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-Face Donation from the aromatic N-substituent 

of N-Heterocyclic Carbene Ligands to Metal and Its Role in Catalysis 
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Introduction 

NHC ligands
1-4

 have been successfully tested in a number of rather different chemical 

transformations, such as Rh- and Ir-catalyzed hydrosilylation,
3,5

 C-H activation
3,6,7

 and 

hydrogenations,
8,9

 Au-catalyzed cyclization of polyunsaturated substrates
10

 and C-H activation 

of acetylenes,
11

 Cu-catalyzed borylation reactions,
12,13

 and finally in the Ni-catalyzed 

dehydrogenation of ammonia-borane to H2.
14

 However, the fields where the largest impact is 

foreseen are the Nobel reactions 2005 and 2010, which means Ru-catalyzed olefin 

metathesis
15,16

 and Pd-catalyzed cross-coupling reactions.
3,17-19

 The most updated model of the 

M-NHC bond consists of a dominating -donation from the HOMO of the NHC ligand, 

centered on the carbene C atom, to empty d orbitals of the metal. This -bond is reinforced by 

donation from  orbitals on the NHC ligand to empty d orbitals of electron deficient metals. 

However, NHC can also act as -acid ligands, by accepting backdonation from filled d orbitals 

of electron rich metals. The main characteristic of this entire bonding scheme is that the M-

NHC interaction occurs via  and  bonds between the metal and the carbene atom. As 

common in science, this scenario is being perturbed by new experiments. For example, Plenio 

et al. demonstrated that the redox potential of several Ru, Pd, Ir and Rh  NHC-based complexes 

depends on the nature of the substituents at the para position of the N-xylyl rings,
20-24

 This was 

found puzzling since communication through the -bonds is unlikely, seven bonds separate 

these substituents from the redox-active metal center, and communication through the -

orbitals is equally unlikely, the aromatic ring of the N-substituent is orthogonal to the NHC 

ring.
23

 Intrigued by these experimental results, we decided to analyze the M-NHC interaction in 

complexes presenting groups with different electronic properties in the para position of the aryl 

N-substituent to provide a theoretical support to the hypothesis that that communication 

between the NHC ligand and the metal center could occur through -face donation.
20,22

 To tune 

the computational protocol we first tested the chosen DFT tool to reproduce the experimental 

redox potential, E1/2, of the Ir and Ru complexes shown in Chart 1. The good agreement we 

found between calculated and experimental E1/2 allowed us to perform a detailed analysis of the 

influence of the various substituents on the M-NHC bond. This knowledge is used to 

investigate the electronic property of the metal center in newly developed Ru-catalysts.
28-30

  

 

Results and Discussion 

To shed light on the mechanism through which the Y group (chart 1) in the para position of the 

N-substituents is able to destabilize the neutral species and to stabilize higher oxidation states,  
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Recently, we developed a novel tool for analyzing, visualizing and comparing the interface in 
protein-protein and protein-nucleic acids complexes, COCOMAPS 1. 

Associations between biological molecules occur in a wide range of functional contexts. These 
associations include functional complexes between different protein partners, or between 
proteins and other molecules, such as nucleic acids. Availability of a 3D structure for a complex 
allows detailed analysis of the interaction at atomic level between the molecular partners, which 
is a fundamental step for possible biomedical and biotechnological applications. Moreover, the 
recent development of accurate docking softwares to predict the 3D structure of 
macromolecular complexes requires the accurate and tedious screening of all the possible 
solutions 2. Although several web servers able to characterize in detail the interface of a 
biological complex  have been developed, no one has been implemented to provide an 
immediate 2D graphical view of the interaction, a sort of fingerprint of the complex reporting 
the needed information in a ready-to-read form. To this aim, we believe that classical contact 
maps could be one of the tools of choise to identify uniquely and intuitively the surface of 
interaction between the interacting molecules. For this reason we decided to implement the 
COCOMAPS (bioCOmplexes COntact MAPS) web application as a user friendly tool for the 
analysis, visualization and comparison of surface of interaction in biological complexes. 

All the programs under COCOMAPS  have been written in python, taking advantage of python 
libraries such as SciPy and Matplotlib. A user-friendly interface allows to download input files 
direclty from wwPDB 3 or upload locally stored PDB formatted files. COCOMAPS outputs 
provide detailed information on a biocomplex interface, organized in contact maps and tables. 

The first map, named “Black and White Contact Map”, reports the inter-molecular contacts 
within a cut-off distance value chosen by user. The second one, named “Distance Range Map” 
reports in different colors contacts at increasing distances (7,10,13 and 16 Å) (see figure 1, a), 
while the third map, named “Properties Contact Map” presents each contact colored according 
to the physico-chemical nature of the two interacting residues: hydrophobic-hydrophobic, 
hydrophilic-hydrophilic and hydrophobic-hydrophilic. 

The detailed information given are organized in table, about: i) interacting residues, defined on 
the basis of the cut-off distance, ii) residues at the interface, defined  on the basis of the ASA 
values, and iii) intramolecular H-bonds (see figure 1, b). 

A 3D visualization of the complex in Jmol and a ready-to-run PyMol 4 script are also provided. 
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Figure 1. Sample COCOMAPS output  for the complex of Ibalizumab antibody with the CD4 antigen 
(PDBcode: 3O2D). a) The top part of the COCOMAPS Interacting Residues Table. b) COCOMAPS 
“Distance Range Contact Map”. Red, yellow, green and blue dots indicate contacts within 7, 10, 13 and 
16 Å, respectively. 
 
In conclusion, COCOMAPS combines in a single tool the traditional analysis and 3D 
visualization of interfaces in biocomplexes with the effectiveness of the contact map view. 
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Investigating the transition mechanism of the DNA overstretching transition 

through molecular dynamics simulations 
 

L. Bongini 

 

 

Abstract 

 

The overstretching transition of DNA is studied by means of 

atomistic molecular dynamics simulations. The difference in 

enthalpy and entropy between the compact and the extended state, 

the extension of the transition state, the entalpic contribution to the 

transition barrier and the stretch modulus of compact DNA all result 

in good to reasonable agreement with previous experimental 

estimates. Overstretched DNA adopts a highly dynamical and 

structurally disordered double stranded conformation which is 

characterized by a limited amount or residual base pairing but a 

rather efficient hydrophobic screening of apolar regions and a limited 

amount of non-native, intra-strand hydrogen bonding.  

 

 

 

Introduction 

Since the beginning of force spectroscopy, with the creation of the first magnetic and optical 

tweezers back in the end of the 80’s, DNA has been the object of an extensive experimental effort 

which has greatly improved our understanding of the mechanical properties of this molecule [1]. 

One phenomenon that, nevertheless, still defies our efforts is DNA overstretching [2], the sudden 

elongation of more than 70% of its initial length experienced by double stranded DNA when pulled 

from its ends with forces higher than 60 pN (figure 1). Unfortunately a multiplicity of possible 

DNA structures appears to be consistent with the extension measured, from separated strands of 

single stranded DNA (ssDNA) [3] to variously coupled strands of elongated DNA, form the S-

ladder [4] to the S-zipper [5]. In what follows we explore DNA overstretching by means of all-

atoms molecular dynamics simulations and compare the results with recent experimental work. 

 

 

 

 

 

 

 
Figure 1. Fully reversible force extension profile for 

overstretched -DNA, from Bianco et al. 
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Instruments and methods 

Since the discovery of DNA ovestretching several groups attempted to use steered molecular 

dynamics simulations to access the atomic detail of the overstretching transition [4,5,7,8]. 

However, since the timescales involved are of the order of the seconds while atomistic simulations 

are typically restricted to the ns range, this approach is bound to explore only transient 

conformations. Another possible approach to obtain information on the free energy profile of the 

transition is to attempt to sample the equilibrium by using temperature to accelerate the exploration 

of the configuration space and therefore, hopefully, convergence. 

The overstretching free energy landscape of a random DNA 23-mer containing 9 AT and 14 CG 

pairs was sampled via atomistic molecular dynamics simulations coupled with umbrella sampling. 

The conformational space of the chosen oligomer was investigated by simulating the effect of a 

heat bath trough a Langevin dynamics on 24 different copies of the system. Each copy was 

subjected to a restraining harmonic potential on its end-to-end distance in order to fix the average 

rise between consecutive base pairs during a simulation. The explored interval of base pair rise 

ranges from 0.34 to 0.58 nm. 

Simulations were performed with AMBER with an improved force field tailored for nucleic acids 

simulations [9]. An implicit solvent with the generalized Born solvation model and rescaled Born 

radius (igb=5) was chosen. Ionic strength was set to 100 mM. The different system copies were 

first heated at 400 K for 3 ns and then thermalized at 300 k for other 6 ns, until stabilization of the 

average enthalpy over a 1 ns window. 

 

Results and discussion 

In figure 2 we report averaged equilibrium conformations corresponding to four different average 

rise between base pairs. AT base pairs have been colored in yellow. As already reported in [10] AT 

rich regions of the molecule show to be more compliant and undergo cooperative overstreching at a 

slightly earlier stage than CG rich ones. 

 

 

 

 
 

 

 

Figure 2. Averaged conformations 

corresponding to an average rise between 

consecutive base pairs of 0.45, 0.46, 0.47 and 

0.56 nm respectively. AT base pairs are 

represented in yellow. 

 

 

 

In figure 3 the structure corresponding to a 0.46 nm base pair rise displays an AT rich portion 

which is already elongated together with an almost perfectly B-structured CG rich one. Already at 

0.47 nm rise, however also the GC rich region appears suddenly. In AT rich regions elongation 

almost immediately corresponds to breakage of base pairing. On the contrary, CG pairs tend to 

retain base pairing even at high extensions. As a consequence the overstretched state, upper 

structure in figure 2, corresponding to 0.56 nm rise, adopts a plastic configuration which is 
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characterized by an almost complete breakage of the Watson-Crick pairing for AT pairs and an 

almost complete preservation of it for CG ones. The unpaired bases in strands of several 

consecutive A/T bases are highly dynamical but tend not to be solvated. Base staking in these 

unpaired regions is partially preserved, although often not with the original Watson-Crick 

neighbors. The other frequent alternative is the aromatic stacking of a base with the corresponding 

one on the opposite strand. In average A/T bases are stacked 58% of their time, with approximately 

two thirds of their stacking contacts being native and one third non native. Using a combination of 

native and non-native stackings, approximately 20% of A/T bases manages to stack both of its 

sides, while only 5% of them doesn’t show any stacking interaction. Even in these cases, however, 

a certain amount of hydrophobic contact with neighboring bases might be present. Although in 

regions characterized by many consecutive C/G bases base pairing is almost always preserved, all 

the deviations from the standard stacking-pairing pattern already described for AT rich regions can 

also be observed. Yet, in this case the typical life time of such anomalous conformers is of the 

order of  fs and they concern no more than a CG pair at any given instant. As a consequence 

CG rich portions of the molecule adopt a much less compact conformation than AT rich regions 

since the opposite phosphate backbones are kept apart by the surviving native base pairings. 

 

 

  

 
Figure 3. Zoom of the 0.58 nm rise 

equilibrium configuration. Hydrogen 

bonds are in cyan. In the center of the 

image are shown bases binding the 

phosphate backbone of the opposite 

strand.  

 

 

 

The attachment between opposite strands is further reinforced by the occurrence of hydrogen bonds 

between unpaired A/T bases and one or more of the oxygens of the opposite phosphate backbone, 

as can be seen in figure 3, where a zoom of the overstretched structure presented in figure 2 is 

proposed. Such inter-strand attachment might be further reinforced by a zipper structure were each 

base binding to the backbone of the opposite strand is also staked between two of the bases 

belonging to the opposite strand. This conformation is a very appealing candidate for a S-form 

since, maximizing at the same time hydrogen bonding, base stacking and hydrophobic screening, is 

characterized by a a very low enthalpy. The zipper conformation has indeed been observed in 

simulations at forces above 100 pN. It is, however unstable in the range of forces analyzed as 

testified by a control simulation that starting from this zipper, hydrogen bonded conformation 

quickly evolved to the CG-paired-AT-unpaired conformation previously described.  

 

 

 
Figure 4. Hydrophobicity surface of an 

overstretched conformation. Even in 

disordered regions the hydrophobic 

nucleobases clump together contrasting 

strand separation. 
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Figure  4 shows the hydrophobicity surface of the extended conformation partial charges shows 

that the basic organization of B-DNA is retained, the highly charged backbones, which repel each 

other, are separated by a mostly hydrophobic region where the nucleobases by clamp together thus 

contributing to prevent strand separation. As a final structural remark we note that the helicity of 

the extended conformation resulting from the simulations is 32 bp per turn, 70% smaller than 

reported in [11, 12] but only 20% smaller than in [13].  

As far as the energetics of the transition is concerned the umbrella sampling appoarch allows tio 

recover enthalpy and free energy profiles.  

he total 

enthalpic difference between the compact and extended state is around 15  per base pair, 

somewhat higher than the expected 8.2  per base pair while the free energy difference is 3.5 

 per base pair (it should be 3.7  per base pair according to experiments [6]). By 

diagonalizing the mass weighted covariance matrix for each constrained trajectory trough the ptraj 

tool of AMBER also the vibrational entropy might be accessed. Vibrational entropy results 

strongly correlated to enthalpy (see figure 5). A careful analysis of the entropic profile, however, 

shows that it changes slightly before than enthalpy (see figure 5). This small difference is sufficient 

to create a bottleneck for the transition since the configurations characterized by high enthalpy and 

low entropy are less probable of both those characterized by low enthalpy and entropy and those 

characterized by high enthalpy and entropy. 

 

 

 

 

Figure 5. Enthalpy and vibrational entropy for 

the overstretching of the 23-mer.Vibrational 

entropy is computed by diagonalization of the 

mass weighted correlation matrix. The isolated 

data point in the E>5 TSvib < 4  

 

 

 

The visual inspection of the configurations near the bottleneck allows to determine the structural 

basis of this phenomenon. As, already observed, overstretching takes place in a two step fashion, 

the AT rich regions overstretching first. The abrupt increase in enthalphy at 0.45 nm rise reflects 

the breakage of native hydrogen bonds resulting in the cooperative elongation of AT rich regions 

of the molecule. The subsequent overstretching of CG rich regions, taking place at 0.47 nm rise, 

does not result in an equally drastic enthalpic increase since, at first, CG regions tend to retain most 

of their native hydrogen bonds.  
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Figure 6. Cross section of fully 

overstretched poly-CG (right) and poly-

AT (left) DNA molecules. the cross 

section is 11.5 nm
2
 and 7.5 nm

2
 

respectively. 

 

 

 

 

 

 

The two-step character of the transition also explains the advance in entropy increase with respect 

to enthalpy. As already stressed, regions with different CG content adopt different overstretched 

conformations, since AT rich regions tend to be more compact due to the presence of non-native 

interstrand hydrogen bonds or base stacking interactions which are prevented in CG rich regions by 

the presence of residual native base pairs. This difference in compactness (see figure 6) results in a 

difference in vibrational entropy, with the most compact conformation having a lower vibrational 

entropy.  

 

Aknowledgements  

Supported by IIT-SEED and Ente Cassa di Risparmio di Firenze (Italy).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

164 

 

References 

 
1. BUSTAMANTE C., BRYANT Z., SMITH S. B. “Ten Years of Tension: Single-Molecule DNA 

Mechanics” Nature 421 (2003) pp. 423-427.  

2. CLUZEL P., LEBRUN A., HELLER C., LAVERY R., VIOVY J. L., CHATENAY D., CARON F. 

“DNA: An Extensible Molecule” Science 271 (1996) pp.792-794. 

3. WILLIAMS M. C., WENNER J. R., ROUZINA I., BLOOMFIELD V. A. “Entropy and Heat Capacity of 

DNA Melting from Temperature Dependence of Single Molecule Stretching” Biophys. J. 80 (2001) pp. 

1932-1939. 

4. KONRAD M. W., BOLONICK J. I. “Molecular Dynamics Simulation of DNA Stretching Is Consistent 

with the Tension Observed for Extension and Strand Separation and Predicts a Novel Ladder Structure” J. 

Am. Chem. Soc. 118, (1996) pp. 10989-10994 

5. BALAEFF A., CRAIG S. L., BERATA D. N. “B-DNA to Zip-DNA: Simulating a DNA Transition to a 

Novel Structure with Enhanced Charge-Transport Characteristics” J. Phys. Chem. A 115 (2011) pp. 9377–

9391 

6. BONGINI L., MELLI L., LOMBARDI V., BIANCO P. “The energy landscape of DNA overstretching 

transition” Submitted to Biophys J. 

7. PIANA S. “Structure and energy of a DNA dodecamer under tensile load” N.A.R. 33, (2005) pp. 7029-

7038 

8. LI H., GIESLER T. “Overstretching of a 30 bp DNA duplex studied with steered molecular dynamics 

simulation: Effects of structural defects on structure and force-extension relation” Eur. Phys. J. E 30, 

(2009) pp. 325-32. 

9. PEREZ A., MARCHAN I.; SVOZIL D.; SPONER J.; CHEATHAM, T.E.; LAUGHTON C.A.; 

OROZCO M.  “Refinement of the AMBER Force Field for Nucleic Acids: Improving the Description 

of alpha/gamma Conformers” Biophys. J., 92, (2007) pp. 3817–3829. 

10. PAIK D. H., PERKINS T. T. “Overstretching DNA at 65 Pn Does Not Require Peeling from Free Ends 

or Nicks” J. Am. Chem. Soc. 133 (2011) pp. 3219-3221 

11. Léger, J. F., G. Romano, A. Sarkar, J. Robert, L. Bourdieu, D. Chatenay and J. F. Marko. “Structural 

Transitions of a Twisted and Stretched DNA Molecule” Phys. Rev. Lett. 83 (1999) pp. 1066. 

12. SARKAR A., LEGER J. F., CHATENAY D., MARKO J. F. “Structural Transitions in DNA Driven by 

External Force and Torque” Phys. Rev. E Stat. Nonlin. Soft Matter Phys. 63 (2001)  051903. 

13. BRYANT Z., STONE M. D., GORE J., SMITH S. B., COZZARELLI N. R. BUSTAMANTE C. 

“Structural Transitions and Elasticity from Torque Measurements on DNA” Nature 424: (2003) pp. 338-

341 

 



 

165 

 

Iron Corrosion-Resistance in Lead-Bismuth Eutectic Coolant by 

 Molecular Dynamics Method 
 

 

Artoto Arkundato
a,b

, Zaki Suud
a
, Mikrajuddin Abdullah

a
,  

SutrisnoWidayani
a
, Massimo Celino

c 

 
a
Nuclear Physics and Biophysics Research Division, Physics Department 

 Institut Teknologi Bandung,  Jl. Ganesha 10, Bandung, Indonesia  
b
Physics Department, Faculty of Mathematical and Natural Sciences 

Universitas Jember, Jl. Kalimantan III/25, Jember, Indonesia 
c
ENEA, C.R. Casacia, Via Anguillarese 301, Rome, Italy 

email:  a_arkundato@students.itb.ac.id 

 
 

 

Abstract. In this present work, we report numerical study of iron corrosion in interaction with 

lead-bismuth eutectic.  The goal of this work is to study how the oxygen can be used to reduce 

the corrosion rate of iron in lead-bismuth eutectic. The molecular dynamics method was 

applied to simulate corrosion process.  By evaluating the diffusion coefficients, RDF 

functions, MSD curves of iron and also observed the crystal structure of iron before and after 

oxygen injection we concluded that a significant and efficient reduction can be achieved by 

injecting about 2% of oxygen into lead-bismuth eutectic. 

 

Keywords: lead-bismuth eutectic coolant, corrosion, oxygen content, molecular dynamics 

method. 
 

1. Introduction 

Lead-bismuth eutectic (LBE) has been a potential candidate as a coolant material in advanced 

nuclear reactors design. It is also well known the steel cladding was severely corroded when they 

are exposed to LBE directly at high temperatures [1-2]. This crucial issue has presented a critical 

challenge in the use of LBE and then a full knowledge of corrosion characteristics and how to 

reduce corrosion are essential for safety of heat transfer systems in reactors. In our previous work 

we have used MD method to calculate the diffusion coefficient of iron in liquid lead/LBE [3]. In 

the present work we report the effect of oxygen injection into LBE to reduce the corrosion rate of 

iron in LBE by using MD method. We predicted the most effective oxygen injection for efficient 

iron corrosion reduction.   
 

2.  Fundamental theory 

Molecular dynamics is a simulation technique in which the interacting atomic system is allowed to 

evolve for a specified period of time.  In our work we used the Lennard-Jones (LJ): 

 

                                 (1) 

 

where  and  are the LJ potential parameters.  To maintain the validation of LJ potential in our 

simulation, we used the potential parameters as reported by Shu and Davies for Fe-Fe and Pb-Pb 

interaction [4]; using the potential parameter of O-O interaction as reported by Lemmon and 
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Jacobsen [5]; and using the Bi-Bi interaction from the fitting of EAM pair potential [6]. Meanwhile 

for cross-interaction: Fe-Pb, Fe-Bi, Fe-O, Pb-Bi, Pb-O, and Bi-O we approached using the popular 

Lorentz-Berthelot formula: 

 

                                      and                                          (2) 

 

Table 1 summarizes the parameters of LJ potential that we used in our work. All simulations in our 

work was carried out by using the MOLDY molecular dynamics code [7]. 

      

 
Table 1.  The Lennard-Jones parameters that used in this research 

Pair 

Interaction 

σ (Å) ε (eV) Pair 

Interaction 

σ (Å) ε (eV) 

Fe-Fe 0.4007 2.3193 Fe-Pb 0.2766 2.7540 

Pb-Pb 0.1910 3.1888 Fe-Bi 0.1538 2.6846 

Bi-Bi 0.0590 3.0500 Fe-O 0.0639 2.7836 

O-O 0.0102 3.4280 Bi-O 0.0245 3.1490 

Pb-Bi 0.1061 3.1194 Pb-O 0.0441 3.2184 

 

 

2.1  Diffusion Coefficient Calculation 

Corrosion may be understood as a degradation of structural materials into its constituent atoms due 

to the chemical reactions with environment.  The LBE coolant creates high temperature 

environment for reactor cladding that in turn causes corrosion. The degradation occurs due to high 

solubility of certain elements of the steel (Ni, Cr and Fe, mainly) into LBE [8]. Then liquid-metal 

corrosion for the most part simply depends on the solubility of the structural material/solid metal in 

the stagnant liquid metal.. In our work the corrosion phenomena was credible as a diffusion process 

where a fraction of Fe atoms leave their crystals bulk toward a high temperature coolant of liquid 

metal. We calculated the diffusion coefficients using three below successive equations: 

 

                                                                                                             (3) 

 

                                                                                                              (4)     

     

where MSD is mean-square displacement, D is diffusion coefficient,  r is position of an atom and t 

is time.  The temperature dependence of diffusion coefficient D(T), is evaluated by using the 

Arrhenius formula, 

                                                                                                            (5) 

 

where T is a temperature, R is the universal gas constant, and A is an activation energy of diffusion. 

 

3.  Simulation System 

We modeled the corrosion by placing the iron (1729 atoms in bcc crystal structure, with lattice 

constant a = 2.8286 Å) in the center of LBE as in figure1. The gray color is Pb atoms, cyan color is 

Bi atoms and the indigo color is Fe atoms. 

http://en.wikipedia.org/wiki/Chemical_reaction
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Figure 1.  Initial atomic configuration for FeLBE system (with Jmol at http://www.jmol.org). 

 

 

The liquid LBE was made from 2540 of Pb atoms (45.5%) and 3037 of Bi atoms (55.5%), with 

LBE density of 0.0274 atoms/Å
3
. Dimension of whole system (FeLBE) is (63.2×63.2×63.2) Å

3
.  

To study the effect of oxygen injection then we spread the oxygen atoms evenly into LBE coolant 

with certain percentages (compared to the total number 5577 atomsof PbBi coolant): 28 (0.5%), 

42(0.75%), 58(1.0%), 68(1.5%), 114(2.0%), 140(2.5%), 170(3.0%), and 192(3.5%) into coolant.  

The simulation was carried out at 750 
o
C. Then we calculate the diffusion coefficients to study the 

corrosion characteristic of iron. 

 

 

4.  Results and Discussion 

 

4.1  Iron Diffusion in LBE without Oxygen Injection 

Figure 2 is the plot of (1/T) vs. log D(T) from simulation data.  The graph has linear equation: 

 

                                                                                          (6) 

 

with correlation coefficient R
2
 = 0.984. We can derive from this equation that the temperature 

dependent of iron diffusion coefficient in LBE is : 

 

                                 [m
2
/s]                        (7) 

 

Using this equation we can compute the diffusion coefficient at 750 
o
C, is: 

 

                               [m
2
/s]                        (8) 

 

S.Banerjee has reported that the iron diffusion in LBE is DFeLBE = 2.27 ± 0.11 x 10
-9

 m
2
s

-1
 = (2.16 

– 2. 38) x 10
-9

 m
2
 s

-1 
at temperature 750 

°
C [1]. Our calculation Eq.8 then is still in the range of 

Banerjee’s result. 
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Figure 2.     Plot of 1/T vs. log D(T) for FeLBE system. 

 

 

4.2  Iron Diffusion in LBE with Oxygen Issue 

Figure 3 shows MSDs from simulation at 750 C with certain oxygen injection into the LBE 

coolant.  Whereas the Fig.4 shows the diffusion coefficient for iron with certain oxygen injection.
 

 

 
 

Figure 3.  MSD curves of iron diffusion at 750
o
C in LBE. 

 

 

 
Figure 4. The diffusion coefficient of iron in LBE for certain oxygen injection. 

 

From figure 3 and 4 then we conclude that the effective and efficient oxygen injection to reduce the 

iron corrosion in LBE is about 2.0%.  With 2.0% oxygen injection into LBE we can reduce the iron 

corrosion in approximately lowest level.  An attractive picture of effect of oxygen injection is from 

the atomic structure of iron before and after the injection, as in figure 5. 
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Figure 5.  The atomic structurel of iron: (a) before simulation, (b) after simulation without oxygen issue, (c) 

after issuing 2.0% of oxygen. 
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ORGANIC FUNCTIONALIZATION OF METAL OXIDE SURFACES: NUMERICAL 

SIMULATIONS  OF  PEPTIDES ADSORPTION ONTO TITANIA SURFACES USING 

QUANTUM-ESPRESSO AND GROMACS CODES ON CRESCO HPC  

 

Caterina Arcangeli, Ivo Borriello, Massimo Celino 

ENEA UTTMAT-DIAG C. R. Casaccia 

 

Peptides that bind inorganic surfaces and template the formation of nanometer-sized inorganic 

particles are of great interest for the self- or directed assembly of nanomaterials for sensors and 

diagnostic applications. These surface-recognizing peptides can be identified from combinatorial 

phage-display peptide libraries, but little experimental information  is available for understanding 

the relationship between the peptide sequence, structure at the titania surface, and function. First 

principles simulations based on Density Functional Theory (DFT) and classical Molecular 

Dynamics (MD) are carried out to investigate the structure and stability of single amino acids and 

of the full peptide adsorption on TiO2 anatase (101). Our results shed light on the role played by 

some amino acids that are known to be essential in selective adsorption on TiO2, as well as their 

structural conformation upon the surface. 

 

Introduction 

Investigations of the structure and properties of the interface between biological matter and titania 

surfaces has attracted a great deal of attention in recent years. Titania-biomolecule interfaces are of 

fundamental importance not only for developing biocompatible materials for surgical implants, but 

also for the bioinspired fabrication of nanostructured materials [1]. Many recent studies in this 

wide-ranging area have made use of the recognition properties between peptides and inorganic 

materials. Such recognition between peptides and titania has been explored by using combinatorial 

screening approaches including phage-display and cell-surface display [2]. Experimental 

characterization of the peptide-titania interface [3] has revealed that electrostatic interactions play a 

key role and that peptide flexibility may also be important [4]. In order to shed some light on this 

interaction, we set out to investigate computationally the binding of arginine, lysine, aspartic acid 

on the (101) surface of TiO2 anatase, as they  have been identified as potential peptide “docking 

points. In particular, DFT calculations will be employed to study the kind of binding mechanisms 

in terms of electronic charge transfer, adhesion energy and amino acids mobility upon the surface, 

with the aim to define an interaction model of the interaction selective-binding peptides and titania 

oxides. In addition MD simulations of the full peptide (13 amino acids) and titania surface in the 

presence of the solvent will be performed to investigate the role of the peptide flexibility and of the 

solvent on the interactions with the titania oxides. 

 

Quantum-ESPRESSO and GROMACS codes 

Quantum-ESPRESSO [5] is an integrated suite of computer codes for electronic-structure 

calculations and materials modeling. QUANTUM ESPRESSO implements a variety of methods 
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and algorithms aimed at a chemically realistic modeling of materials from the nanoscale upwards, 

based on the solution of the density-functional theory (DFT) [6] problem, using a plane waves 

(PWs) basis set and pseudopotentials (PPs) [7] to represent electron–ion interactions. The codes are 

constructed around the use of periodic boundary conditions, which allows for a straightforward 

treatment of infinite crystalline systems, and an efficient convergence to the thermodynamic limit 

for aperiodic but extended systems, such as liquids or amorphous materials. Finite systems are also 

treated using supercells; if required, open-boundary conditions can be used through the use of the 

density-countercharge method [8].  

Quantum-ESPRESSO can thus be used for any crystal structure or supercell, and for metals as well 

as for insulators. The basic computations/simulations that can be performed include: i) calculation 

of the Kohn–Sham (KS) orbitals and energies for isolated or extended/periodic systems, and of 

their ground-state energies; ii) complete structural optimizations of the microscopic (atomic 

coordinates) and macroscopic (unit cell) degrees of freedom, using Hellmann–Feynman forces and 

stresses; iii) ground state of magnetic or spin-polarized systems, including spin–orbit coupling and 

noncollinear magnetism; iv) ab initio molecular dynamics (MD), using either the Car–Parrinello 

Lagrangian or the Hellmann–Feynman forces calculated on the Born–Oppenheimer (BO) surface, 

in a variety of thermodynamical ensembles, including NPT variable-cell MD. Quantum-

ESPRESSO code runs on many different computer architectures and allows good scalability till a 

large number of processors depending on the system size. We use a Quantum-ESPRESSO code 

compiled with Intel Fortran compiler, Math Kernel Library (MKL) and Message Passing Interface 

(MPI) parallelization on the high performance computer CRESCO [9], with a good scalability up 

to hundreds of cores. 

GROMACS (GROningen MAchine for Chemical Simulations) [10] is a molecular dynamics (MD) 

package to simulate the Newtonian equations of motion for systems with hundreds to millions of 

particles. It is primarily designed for biomolecular systems like proteins and lipids, but due to its 

highly versatility and fast calculation of the non bonded interactions (that usually dominate 

simulations) it is currently applied also on non-biological systems. GROMACS implements a 

number of different force fields (i.e. functions and parameter sets to describe the potential energy 

of a system of particles, typically atoms) such as AMBER, CHARMM, OPLS and GROMOS. 

GROMACS uses scripts to convert molecular coordinates from a PDB file into formats it uses 

internally. Once a configuration file for the system (several molecules including solvent) has been 

created, the actual simulation run produces a trajectory file, describing the movements of the atoms 

over time. This trajectory file can then be analyzed and visualized with a number of supplied tools. 

GROMACS is open source software released under the GPL. The program is written for Unix-like 

operating systems and can be run in parallel on multiple CPU cores or a network of machines using 

the MPI library. We use the highly optimized parallel version 4.5.4 of GROMACS installed on the 

high performance computer CRESCO [9].  

 

Computational details 

Our study is based on DFT in the generalized gradient approximation (GGA) of Perdew, Burke, 

and Ernzerhof (PBE) [11], and the plane-wave pseudopotential scheme as implemented in the 

Quantum-ESPRESSO package. Vanderbilt-type ultrasoft pseudopotentials [12] have been used 

with a plane-wave energy cutoff of 30 and 300 Ry for the electronic wave functions and the total 

charge density, respectively. The optimized geometries are obtained using the Hellman-Feynman 
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forces with the Broyden-Fletcher-Goldfarb-Shanno algorithm to minimize the total energy with 

respect to the atomic positions. By the above method, we firstly optimized pure anatase TiO2 The 

Brillouin zone was sampled using a (4×4×4) Monkhorst-Pack k-point grid [13]. We utilized a 

(2×3) periodic slab to model the surface structure and properties, which contained four O-Ti-O 

trilayers and was separated by a vacuum gap of 20 Å thickness. The top two trilayers were relaxed, 

while the bottom two tri-layers were kept fixed to mimic the bulk region. 

The MD simulations of the system composed by the peptide, the TiO2 anatase (101) surface and 

the solvent are performed with GROMACS v4.5.4 following the simulation protocol of Kang et al. 

[14] by using the OPLSAA force field [15] modified by introducing the nonbonded parameters for 

TiO2 surface [16, 17]. The water solvent molecules are modeled by the simple point charge SPC 

model [18]. The system composed by about 4400 atoms is energy minimized and after 200 ps of 

initial equilibration, data collection is started with trajectory saved every 0.2 ps. The simulation 

consists of a total run of 15 ns.  

 

Results  

The TiO2 anatase (101) surface is very corrugated, with a characteristic sawtooth profile 

perpendicular to the 010 direction, as shown in figure 1a. On it, both fivefold- and sixfold-

coordinated Ti atoms are present (Ti(5c) and Ti(6c) respectively), as well as twofold and threefold 

oxygens (O(2c) and O(3c) respectively). Each bridging oxygen O(2c) is bonded to one Ti (5c) 

atom and one Ti(6c) atom forming a Ti-O-Ti angle of nearly 102 degrees.  

 

Figure 1: Top and side view of TiO2 (101) anatase surface reconstruction: low coordinated Ti(5c) and 

O(2c) atoms play a crucial role onto peptide adhesion mechanisms (a). Alanine is a neutral amino amioacid 

that does not bind to the TiO2 surface: it is used as a term of comparison (b). TiO2-binding peptide: the 

peptide backbone is shown as a ribbon while the relevant amino acids for adhesion mechanisms are 

represented through  balls and sticks (c). 

The orbital rearrangements of the dangling bonds of the low coordinated Ti(5c) and O(2c) atoms 

determines a charge redistribution over the surface, giving rise to a negative charge localization 

around the O (2c) atoms, whereas a positive charge is distributed around the Ti(5c) atoms. This 

means that the positively charged amino acids arginine and lysine  (figure 1c) are attracted by O 

(2c) atoms and negatively charged aspartic acid is attracted by Ti(5c) ones. In order to achieve 

information about the bonding energy of that amino acids as well as their mobility upon the 

surface, a great number of possible equilibrium configurations over the surface for  each aminoacid 
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has been explored. Starting from the arginine, we have found five equilibrium configurations. They 

are characterized by different orientation of the amino acid lateral chain with respect to the surface, 

as shown in figure 2. Arginine analogues are found through successive truncations of the lateral 

chain. The Relative Formation Energy (RFE), that is the energy difference between the entire 

system and the isolated molecule and surface, calculated at each configuration, clearly shows that 

both arginine and its analogues are characterized by the same bonding chemistry, so even the 

smallest analogue well represents the bonding properties of the entire amino acid. 

 

Figure 2: Analysis of the possible adhesion configurations of arginine onto TiO2 surface, to be compared 

with arginine analogues obtained by successive truncation of its lateral chain.  The  Relative Formation 

Energy  (RFE) at each binding configuration concerning with arginine is very close to those related to the 

analogues. 

The lowest-energy (that is the most stable) equilibrium configuration is characterized by a vertical 

orientation of arginine with the terminal charged part oriented on O(2c) atom, as expected. 

Moreover, the bonding energy (that is the energy necessary to put arginine far from the surface) 

has been computed by comparing the total energy of entire system with the arginine bonded to the 

surface, and with the arginine at a distance of 10 Å from the surface. The result is shown in figure 

3: no significant energy variation has been found by increasing the molecule-surface relative 

distance.  

 

Figure 3: The binding energy of arginine analogue to the TiO2 anatase (101) surface has been evaluated as 

the total energy difference between the bonded (a) and the unbonded (a) configuration of the entire TiO2-

arginine system. Topological map of the TiO2-arginine bonding energy (c).   
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To answer the next question how arginine diffuses on this surface, we calculated the adiabatic 

Potential Energy Surface (PES). This PES is defined by relaxing the height of arginine analogue 

from surface (for a set of fixed lateral coordinates of central C atom, these coordinates form an 

equidistant grid with a spacing between the grid points of about 0.5 Å in [101] and [010] 

directions), as well as all coordinates of the top substrate atoms. As shown in figure 3(a), we found 

the global minimum located at the O(2c) site (dark blue in figure 3c) and the global maximum is 

located at along the Ti(6c)-O(3c) bridge. According to the principle of minimum energy change, 

we proposed two diffusion pathways (evidenced by the arrows in figure 3c)  between global 

minima. On these pathways, the energy barrier is even calculated and reported in figure 3c. 

Our study will be extended to lysine, aspartic acid and the neutral alanine for comparison. These 

energy scales will allow us to determine the best amino-acid choice in adhesion and to shed light 

on the great number of experimental results relative to the individuation of TiO2-selective binding 

peptides. 

In addition to the accurate ab-initio characterization of the adhesion mechanism of single amino 

acids onto the TiO2 surface we performed preliminary MD simulations of the adsorption of the full 

peptide onto the metal surface. The amino acid sequence of the peptide,  AMRKLPDAPGMHC, is 

used to construct a totally unfolded structure which is in turn  employed as starting configuration 

for MD simulation. The folding of the peptide in water is achieved within 20 ns of MD simulation 

as shown in figure 4.  

 
 

Figure 4: Left: the starting totally unfolded peptide structure. Right:  the peptide after 20ns-long MD 

simulation. The two residues crucial for the adhesion to the metal surface are depicted in ball and sticks.  

The obtained folded peptide is then placed close to the TiO2 surface. The orientation is guided by 

the results obtained by the previous DFT approach. In particular the peptide is oriented with the 

lateral chains of the R and D amino acids perpendicular to the metal surface. In figure 5 the  

configuration of the full system - composed of the folded peptide, the metal surface and the 

surrounding water molecules – at the the start and the end of MD simulation is shown.  



176 

 

This preliminary simulation shows that few nanoseconds of simulation are sufficient to form an 

interfacial water layer on the metal surface. The interfacial water molecules are quite stable and 

orientationally structured on TiO2  surface forming an hydrogen bonding network induced by the 

surface. On the contrary the simulation time is not enough long to achieve the adsorption of the 

side chains of the peptide residues onto the surface. Therefore we will extend in the future the 

simulation time to investigate at atomic level the peptide adsorption behavior on the TiO2  surface. 

  

 

Figure 5: Left: the system (TiO2 surface relaxed + folded peptide + water molecules) at the start of the MD 

simulation. Right:  the system at the end of the MD simulation. The two residues crucial for the adhesion to 

the metal surface are depicted in ball and sticks. 
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Structural properties and atomic scale dynamics of a small spherical cluster of zirconia (ZrO2), with 

43 atoms of Zirconium, are investigated using density functional theory and ab-initio molecular 

dynamics[1-3]. Zirconia nanoclusters with radius around 2 nm are experimentally investigated at 

the European Center of Ceramics (SCPTS) of Limoges (France), which supplied the experimental 

pair distribution function (PDF) of the nanoclusters and their approximative size. The aim of the 

work is to investigate if it is possible to reproduce the experimental PDF, and obtain insights of the 

atomic-scale structure and behaviour of such small clusters. 

The work is made with the collaboration of Massimo Celino (ENEA) and of Olivier Masson, 

Philippe Thomas and Abid Berghout (SCPTS). 

 

Computational methods  

All the computations are made with CPMD code (plane wave - pseudopotentials) [4]. The starting 

configuration chosen at the beginning is a roughly spherical cluster cut from the cubic structure of 

zirconia (see figure 1), with 43 atoms of Zirconium. This is 

the smallest of three possible candidates compatible with the 

experimental size. Two different XC functionals are 

considered (BLYP and PBE, both of GGA type) [5-7]. As a 

general rule, BLYP is usually recommended for molecular 

systems, and PBE for extended systems; in this case we are in 

an intermediate situation. 

Pseudopotential used are of Goedecker type [8] (hard 

pseudopotentials with relativistic corrections), and of Martins-

Troullier type [9], with 12 valence electrons for Zr and 6 

valence electrons for O. Three alternatives of computation are 

tried: BLYP-Go, PBE-Go, PBE-MT.  
                                                                                                                                                    

                                                                                                    Figure 1: Initial configuration of the cluster. 

Crystal structures 

As a first test, before starting computations on clusters,  the lattice size and stability of ZrO2 was 

investigated with the three alternatives, for three zirconia crystal structures: monoclinic, tetragonal, 

and cubic. This is made in order to check the reliability of the functionals and pseudopotentials. 

Figure 2 shows the results in the three cases (BLYP-Go, PBE-Go, PBE-MT). The qualitative 

results are correct (monoclinic is more stable than tetragonal, that is more stable than cubic; the 

volume is larger for monoclinic, and smaller for cubic). Equilibrium volume is overestimated 

(typical of GGA functionals) of a few %. The estimation of the pressure that induces phase 

transitions and a comparison with other works from literature support these results. 

Table 1 shows the equilibrium volume and the minimum energy found, for the three cases. 
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Figure 2: Energy dependence on volume for the three different crystal structure (monoclinic, tetragonal, 

cubic), obtained with BLYP-Go (left), PBE-Go (centre) and PBE-MT (right).  

 
Table 1: Equilibrium volumes and energies for the three lattice structure, with the three computation 

methods.  

 Monoclinic Tetragonal  Cubic 

BLYP-Go V = 150.80 Å 

E = - 8578.68 eV 

V = 145.59 Å 

E = - 8578.19 eV 

V = 141.02 Å 

E = - 8577.64 eV 

PBE-Go V = 146.24 Å 

E = - 8591.93 eV 

V = 141.99 Å 

E = - 8591.50 eV 

V = 136.83 Å 

E = - 8591.07 eV 

PBE-MT V = 144.79 Å 

E = - 8632.24 eV 

V = 140.39 Å 

E = - 8631.76 eV 

V = 135.02 Å 

E = - 8631.35 eV 

 

Geometric optimizations 

The initial symmetric configuration of the cluster (figure 1) is slightly deformed introducing a 

random deviation of the initial coordinates with gaussian distribution (σ ≈ 0.02 Å), to break the 

initial symmetry and let the relaxation start. Then the cluster is optimized. In two cases (BLYP-Go 

and PBE-Go), in order to obtain convergence, the relaxation is started at a very low cutoff (20 Ry) 

and then the cutoff is increased at the end of the relaxation, up to 150 Ry. PBE-MT was instead 

directly optimized with a cutoff of 80 Ry, since there were no convergence problems; the cutoff 

was not increased further, since the result was already clear. The loss of energy in the relaxation, 

with respect to the initial configuration, is 63.70 eV for BLYP-Go, 64.67 eV for PBE-Go, and 

58.92 eV for PBE-MT (not comparable with the other two for the different cutoff). The resulting 

optimized clusters was shown in figure 3. The clusters have all loose oxigens and are strongly 

different from the initial structure. The PDFs obtained are shown in figure 4. None of the clusters 

reproduce the experimental PDF. 

 
Figure 3: Configurations obtained from geometrical optimization, 

 for BLYP-Go (left), PBE-Go (centre) and PBE-MT (right). 
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Figure 4: PDFs obtained from geometrical optimization, for BLYP-Go (left), PBE-Go (centre)  

and PBE-MT (right).  

 

A test was made starting also from the monoclinic structure, with the same number of atoms, to see 

if the same features emerges using other structures; the test was made with PBE-MT. The result of 

the geometrical optimization starting from monoclinic structure is shown in figure 5, with the 

resulting PDF. The structure seems more compact than the resulting cluster from cubic starting 

structure, and no loose oxigens appear; however, it is very irregular and its PDF does not reproduce 

the experimental one. Its energy is higher of 0.73 eV than the energy of the optimized cluster from 

cubic structure.  

 
Figure 5: Configuration obtained from geometrical optimization, starting from the 

                   monoclinic structure, for PBE-MT (left), and the resulting PDF (right). 

 

Car-Parrinello molecular dynamics computations 

Car-Parrinello (CP) molecular dynamics simulations are made on the cluster, with two aims: 

1) obtaining other possible energy minima, since the minima found with the geometrical 

optimization are not compatible with the experiment; 

2) obtaining directly the PDF from molecular simulations, without introducing an artificial 

spreading of the atomic positions. 

Minima from simulated annealing  

Starting from the cubic configuration with small random displacements, a CP simulation with 

thermostat at 20 K is performed to lower the energy and find a possible minimum. Then the system 

is heated above 1000 K to modify its structure and re-cooled at 20 K to find another possible 

minimum, and so on.  
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The temperature evolution of the system and its Kohn-Sham (KS) energy are shown in figure 6, for  

BLYP-Go and PBE-Go (PBE-MT computation is in process). The calculation for BLYP-Go and 

PBE-Go is stopped after only 2 minima, since the cluster appears to be almost destroyed after the 

first re-heating and cooling.  

 
Figure 6: Kohn-Sham energy and temperature evolution for a cluster in the 

annealing simulation, for BLYP-Go (left) and PBE-Go (right). 

 

Configurations found at the first minimum are shown in figure 7: the first row shows the 

configurations found from CP (with a final geometrical optimization), the second row shows the 

PDFs obtained. The configurations appear different from the cubic structure, but the clusters have 

good sphericity and they have no loose oxigens on the surface. 

 

 

 

 
 

 

 

 

Figure 7: Configurations obtained 

for the first minimum in the 

annealing. Left: BLYP-Go, right: 

PBE-MT. Below: PDFs obtained.  

 
 

 

 

 

 

 

 

 

 

However, their energy is above the energy of the clusters obtained from direct geometrical 

optimization. PDFs do not seem to reproduce the experimental results.  

Configurations found at the second minimum are shown in figure 8, with the corresponding PDFs. 

After the heating and re-cooling, the cluster appears completely distorted, non-spherical, and with 



 

183 
 

loose atoms. The PDFs shows that, apart from the first peaks of the nearest neighbours, no 

significant order is found at higher distances (the PDF is almost flat above 7 Å). Since the structure 

is almost lost, no further minima are computed. However, it must be noted that the energy found 

for this configuration in the BLYP-Go case is the lowest (it is lower of other CP results and also of 

direct geometrical optimization).  

Table 2 summarizes the energies found for the different computations and minima. The zero of the 

energies is the energy of the initial cubic configuration.  

 

 

 
 

 

 

 

 

 

 

Figure 8: Configurations 

obtained for the second 

minimum in the annealing. 

Left: BLYP-Go, right: PBE-Go. 

Below: PDFs obtained.  

 

 

 

 
 

 

 

 

 

Table 2: Energies found (with respect to the cubic configuration) for the minima of the annealing. Also the 

energies found in the geometrical optimization are summarized. 

 

 BLYP - Go PBE - Go PBE - MT 

CP min. 1 (g.o.) - 56.83 eV - 57.36 eV  

CP min. 2 (g.o.) - 64.86 eV - 60.21 eV  

g.o. from cubic - 60.24 eV - 61.72 eV - 58.92 eV 

g.o. from monoclinic   - 58.19 eV 

 

PDF directly computed from CP 

All the PDFs shown above are calculated from the equilibrium configuration, assigning a gaussian 

spread of 0.2 A to each atom. A more rigorous approach is the direct computation of PDFs from a 

thermally stabilized CP simulation; in this way, different thermal agitation of the various atoms can 

be accounted for. However, building a PDF require a quite large computational time. The PDF will 

depend on the starting configuration, since simulation times are too short to obtain transitions to 

other minima.  
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In figure 9, results are shown. The first two PDFs are obtained starting from the first minimum of 

the annealing, for BLYP-Go (left) and PBE-Go (center). A PDF obtained starting with the initial 

cubic configuration, thermalized at 293.15 K without initial quenching, is shown at the right (using 

PBE-Go).  

Computations are in progress using PBE-MT. 

 
 

Figure 9: PDFs obtained directly from CP simulations, for BLYP-Go starting from the first minimum found 

in the annealing (left), for PBE-Go from the first minimum (centre), and for PBE-Go starting from the cubic 

structure (right). 

 

One can see that the PDFs shows a sharper and higher first peak at Zr-O, while the peak Zr-Zr is 

significantly lowered and the structure at larger distance is almost lost (completely for BLYP-Go, 

while some shallow peaks remains for PBE-Go). There are no significant differences between a 

simulation made starting from the optimized cluster found in the first minima, and a simulation 

made starting directly from the cubic configuration. 

 

Hydrated cluster 

Since there is the possibility that experimental clusters have surface impurity (especially hydrogen 

or water), computations were made on a hydrated cluster, starting from the cubic configuration 

(shown in figure 10, left: the smallest atoms on the surface are hydrogens). A simple geometrical 

optimization does not converge. With a CP quenching at 20 K, the final result obtained is shown in 

the same figure, with PBE-MT. The result confirm the fact that hydrated clusters preserves better 

the cubic structure, a fact already seen in other simulations of different clusters. The PDF obtained 

(computed without considering Hydrogen atoms) is shown in the right part of Figure 10: it shows 

sharp peaks typical of regular structures. The structure is far too regular with respect to the 

experimental data. 

 
Figure 10: Hydrated cluster: starting configuration (left), after a CP quenching to optimize geometry 

(center), PDF obtained (right).  
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Conclusions and further works 

Clusters with such a small size show energy minima with irregular configurations, except in the 

case of a hydrated cluster. The experimental PDF shows a more regular structure. This can be due 

to the fact that the chosen cluster is too small and it is not present in the experimental sample in 

significant amount; or to the fact that experimental clusters are partially hydrated. 

Currently, calculations are in progress with PBE-MT for CP annealing. Geometrical optimization 

of a larger cluster (Zr55O110 ) is in progress. Computations with partially hydrated clusters are 

planned. 
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1. Introduction 

figure 1
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2. Immersed Volume Method 

figure 1
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The Reynolds number based on the free-stream velocity is defined as 

 

 , with D being the sphere diameter (0.0614m).  

A cartesian computational domain ­: [-1.7D, 5D]x[-4.88D, 4.88D]x[-4.88D, 4.88D] is used with 

280x140x140 points in the z (stream-wise), x and y directions respectively. The grid is locally 

refined near the surface of the sphere, along the stick (that has a diameter d of 0.13D) and near 

the separation regions. Figure 1 shows axial velocity snapshot and isosurfaces of pressure. It’s 

clearly identified the strong recirculation region downstream the sphere with a dimension of 

approximately one diameter, the compression region in front of the sphere and the expansion on 

the sphere surface at the separation region. 

 

Figure 1: Instantaneous axial velocity; pressure isosurfaces at 101317 Pa and 101409 Pa. 

Zoomed in view: STL of the solid surface (white lines) and simulation grid (black lines). 

The flow past a cube with combustion is chosen as an appropriate validation test case, because 

of its sharp edge boundaries, cut cells with internal volume and faces’ centroids and sharp 

density and  velocities gradients. The Reynolds number based on bulk quantities at the duct 

section (assuming its half width as reference length) crossing the cube leading edge 

  and the maximum Mach number is ∼ 0.05. For the three-dimensional 

simulation of a uniform flow past a cube, a computational domain ­:[−2L, 3.5L]x[−2L, 

2L]x[−2L, 2L] is used, L being the cube size. The cartesian not uniform domain has 120x80x80 

grid points in the axial and span-wise directions. It is clearly visible the separation region that 

occurs near the lower edge of the cube and the consequent formation of a lateral first 

recirculation region at the side walls immediately after the separations. The flame is attached in 

the second recirculation region downstream of the cube bluff-body and because the first lateral 

vortex is able to go up stream up to the leading edge of the cube (see figure 2). 
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Figure 2: Premixed flame past a cube: a) Temperature isosurface (1500K) coloured by axial 

velocity Uz and Temperature slice; b) x-z plane of instantaneous Uz with streamlines. 

A cut-cell based Cartesian grid method for three-dimensional compressible flows and not-

uniform staggered grid is presented for the first time. The robustness of IVM method is tested 

with high Reynolds numbers LES without adopting multi-grid techniques. A LES of premixed 

bluff body flame is also presented to demonstrate the capability of the method to strictly 

conserve quantities as mass overcoming the drawbaks of classical IB methods. 
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We propose a multiscale SABR model to describe the dynamics of forward prices/rates. This 

model consists of a system of three stochastic differential equations whose independent variable 

is time and whose dependent variables are the forward prices/rates and two stochastic 

volatilities varying on two different time scales. Let R and R
+
 be respectively the sets of real 

and of positive real numbers, let t be a real variable that denotes time and xt, v1,t, v2,t, t 0, be 

the stochastic processes that describe respectively the forward prices/rates and the two 

stochastic volatilities associated to the forward prices/rates. The dynamics of the stochastic 

processes xt, v1,t, v2,t, t 0, is defined by the following system of stochastic differential 

equations:  

 

 

 
 

 
 

dxt = xt (v1,tdWt
0,1

+v2,tdW
0,2

t), t 0, 
 

(1) 

 
 

 
 

dv1,t = 1v1,t dW
1

t,        t 0, 
 

(2) 

 
 

 
 

dv2,t = 2v2,t dW
2

t,        t 0, 
 

(3) 
 

  

 

where the quantities i, i = 1,2, and  are real positive constants such that 1  2 and   [0,1]. 

The fact that v1,t, v2,t, t 0, vary on different time scales is expressed by the condition 

0 1 2. The processes W
0,1

t, W
0,2

t, W
1

t, W
2
t, t 0, are standard Wiener processes such that 

W0
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0,2
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2
0 = 0, and dW

0,1
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t, dW
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t, dW

2
t, t 0, are their stochastic 

differentials. The correlation structure of the model is defined by the following assumptions:  
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where · denotes the expected value of · and the quantities 0,1, 0,2   (-1,1) are constants 

known as correlation coefficients. The autocorrelation coefficients of the previous stochastic 

differentials are equal to one. When the model is multi-scale (i.e. when 0 1 2) the 

meaning of the assumptions (4), (5), (6), (7), (8), (9) is that the stochastic differentials on the 

right hand side of (1), (2), (3) associated to the two (long and short) time scales are 

independent. When the condition 0 1 2 holds it is likely to observe abrupt changes in the 

forward rates/prices variable.  

The equations (1), (2), (3) are equipped with the initial conditions:  

)10(,x~x 00  

)11(,v~v 1,01,0  

)12(,v~v 2,02,0  

 

where 0x~ , i,0v~ , i = 1,2, are random variables that we assume to be concentrated in a point with 

probability one. For simplicity we identify the random variables 0x~ , i,0v~ , i = 1,2, with the 

points where they are concentrated. We assume  i,0v~ >0, i = 1,2.  

The stochastic differential equations (1), (2), (3), the initial conditions (10), (11), (12), the 

assumptions on the correlation coefficients (4), (5), (6), (7), (8), (9) and the conditions on the 

coefficients , i 0, i = 1,2, define the multiscale SABR model. Note that equations (2), (3) are 

a two factor volatility model. This model generalizes the SABR model introduced in 2002 by 

Hagan et al. [1]  that is defined by the following system of stochastic differential equations:  

 

 
 

 

 
 

dxt = xt vtdWt, t 0, 
 

(13) 

 
 

 
 

dvt =  vt dQt,        t 0, 
 

(14) 
 

  

 

where   [0,1] and 0. The coefficients  and  of (13), (14) are known respectively as -

volatility and as volatility of volatility. Moreover Wt, Qt, t 0, are standard Wiener processes 

such that W0 = Q0 = 0, dWt, dQt, t 0, are their stochastic differentials and we have:  

 

 

 dWt dQt  
 

=  
 

 dt ,  t 0, 
 

(15) 
 

  

where   (-1,1) is a constant called correlation coefficient. The equations (13), (14) are 

equipped with the initial conditions:  

)16(,x~x 00  

)17(,v~v 00  

where  0x~ , 0v~  are random variables that we assume to be concentrated in a point with 

probability one and that, for simplicity, we identify with the points where they are concentrated. 

Moreover we assume that 0v~  0. Note that equation (14) is a one factor volatility model.  

Several empirical studies have shown that two factors volatility models describe the behaviour 

of financial prices more accurately than one factor volatility models (see for example [2], [3] 

and the references therein). These studies motivate the introduction of multiscale SABR 

models. We study the normal and lognormal SABR and multiscale SABR models. The normal 

and lognormal SABR models correspond respectively to the choices  = 0 and  = 1 in equation 

(1) (multiscale SABR) and in equation (13) (SABR). Under the hypotheses (4), (5), (6), (7), (8), 

(9) on the correlation coefficients in [4] closed form and “easy to use” formulae for the 
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transition probability density functions of the normal and lognormal multiscale SABR models 

and for the prices of the corresponding European put and call options are deduced. The 

formulae for the transition probability density functions are three dimensional integrals of 

explicit integrands. However due to the special form of the integrands these three dimensional 

integrals can be evaluated using a standard quadrature rule at the computational cost of a two 

dimensional integral. 

The computational cost can be further decreased using ad hoc quadrature rules. In fact the 

integrals are Fourier integrals of integrands containing the product of two copies of a function 

evaluated in two different points. This function is a one dimensional integral of an explicitly 

known integrand. Once chosen a grid in the conjugate variable of the Fourier transform the 

integrals that define the two copies of the function mentioned above can be evaluated in 

parallel. That is combining the FFT algorithm with the special features of the integrands ad hoc 

quadrature rules to evaluate the transition probability density function and the corresponding 

option prices for the normal and lognormal multiscale models have been developed. These 

quadrature rules allow a fully parallelizable and scalable evaluation of the models. 

The method used to study the multiscale SABR models is applied to the study of the normal 

and lognormal SABR models [4]. For these models some new closed form formulae for the 

transition probability density functions of their state variables and for the prices of the European 

call and put options are deduced. The transition probability density functions of the normal and 

lognormal SABR models are expressed as one dimensional integrals of explicit integrands.  

In the normal SABR model case the formula for the transition probability density function 

deduced in [4] is an elementary formula that can be used instead of formula (120) of [5]. This 

last formula is the one commonly used in mathematical finance and is based on the Mc Kean 

formula [1], [5] for the heat kernel of the Poincaré plane. In the lognormal SABR model case 

the formula for the transition probability density function deduced in [4] is a special case of a 

new formula that gives the transition probability density function of the Hull and White 

stochastic volatility model [6] in presence of (possibly nonzero) correlation between the 

stochastic differentials appearing on the right hand side of the prices/rates and volatility 

stochastic differential equations. The formulae for the transition probability density functions 

deduced in [4] are based on some recent results of Yakubovic [7] on the heat kernel of the 

Lebedev Kontorovich Transform. A calibration problem for the normal and lognormal SABR 

and multiscale SABR models is studied. The calibration problem considered uses as data a set 

of option prices observed at a given time and is formulated as a constrained nonlinear least 

squares problem [4].  

Let us show some numerical results obtained solving this calibration problem using real data. 

We restrict our attention to the lognormal SABR and multiscale SABR models.  

We consider the daily observed values of the U.S.A. five-Year Interest Rate Swap expressed in 

percent and the corresponding futures prices having maturity September 30th, 2011 and the 

prices of the corresponding European call and put options with expiry date September 19th, 

2011 and strike prices Ki = 106+0.5*(i-1), i = 1,2,...,18. The rates, the futures prices and the 

option prices are observed in the period going from September 14th, 2010, to July 20th, 2011. 

The futures and option prices are daily prices and are the closing price of the day. The strike 

prices Ki, i = 1,2,...,18, of the options are expressed in hundreds of base points.  

Using these option prices as data we calibrate the lognormal models every day for 

approximately two months, that is we calibrate the lognormal models in the period going from 

September 14th, 2010 to November 15th, 2010. In this period there are significant oscillations 

in the value of the futures prices. In fact, for example, on October 12th, 2010 the futures price is 

112.093 and on November 15th, 2010 the futures price goes down to 107.875. In the first part 

of the period (September 14th, 2010- October 14th, 2010) the oscillations of the futures price 
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are small and in the second part (October 14th, 2010- November 15th, 2010) in particular 

around the end of October 2010 there is a fall of the futures price. 

The parameter values obtained in the calibration of the lognormal models are shown in figure 1. 

We can see from figure 1 that the values of the parameters remain substantially unchanged in 

the two months period except for the values of the parameters  and 2 that show a significant 

change at the end of October 2010 and during the first fifteen days of November 2010. 

Moreover we use the parameter values obtained with the calibration of the lognormal SABR 

and lognormal multiscale SABR models to forecast the option prices one day in the future 

during the two months period mentioned above [4].   

 

Figure 1: Parameter values versus time to maturity obtained calibrating the lognormal SABR and 

multiscale SABR models every day for two months in the period going from September 14th, 2010 to 

November 15th, 2010 (interest rate swap experiment). 

 

 

 
 
Figure 2: Relative errors on the forecast prices one day in the future of call and put options obtained 

using lognormal SABR model (a) and lognormal multiscale SABR model (b) versus time to maturity 

expressed in days. The period considered goes from September 14th, 2010, to November 15th, 2010 

(interest rate swap experiment).  
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The forecast option prices are obtained using as value of the underlying asset the value 

observed the day of the forecast. Finally figure 2 shows the relative errors on the forecast option 

prices one day ahead of the current day obtained using the parameter values shown in figure 1.  

We can see that the lognormal multiscale SABR model gives more accurate approximations 

than the lognormal SABR model in particular the average and the worst case of the relative 

errors are respectively 0.0037, 0.028 for the lognormal SABR model and 0.0025, 0.025 for the 

multiscale SABR model. That is the lognormal multiscale SABR model improves substantially 

the lognormal SABR model. This is particularly evident in the forecasting of at the money 

option prices.  

The work of the authors and of their coauthors in mathematical finance is illustrated in the 

website: http://www.econ.univpm.it/recchioni/finance .  
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Introduction 

 

The development of low emission coal combustion technologies is a key issue to ensure energy 

availability in the near future, before that new energy technologies based only on fully 

renewable sources will became able to supply all the energy demand. Indeed coal combustion is 

considered to be among the main primary energy supply that will be used for very long time. 

The Integrated Gasification Combined Cycles (IGCC) technology is among the most promising 

ones to enable low emissions production of energy from coal. Therefore, the modelling of coal 

gasification processes is an important step for the proper design of new primary energy 

transformation plants. 

 

 
 

Figure 1. Major scales involved in the char/slag interaction. In the center, the definition of the possible 

regimes that can establish close to the slag covered walls of the gasifier. Rightmost figures: SEM results 

from samples collected in the slag coarse layer (top) and in the slag fines layer [1]. 
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Entrained-flow gasifiers adopted in these plants are characterized by operating conditions that 

promote ash migration/deposition onto the reactor walls, whence the ash is drained as a molten 

phase. The optimal design of gasifiers, to control the flow pattern and therefore the residence 

times of fed coal particles, is essential to rise the performance and lower the environmental 

impact of such systems. Because of the wide range of spatial and temporal scales involved in 

these phenomena, numerical simulation of the fate of the flying fine char particles is a difficult 

and very computationally expensive task. The CRESCO [2] computing facilities have offered 

the opportunity to develop numerical models able to predict important aspects of the fate of 

coal and ash particles that strongly influence the performance of coal gasifiers.  

 

Despite the fact that several entrained-flow gasifiers have been in operation for decades, 

modeling coal gasification under entrained-flow conditions is still a challenging goal with broad 

areas of uncertainty. The recent literature on entrained-flow gasification is addressing the fate 

of char particles as they impinge on the wall slag layer [3-5]. Montagnaro and Salatino [6] 

highlighted the relative importance of the parallel pathways of coal conversion consisting of 

entrained-flow of carbon particles in a lean-dispersed gas phase vs. segregated flow of a dense 

curtain of char particles in the proximity of the gasifier walls.  

 

Comprehensive models, supported by CFD-based detailed descriptions of flow, temperature 

and concentration fields, consider the relevance of complex hydrodynamics and multiphase 

flow to the gasifier performance [7-12]. Almost all of these models rely on the Reynolds 

Average Navier-Stokes (RANS) [11] approach to take into account the effect of the turbulence 

on the flow field, actually solving for field variables averaged in time. The time averaging 

procedure strongly limits the predictive capabilities of the simulations. Hence RANS closure do 

not allow an overall description of the unsteady phenomena like turbulent dispersion of 

particles, coal particle combustion, homogeneous gas phase reactions, turbulence-wall and 

particle-wall interactions. Despite such limitations, the adoption of this approach is unavoidable 

to limit the computational power required. Entrained-flow gasifiers are indeed characterized by 

a wide range of turbulence scales. Typical integral scale dimensions are on the order of 10 m, 

while the Kolmogorov scale can be estimated on the order of 0.1 mm, being the bulk Reynolds 

number, computed adopting the plug-flow velocity and the gasifier diameter, on the order of 

10
6
. Even adopting this level of approximation, the computational resource required is huge and 

several simplifications need to be introduced. Specifically, within this approach the particle-

boundary interaction is modelled by means of empirical models that already postulate the 

leading interaction mechanism.  

 

To really predict this mechanism more detailed models, coupling the Lagrangian particle 

tracking with a Large Eddy Simulation (LES) or a Direct Numerical Simulation (DNS) 

approach, are required for the Eulerian gas phase. Their application to full-scale configurations 

is computationally prohibitive but they allow exploring the physical behaviour of near-wall 

particle segregation and the role of relevant parameters if performed in simplified flow 

configurations. 

 

The aim of this study is to demonstrate the possibility to gather information from models 

developed at different scales and levels of approximation to numerically investigate phenomena 

occurring at the smallest scales in a gasifier, when computational resources as those available at 

the CRESCO facilities [2], are used. A particular emphasis is devoted to the char particles-slag 

interaction. 

 

Adopting the OpenFOAM [13] toolkit, a multi-level procedure is built to obtain a multilevel  

RANS and LES approach. The adoption of OpenFOAM offered the advantage, in investigating 

very computationally expensive CFD problems, to be not limited from licencing cost in the 
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adoption of a high number of computational cores. In the proposed multilevel procedure, 

RANS-based simulations of the full-scale geometry with coal particles injection and tracking 

aim to obtain the general behaviour of the flow field and particle trajectories. Then, a very 

detailed model, based on the Discrete Particle Method (DPM) for the solid phase [14] and the 

LES approach for the gas phase [15], has been adopted. 

 

The procedure, that is still under construction, is illustrated with reference to a simple 

configuration, proposed by Sommerfeld and Qiu [16]. This configuration provides a kind of 

benchmark, and extensive data have been published on this configuration, both from 

experimental measurements [16] and numerical investigations with both RANS [16] and LES 

[17] approaches. This paper reports the contribute given by the use of the CRESCO [2] 

computing facilities. 

 
 

Activity Description 

 

The Euler-Lagrangian (E-L) approach for the gas and particle phases respectively is a good 

compromise to model predictively the particle dispersion in gas and focus on the mechanisms 

of wall-particle interaction.  

In OpenFOAM, the spatial discretization of the gas phase equations is performed with a FV 

method on arbitrary 3D domains, partitioned through unstructured meshes of polyhedral cells. 

In this work, aiming to a prompt generalization of the model toward conditions of non-uniform 

temperature, the equations for a weakly-compressible fluid flow are solved adopting a semi-

implicit, pressure-velocity, iterative solution method (PISO). 

A one-way coupling approach is considered. It means that the particle phase motion is affected 

by fluid phase flow conditions but the contrary does not hold. This is considered a valid 

assumption if the particle volumetric concentration is not too high (dispersed regime) as it 

happens to be the case for usual coal load in gasifiers.  

 

Being the ratio of particles density over fluid density very large (order 10
3
), it is possible to 

neglect the added mass, Basset (history effect), Magnus (rotation of the particle), Saffman (slip-

shear lift force), pressure and buoyancy components of the force acting on the particle. Tracked 

particles are considered point-wise. They are assumed to be rigid hard spheres. So the Basset-

Boussinesq-Oseen (BBO) equation can be reduced to the equation of motion for a point-particle 

[18], that only considers the drag and gravitational force. The equations of particles motion 

were solved via a Lagrangian particle tracking (LPT) algorithm. Relevant forces acting on 

particles are Stokes drag and buoyancy. The drag coefficient is assumed to be function of 

Reynolds particle number. Gravity is not considered in the detailsed LES level. 

  

The algorithm implemented in OpenFOAM for the LPT is described in [19] in which is shown 

the TrackToFace method. This method practically consists of moving the particle between faces 

it crosses in the time step duration. At each time step it is easy to find the cell in witch the 

particle is having a very efficient algorithm. It is also able to run in parallel.  

To optimize the performances of RANS computations the parcel object is used instead of the 

particle. A parcel is a group of identical particles considered to be coincident so they have all 

the same trajectory. 

 

In the first step of the multilevel approach, an Unsteady-RANS (U-RANS) method has been 

applied to describe the motion of Eulerian gas phase in the gasification chamber investigated by 

Sommerfeld and Qiu [15]. Terms in the model equations describing the contribution of 

turbulent transport are closed adopting the compressible version of the k w-  SST model [20].  
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Further details on the model are available in [21]. 

A sketch of the prototype gasifier geometry is reported in figure 2 (left), where all lengths are 

non-dimensionalised using the radius R = 0.032 m of the outer wall of the external annular jet 

as the reference length. Two gas streams are coaxially injected into the main cylindrical 

chamber. The outer stream feeds gas, while the inner stream feeds gas loaded with particles. 

The main chamber extends for 1.5 m, corresponding to 7.8-times the diameter of the main 

chamber (0.192 m). The mass flow rates of the feeding are 9.9×10
–3

 kg s
–1

 and 38.3×10
–3

 kg s
–1

 

related to the central gas jet and the annular swirled gas jet, respectively. The swirl number, 

computed as the ratio of the axial flux of angular momentum to the axial flux of linear 

momentum, is assumed equal to 0.47 for all the following computations.  

 

The char particles migration on the slag layer is favoured by the turbulent motion induced by 

the swirl applied at the inlet of the flow domain. The turbulent structures, whose dimensions are 

on the order of the swirler diameter, possess an anisotropic behaviour and their computation is 

strongly influenced by the domain boundaries conditions. For this reason, a time-dependent 

description of their dynamics is preferred to a time-averaged approach to investigate the 

deposition mechanisms. The U-RANS method is therefore adopted [15]. 

 

The computational mesh adopted is multi-block and structured, and it is composed of about 

150000 cells. An additional volume is added at the outlet section of the gasifier, to allow a 

better reproduction of the recirculation region in a manner similar to the simulations reported in 

Apte et al. [17]. For the continuous phase, all parameters defining boundary conditions and 

thermodynamic fluid properties are chosen so as to reproduce the reference case [16]. 

Simulations were performed involving a number of particles from 10
5
 to 10

6
, a level of detail 

that allowed to obtain a clear picture of the multiphase flow behaviour responsible for char 

deposition phenomena.  

These simulations enabled to estimate the effect of swirl and tangential flow on the bulk-to-wall 

char particle deposition rate and to identify the input parameters for the detailed LES based 

models. 

 

In figure 2 (right), the particles pathlines, obtained by post-processing the computed particle 

positions for several time steps from 6 to 9 s and coloured according to the velocity magnitude 

of the tracing particles, are shown together with the contour of the gas axial velocity component 

in the midplane section. The different behaviour of the two classes of particles is clearly 

recognizable: lighter particles are drawn by the flow field after few rebounds when they firstly 

hit the walls, while heavier particles are substantially unaffected by drag, continuing to rebound 

along all the gasifier length. Different zones of the gasifier with respect to the behaviour of 

particle migration to the wall can be (at least qualitatively) identified, depending upon the 

particle diameter. The first zone, close to the inlet section, is in shadow with respect to the 

particle trajectories. The second successive zone is characterized by an intense particle 

deposition rate, mainly due to the centrifugal motion induced by the swirl flow. In the third 

region particles remain confined within a thin zone close to the walls: smaller particles remain 

substantially deposited on the walls, moving very slowly well inside the boundary layer; coarser 

particles maintain a substantial level of inertia and continue to rebound at the walls, following 

spiral-like trajectories close to the walls. Eventually, a fourth zone is identified at the end of the 

gasifier, where disturbances induced by the approaching outlet section lift the particles from the 

wall. From this picture, it is possible to conceive two idealized configurations for the detailed 

simulation of the particle behaviour in the second and third zone, as it will be illustrated in the 

next section.  
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Figure 2: Left: schematic diagram of the entrained-flow gasifier and computational domain and grid for 

the 3D RANS computations adopted at level 2 of the procedure. 

Rigth: particles pathlines in the gasifier for dp = 45 m (top) and dp = 102 m  (bottom). U magnitude 

scale (m s
–1

) refers to particle velocity, Umean Z scale (m s
–1

) refers to mean flow axial velocity. 

 

In the second step of the multilevel procedure the LES method to solve the model equations of 

the Eulerian continuous phase is adopted. This class of problem usually needs a very big 

computational power due to both the high number of computational cells required to properly 

select the cut-off threshold of the LES filter and the high number of particles to track. 

Turbophoresis effects of the fluid phase on particle motion are very sensitive to the dimension 

of the resolved turbulence scales. Therefore, to model correctly the particle-wall interaction 

phenomena, there is the need of a good resolution of the mesh size near the wall and an 

appropriate turbulence model. The one equation dynamic model for Sub Grid Scale (SGS) 

terms is used. Gravity force is not considered in the momentum source term. The gas model 

used is the perfect gas. 

 
 
Figure 3: Periodic planar channel (left) and periodic curved channel (right) configurations adopted at 

level 3 of the computational procedure; h = 0.02 m. 

 

The two configurations considered, as emerging from results of the RANS model, are a periodic 

planar channel and a periodic curved channel (figure 3). The first configuration aims at 
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characterizing an essentially parallel wall-bounded turbulent flow; the second one aims at 

characterizing a non-parallel tangential wall-bounded turbulent flow. These two configurations 

are solved by considering bounding walls with variable properties, in order to simulate the 

presence of a slag with different levels of coverage. In this work, only a very simple 

representation of the wall properties, and consequently of the particle-wall interaction, is 

considered: only the normal restitution coefficient is varied to reproduce different levels of 

normal momentum exchange during the collision of particles with the wall as due to a fully-

molten slag or a partially-molten slag, therefore having different values of elasticity, or a fully-

covered slag over which a thin layer of deposited solid particles may induce elastic behaviour. 

The gravitational term has been neglected, so the particle motion is only driven by the drag 

force. Two different clouds of 100000 particles have been considered, both with parcels made 

of one particle each. In the first cloud, particles have dp = 45 m (St = 5) while, in the second 

cloud, particles have dp = 102 m (St = 25). These clouds are the same adopted in the reference 

simulation [22]. 

  

After the establishment of the fully-developed turbulent flow, particles are simultaneously 

injected at random positions in the channel, all with zero velocity. Then each particle is tracked 

independently. Together with the fact that near walls, the mesh size required to correctly 

reproduce by the LES approach the viscous sub-layer becomes very small, of the same order of 

magnitude of the particle diameter, these are the main reasons demanding for the computational 

power available at CRESCO. 

Four different values of the coefficient of restitution were tested: ε = 0.2, ε = 0.5, ε = 0.8 and 

ε = 1. Results for these configurations are illustrated in [1] and [23]. They clearly show the 

ability of the model to catch the different dynamics of particles accumulation and segregation 

occurring near the slag layer changing the main parameters. It is recalled here that LES results 

do confirm the occurrence of a region near the wall slag layer in which particles impacting on 

the slag accumulate to an extent that depends on the system fluid-dynamics, on particles Stokes 

number and on the coefficient of restitution relevant to particle-boundary interaction. 

 
Figure 4: Left: snapshots of the particles distribution near the wall (maximum distance less than 1 mm) 

after 1200 s from injection in the planar channel flow case with coefficient of restitution  = 0.2, St = 5 

(top) and St = 25 (bottom). Right: computed distribution of particles after 80 s from injection, for either 

St = 5 or St = 25 and  = 1, together with sections of the instantaneous velocity field (values in m s
–1

). 

 

All simulations have been run on the CRESCO HPC facilities provided by the ENEA (Italy). 

The second section of the facility has been used so the computations were made on  
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Xeon Quad-Core Clovertown E5345 processors (2.33GHz, 1333MHz, 8MB L2), 16 GB RAM 

or  dual Intel Xeon Quad-Core Turbo Boost Nehalem E5530 processors (2.40GHz, 8MB L3), 

16GB RAM or dual Intel Xeon Quad-Core Turbo Boost Westmare E5620 processors 

(2.40GHz, 8MB L3), 16GB RAM. The high performamce computing demand is notable. The 

optimum number of cores established for these runs has been found to be 64 for the RANS 

level and 96 for both LES level configurations. 

For the gasifier configuration a typical RANS simulation of the particle laden flow (one-way 

coupling model between fluid and particle phases, 2 particle clouds for a total of by about 

300000 parcels tracked by the LPT algorithm) has required about 90 hours of wall time of 

parallel computing (64 cores) to compute 5 seconds of motion. 

For the planar channel configuration, a typical LES simulation of the particle laden flow (one-

way coupling model between fluid and particle phases, 8 particle clouds each of them made by 

100000 particles all tracked by the LPT algorithm) has required about 650 hours of wall time 

(that is about a month) of parallel computing (96 cores) to compute the 1200 seconds of the 

motion required to reach statistically steady state conditions.  

 

Numerical simulation results do confirm the establishment of a region near the wall slag layer, 

the dense-dispersed annular phase referred to in the Introduction, leading to the formation of the 

slag fines. Interestingly, the segregation of char particles near the wall is more evident for the 

curved channel flow geometry, a more realistic case, and is enhanced for coarser particles. 

Particle accumulation appears to take place within a relatively short time since particle 

injection. The establishment of this dense-dispersed phase is considered to be beneficial to 

carbon gasification, due to the increased mean residence time in the gasifier of char particles 

belonging to this phase. 
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