowl width, depth (mm) 97.8, 15.5
Displacement (L) 2.34
Geometric compression ratio 11.2
Fuel injector type Common rail
Fuel Diesel #2
Number of holes 8, equally spaced
Spray included angle 152�
Nozzle orifice diameter [mm] 0.196
Nozzle orifice L/D 5
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