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Abstract 
Two-dimensional direct numerical simulations (DNSs) are performed to study the effect of wall heat transfer on the auto-ignition 

of lean hydrogen-air mixtures in the presence of temperature stratifications at conditions relevant to homogeneous charge compres-
sion ignition (HCCI) engines. The DNS are used to further advance combustion modelling for HCCI combustion previously devel-
oped using periodic boundary conditions. The simulations are initialised using the statistics available from a previous DNS study of 
compression heating under HCCI conditions which considered an idealised engine geometry [1]. Three different wall temperatures, 
leading to three different levels of temperature stratification, are chosen. The results for these wall-HCCI cases are compared to their 
counterparts with periodic boundary conditions. The heat release rate (HRR) for the wall-HCCI cases exhibit lower peaks and longer 
combustion duration compared to the cases with periodic boundaries. Using the DNS data for the wall-HCCI cases, an attempt is 
made to study the effect of the wall on the HCCI combustion from a modelling point of view, with particular attention to conditional 
moment closure (CMC). A first-order closure hypothesis with enthalpy (chemical + sensible) as conditioning variable and ignoring 
the spatial variations of conditional statistics is first tested and found to break down at high levels of stratification. Accounting for the 
dependence of conditional statistics on the distance from the wall cannot provide a closure either. Second order evaluation of the reac-
tion rates, however, yields satisfactory closure, even without accounting for the spatial dependence of conditional statistics. The three-
way interaction between chemistry, turbulence and wall is illustrated using temperature, enthalpy, mass fraction of H2O and the dis-
tance from the wall. Some remarks on the challenge of addressing the conditional fluctuations in the vicinity of the wall are made and 
the scope of future modelling work is outlined. 
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1. Introduction
Despite their low emissions and high fuel economy, 

homogeneous charge compression ignition (HCCI) en-
gines suffer from a number of technical challenges 
which need to be overcome before they could be adopted 
in widespread usage. At high load conditions they suffer 
from rapid pressure rise rates [2], which in turn are the 
result of high heat release rates (HRR). It is known from 
previous experimental [2] and numerical research [3-7] 
that thermal stratification in the fuel-air charge results in 
significant reductions of HRR compared with fully ho-
mogeneous operating conditions. Investigation of wall 
heat transfer is therefore important, considering it is the 
main mechanism for introducing this thermal stratifica-
tion into the cylinder. Wall heat transfer effects are also 
potentially important for understanding emissions of 
unburned hydrocarbons, which can be significant at low-
load conditions [2], and are thought to result mainly 
from cooler regions of the cylinder near the wall.  

Direct numerical simulation (DNS) of HCCI-like 
conditions has been widely attempted in the past 10 
years to better understand this combustion mode. In this 
approach, instead of solving transport equations for a 
realistically sized HCCI engine, an affordable computa-
tional domain, usually in two dimensions, is initialised 
such that the integral time scales in this domain matches 
that of the top dead centre (TDC) conditions in a real 
HCCI engine, e.g. [3, 4]. In all these DNS-based works 
on HCCI, periodic boundary conditions were utilised to 
simulate the auto-ignition in the bulk and the cooling 

effect of the wall with proper initialisation for the wall 
boundary layer, to the best of knowledge of the authors, 
has not been studied using DNS so far [8].  

In the present work a first-of-a-kind attempt is made 
to study the effect of wall temperature on auto-ignition 
characteristics of hydrogen-air mixtures using two-
dimensional (2D) DNS. The 2D approximation is neces-
sary here because of computational cost considerations, 
following most other DNS studies of HCCI, e.g. [3, 4]. 
While it is acknowledged that full features of the wall-
flame interaction through turbulent transport may not be 
captured in the present 2D framework, the present work, 
as a first step toward more realistic HCCI simulations, 
provides a platform to generate DNS statistics for devel-
oping and testing HCCI combustion models. The DNS 
data are used to assess, in a priori, the potential of condi-
tional moment closure (CMC) to model HCCI in the 
presence of walls. The study is an extension to previous 
attempts using CMC and flamelet modelling approaches 
that did not explicitly address the wall, e.g. [7, 9]. 

2. Numerical method and initial conditions
2.1 DNS solver 

S3D, an explicit DNS solver developed in Fortran at 
the Combustion Research Facility at Sandia National 
Laboratories is used [10]. S3D is a high-order yet low-
dissipation numerical solver which utilises a Cartesian 
grid to solve the Navier-Stokes, species mass-fraction 
transport and total energy equations. The governing 
equations are discretised using a central, 8th order finite 
differencing scheme for spatial derivatives and a 6 stage, 
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4th order explicit Runge-Kutta scheme for time integra-
tion. Viscosity is found using Sutherland's formula. 
Prandtl number and Lewis number1 are assumed 0.705 
and 1, respectively. 

Table 1  Simulation parameters 

2.2 Test cases and initial conditions 

Table 1 outlines the details of all seven cases stud-
ied. The initial conditions of temperature are illustrated 
in Fig. (1.a). While cases denoted with the letter P have 
periodic boundary conditions (BCs) in all directions, the 
cases denoted with the letter W have wall BCs on two 
sides and periodic BCs are applied elsewhere. The cases 
are intended to simulate auto-ignition in lean H2/air mix-
tures with inhomogeneities in temperature. The pressure-
dependent hydrogen–air chemistry is based on a detailed 
chemical mechanism with 9 reactive species and 19 re-
versible reactions [11]. All cases initially have a uniform 
mixture composition with a mean equivalence ratio of 
0.1, mean temperature of 1090 K, and pressure of 23 
atm. Three wall temperatures are chosen leading to three 
stratification levels in the bulk temperature. Temperature 
distribution in the bulk of the wall cases is identical to 
the bulk of the periodic cases. This is to highlight the 
effect of the walls when compared to periodic cases. The 
case W0 is initialised similar to the case W1. It provides 
more statistics to confirm the domain size chosen for the 
other cases is appropriate. 

For the periodic cases, the initial velocity field is 
generated using a 2D Passot-Pouquet spectrum for the 
turbulent kinetic energy, similar to Ref. [3]. This initial 
field has an integral length scale of 2 mm and velocity 
root mean square (RMS) of 1 m/s. The temperature fluc-
tuations are generated using the analogous Passot-
Pouquet spectrum with a dominant length scale of 2 mm. 

In order to specify a realistic initial condition for the 
cases with walls,  statistics obtained from a previous 
three-dimensional DNS of (non-reacting) compression 
heating in an idealised HCCI engine geometry including 
a moving piston with a single valve are used [1]. A cen-
trally located slice of the temperature field taken at top 
dead centre (TDC) of this DNS is illustrated in Fig. 
(1.b). The domain size of this previous DNS at TDC is 
75x7.5 mm2. In the previous DNS, the statistics are rela-
tively homogeneous in the radial direction over the con-
sidered slice, such that variation in the statistics in the 
normal direction to the piston and head wall only needs 
to be considered. The mean and RMS of temperature 
taken from this slice, as shown in dark blue in Fig. (1.c) 
and (1.d), are used as reference profiles to construct the 

1 Here a unity Lewis number has been assumed - although not valid for 
hydrogen - as the main scope of this work is to explore the perfor-
mance of the CMC model where Le=1 is usually employed in practical 
a posteriori implementations and in perspective of future calculations 
with more relevant hydrocarbon fuels. 

mean and RMS profiles for temperature in the present 
wall cases, shown in red. The mean and RMS profiles 
for all W-cases are constructed based on the fixed length 
scales, y1=140µm and y2=1.25mm, from the TDC case. 
The target RMS profile chosen is capable of scaling the 
temperature fluctuations in the thermal boundary layer of 
the wall cases when compared to the periodic cases. The 
T'wall changes for each wall case subject to the tempera-
ture difference between the bulk's mean and the wall. A 
similar methodology is used to superimpose the wall 
boundary layer for velocity. The resulting turbulent 
Reynolds number based on integral length scale of 2 mm 
and the RMS velocity fluctuations of 1 m/s is 87. 

3. Results and discussion
Figure (2) illustrates results for spatially-averaged 

HRR, >< Tω . The HRR is calculated based on chemical 
enthalpy definition. Figure (2.a) demonstrates the HRR 
results for the case W0 whereas Fig. (2.b,c,d) present the 
results for all other cases. In Fig. (2.b,c,d), the HRR for 
periodic cases are labeled as periodicT ><ω . Apart from 
these curves, all other curves in Fig. (2) correspond to 
the wall cases. The label 1stT ><ω  corresponds to the 
mean HRR obtained from reaction rates that are calcu-
lated by first order closure with respect to enthalpy 
(chemical + sensible) as conditioning variable. Further-
more, 2ndT ><ω  represents the mean HRR based on the 
reaction rates obtained using second order closure ap-
proach. The label dblT ><ω  presents the mean HRR that 
uses the reaction rates that are calculated using first order 
closure with enthalpy as conditioning variable; however, 
unlike 1stT ><ω  and 2ndT ><ω , the conditional means 
are calculated by reference to y as well as enthalpy. This 
is to see whether considering the distance from the wall 
can improve the conditioning operation. 

The cases in Fig. (2.a) and (2.b) have similar T'bulk 
but their domain sizes differ. By comparing Fig. (2.a) to 
(2.b) the only difference observed is that the former 
shows a smoother mean profile for HRR compared to the 
latter. This confirms that the size of 7.5x7.5 mm2 is large 
enough to capture the major trends in the mean values. 
Furthermore, comparing periodicT ><ω to >< Tω  in Fig. 
(2.b,c,d) shows that the wall heat transfer spreads out the 
HRR curve and lowers its peak compared to the periodic 
cases. A longer combustion duration is due to the pres-
ence of cool boundaries at the walls, which delays the 
auto-ignition of fuel in these regions. Therefore, a longer 
mixing time is needed for these cold pockets to migrate 
to warmer regions toward the bulk and become more 
reactive.  

From Fig. (2.a,b) it is clear that 1stT ><ω for T'=30K 
exhibits deviations compared to >< Tω . For the cases 
with T'=15K and T'=7.5K the differences are negligible. 
In an attempt to fix the deviations, dblT ><ω are calculat-
ed. The dblT ><ω  curves in Fig. (2) are closely following 
the 1stT ><ω  lines. This shows that calculating the con-
ditional moments by taking into account their distance 
from the wall does not provide a better first-order clo-
sure. This confirms that even though the largest tempera-
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ture fluctuations initially lie in the near-wall regions, 
they are not solely responsible for breakdown of the 
first-order closure hypothesis, and contributions from the 
bulk region are as important. Second-order evaluation of 
the reaction rates without considering spatial dependence 
of the conditional statistics, 2ndT ><ω , provides a satis-
factory closure when the result are compared to >< Tω . 
This is an important indication for future modelling di-
rections. The level of modelling complexity, however, 
needs to be further investigated a priori. 

In Fig. (3), the temporal evolution of temperature 
(top row) and mass fraction of H2O (bottom row) for the 
case W0 are illustrated. By reference to Fig. (3.a,b,c) a 
basic understanding of the chemistry-turbulence-wall 
interaction can be established. By t=1.0ms some of the 
hottest spots, mostly in the bulk, have already started to 
autoignite resulting in some hot islands of product spe-
cies surrounded by a cold unburned bulk. The islands 
grow in size and approach the near-wall zone, chosen 
here to have a thickness of 1.0 mm. The 1 mm thickness 
is comparable to y2=1.25 mm in Fig.(1). Turbulent 
transport along with flame propagation pushes the high 
concentrations of YH2O from the bulk into the near-wall 
region. Upon contact with a wall, the hot products start 
to cool down, leading to a reduced reactivity in the near-
wall region with an increase in concentration of the cold 
product species.  

The presence of walls can also delay the flame en-
closure in the bulk. This is very well depicted in Fig. 
(3.c) showing that cold unburned gases migrate from the 
wall into the bulk region. While the core of these struc-
tures contain unburned reactants, they do not tend to 
autoignite as their temperature is low. As a result, the 
front propagation in these cold extensions from the wall 
is hindered, and it takes more time for the hot bulk to 
close in and consume all the fuel.  

In Fig. (3.d) to (3.h) the temporal evolution of YH2O 
in enthalpy space is depicted to provide some further 
insight in terms of the CMC modelling. In Fig. (3.d,e) 
the conditional mean of YH2O, black dashed line, is zero 
on the cold side (low enthalpies). This is because no re-
action has yet taken place in the near-wall regions. It 
should be emphasised here that the black line is calculat-
ed using the statistics from the entire domain and not 
only the near-wall region, whereas the scatter plot is only 
representative of the 1 mm boundary layer. At later times 
shown in Fig. (3.f,g,h), the cold side experiences a sharp 
increase in YH2O. Based on the “log10y” colours on the 
scatter plot in the background, the far left tail of the 
black line corresponds to the wall and very near to the 
wall regions. This observation is consistent with those in 
Fig. (3.b,c), explained previously, where turbulent 
transport injects the YH2O, located on the flame front of 
the hot islands, into the cold near-wall region. The 
changes in conditional mean of YH2O in the near-wall 
region is not thought to be due to the chemistry effects, 
rather it is proposed to be driven by turbulent transport 
of burnt products to the wall region. Therefore, the suc-
cess of any modelling attempt at predicting the rise of 
the left tail of the YH2O black line in Fig. (3.f,g,h) heavily 
relies on correctly capturing the turbulent mixing effects. 

This point needs further investigation, which is within 
the scope of our future work. 

Figures (3.g,h) also provide a reason for why includ-
ing the distance from the wall as the second conditioning 
variable does not lead to any improvement for prediction 
of the HRR. As can be seen, significant conditional fluc-
tuations in a large range of enthalpies are observed near 
the wall (shown by the blue colour) and therefore, the 
distance from the wall cannot solely capture these fluc-
tuations.  

4. Conclusion
Two-dimensional DNS is used to perform a para-

metric study on the effect of wall temperature on the 
auto-ignition of a lean hydrogen-air mixture under 
HCCI-relevant conditions. This is an attempt to set up a 
first-of-a-kind DNS platform for parametric study of 
HCCI combustion in presence of wall heat transfer, with 
a particular attention to implications for the CMC model-
ling. The initialisation is based on the TDC statistics 
taken from a previous three-dimensional DNS study of 
non-reacting compression heating in an HCCI engine [1]. 
Three different wall temperatures, leading to three dif-
ferent levels of temperature stratification in the bulk, are 
studied. The DNS cases provide a platform to gain in-
sight about future directions for the CMC modelling of 
HCCI with wall heat transfer. This is one further step 
forward to model HCCI combustion compared to previ-
ous works based on periodic boundary conditions, e.g. 
[7, 9]. The following observations were made in this 
study.  
• Comparing the HRR for the wall-HCCI cases to their

periodic counterparts show that the wall heat transfer
leads to a more distributed heat release event with a
lower peak of HRR. This is attributed to the extra
temperature stratification that wall introduces com-
bined with the turbulent transport from/to the wall.

• The first-order closure hypothesis with enthalpy as
conditioning variable breaks down at higher levels of
stratification. Inclusion of the spatial dependence of
the conditional moments with respect to the walls
does not provide a better closure either. This is an
important non-trivial finding. Second-order evalua-
tion of the reaction rates, however, satisfactorily pro-
vides a closure. The level of model complexity to de-
termine which conditional co-variances contribute
more dominantly, especially for larger chemical
mechanisms, is left for future modelling work.

• The near-wall regions are found to exhibit high levels
of conditional fluctuations in species mass fractions.
Unlike the bulk where the fluctuations are mainly
generated and controlled via the chemistry source
term, due to the cold nature of the wall region the
source of the fluctuations is not immediately clear.
Further qualitative and quantitative investigation re-
garding turbulent transport to/from the bulk is needed
to understand the source of the fluctuations in this re-
gion that defines the scope of the future work.

5. Acknowledgement
This work was supported by the Australian Research Council. The re-

search benefited from computational resources provided through the Na-

310



tional Computational Merit Allocation Scheme, supported by the Australian 
Government. The computational facilities supporting this project included 
the Australian NCI National Facility, the partner share of the NCI facility 
provided by Intersect Australia Pty Ltd., the Peak Computing Facility of the 
Victorian Life Sciences Computation Initiative (VLSCI), iVEC (Western 
Australia), and the UNSW Faculty of Engineering. 

6. References
[1] M. Schmitt; C. E. Frouzakis; A. G. Tomboulides; Y. M. Wright; K.

Boulouchos, Proc. Combust. Inst. 35 (3) (2015) 3069-3077. 
[2] J. E. Dec, Proc. Combust. Inst. 32 (2) (2009) 2727-2742. 
[3] J. H. Chen; E. R. Hawkes; R. Sankaran; S. D. Mason; H. G. Im,

Combust. Flame 145 (1-2) (2006) 128-144. 
[4] C. S. Yoo; T. Lu; J. H. Chen; C. K. Law, Combust. Flame 158 (9)

(2011) 1727-1741. 

[5] F. Bisetti; J. Y. Chen; E. R. Hawkes; J. H. Chen, Combust. Flame 155
(4) (2008) 571-584. 

[6] R. Yu; T. Joelsson; X. S. Bai; B. Johansson, SAE paper 2008-01-1669
(2008). 

[7] V. Mittal; D. J. Cook; H. Pitsch, Combust. Flame 159 (8) (2012) 2767-
2776. 

[8] M. Katayama; N. Fukushima; M. Shimura; M. Tanahashi; T. Miyauchi, 
in: 8th ASME/JSME Therm. Eng. Joint Conf., Honolulu, Hawaii, USA,
2011. 

[9] F. Salehi; M. Talei; E. R. Hawkes; C. S. Yoo; T. Lucchini; G.
D’Errico; S. Kook, Proc. Combust. Inst. 35 (3) (2015) 3087-3095. 

[10] J. H. Chen; A. Choudhary; B. de Supinski; M. DeVries; E. R. Hawkes; 
S. Klasky; W. K. Liao; K. L. Ma; J. Mellor-Crummey; N. Podhorszki;
R. Sankaran; S. Shende; C. S. Yoo, Comput. Sci. Discovery 2 (1)
(2009) 015001. 

[11] A. Gruber; R. Sankaran; E. R. Hawkes; J. H. Chen, J. Fluid Mech. 658
(2010) 5-32. 

(b)

(d)(c)

W1 W2 W3

P1 P2 P3

W0

(a)

Figure 1.  (a) The initial fields of temperature for all seven cases present in table 1; (b) A two-dimensional slice of the temperature field taken from top dead centre (TDC) 
of the reference case [1]; (c) Initial mean temperature profiles; the blue line represents the reference case (TDC); the red line represents the case W0; (d) Root 
mean square (RMS) of initial temperature; the blue line represents the reference case (TDC); the red line represents the case W0; the light blue line represents the 
target profile for the case W0. 

(a) (b) (c) (d)

Figure 2.  The heat release rate (HRR) for all seven cases; the >< Tω line represents the exact mean HRR for the wall cases; the 1stT ><ω  line represents the mean HRR of 
the wall cases calculated using first-order closure for reaction rate by single-conditioning on enthalpy; the dblT ><ω line illustrates the mean HRR of the wall 
cases calculated using first-order closure doubly conditioned on enthalpy and y-distance; the 2ndT ><ω line shows the mean HRR of the wall cases calculated by 
second-order closure for the reaction rates; the periodicT ><ω line depicts the mean HRR for the periodic cases. (a) Case W0; (b) Case W1 and P1; (c) Case W2 
and P2; (d) Case W3 and P3. 

t = 1.0 ms t = 1.5 ms t = 2.0 ms t = 2.5 ms t = 3.0 ms

1.0 mm 1.0 mm

(d) (e) (f) (g) (h)

(a) (b) (c)
1.0 mm

Figure 3.  Top row: Temporal evolution of the temperature field at t=1.0, 2.0 and 3.0 ms for the case W0. The thin reaction zone is located on the flame front marked with 
black lines for a representative product species at a mass fraction YH2O=0.02, which corresponds to almost 75% of maximum YH2O. Bottom row: Temporal evo-
lution of the mass fraction of a product species, YH2O, as a function of enthalpy, the conditioning variable. The scatter plots are coloured using the log10 of dis-
tance from the bottom wall in mm. Only the data points in 1mm proximity of the bottom wall are illustrated, the rest of the data are blanked out. The conditional 
mean of YH2O, which is calculated using statistics from entire domain, is shown using a black dashed line for reference. The data is extracted from the case W0. 
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