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IIT Kanpur 

 Foreword 
  

 

                                              is a leading academic institution in India with vibrant computational 

research in the field of science and engineering. The Computer Centre at IIT Kanpur currently 

hosts the HPC facility, which has enhanced the computing power from 34 TF to close to 400 TF 

in the last ten years. The HPC facility has two main clusters known as HPC 2010 and HPC 2013. 

The 372-node HPC 2010 cluster is based on Intel Xeon Quadcore processors with a total of 2944 

cores and high-speed Infiniband network, and it has a peak performance of 34.5 TF.  The 899-node 

HPC 2013 cluster is also based on Intel Xeon processors. It has 17980 cores in total, with a peak 

performance of 360 TF. On the infrastructural side, a modern data center with state-of-the-art 

precision air conditioning and fire safety features is part of the Computer Centre of IIT Kanpur. 

The HPC 2013 ranked 130 in November 2013 (Linpack rating of 282.6 TF/s), and with additional 

nodes, the ranking went up to 118 in June 2014. The number of users has been increasing steadily, 

and currently, HPC caters to over 500 users.  This has been possible due to the commitment of the 

Computer Centre staff and engineers for the smooth operation of the HPC facility. In the last year, 

the HPC group has published over 100 journal publications, graduated 19 Ph.Ds. The HPC group 

is currently operating over 23 crores of sponsored projects. This annual report highlights the work 

done by various groups across the Institute in 2017. 

Considering the capability of managing large cluster along with vibrant research groups, IIT 

Kanpur has been chosen to be the nodal center for the National Supercomputing Mission (NSM). 

This boasts the leadership of IIT Kanpur in supercomputing facility and research in the nation. The 

proposed supercomputer at IIT Kanpur under NSM will be the state-of-the-art HPC system with a 

peak performance of 1.3 petaFLOPS.  

As the head of the Computer Centre and the convener of the HPC group, we are delighted to 

see the research carried out by project investigators using the HPC system that bring laurels to the 

institute. We wish them more success ahead. 

 

Jayant K. Singh  Amey Karkare 

HPC Convener & NSM Nodal Coordinator  Head, Computer Centre 
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High Fidelity Simulations for Reacting and Non-
Reacting Aero-Propulsion Systems 

Ashoke De 
Associate Professor, Aerospace Engineering, IIT Kanpur 

 

Executive Summary:  
The Computational Propulsion Laboratory (CPL), IIT Kanpur, is primarily focused on computa-

tion-based research in the area of Fluid Dynamics and Combustion. We are involved in both development, 

and application of algorithms for fluid flow, heat and mass transfer. At CPL, we work on cutting-edge 

research using Computational Fluid Dynamics (CFD) and their application to multidisciplinary engineering 

problems starting from Mesoscopic level to programs in Space, Energy, Aero-elasticity. Applications in-

clude all regimes of steady-unsteady flows in combustion as well as in gas turbines, acoustics, turbulence 

modeling, supersonic flows, fluid-structure interaction, conjugate heat transfer and multidisciplinary fluid 

flow problems. The lab vision is to meet the challenges successfully and help to solve the problems using 

the large-scale computational power, a significant part of which is provided by the HPC facility at IIT 

Kanpur. We are involved in the simulation of the problems in areas of RANS, LES, hybrid RANS-LES, 

DNS, Lattice-Boltzmann, depending on its type and conditions. To further enhance the quality of research, 

we regularly work in collaboration with other experimental labs. Credit goes to the projects that we receive, 

which keeps our research and development at pace with the current and emerging technology of the world. 

 

The Challenges: 
The performance optimization of engineering systems that are being used today extensively is of paramount 

importance, not just regarding efficiency of these systems but also the damage that is incurred by the envi-

ronment. Further, the complex interaction of fluids with the solid structures is also a major challenge. The 

added complexity is to model the turbulence which is associated with almost all the flow configurations and 

adds a large number of time and length scales to the existing flow configuration. The complex geometries 

require efficient algorithms and essentially, large computational grids to accurately simulate the flow around 

them. These stringent requirements impose certain conditions on the size of time step for the simulations 

which imply a considerable computation time and storage. 
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Methods and Codes: 
A variety of commercial, open source and in-house codes are employed to carry out the 

simulations. Many studies involving subsonic and supersonic flows including combustion use an 

in-house FVM code, open source codes (OpenFOAM, Pencil) and ANSYS Fluent.  The post-

processing and visualization tools like POD, DMD, Tecplot, Gnuplot are primarily being used for 

data analysis. 
 

Results 

1. Effect of Leading Edge Tubercle on Aerodynamic Performance of NACA 0021 

Airfoil  
  Alok Mishra, (Ph.D student) 

 

A numerical study has been performed over unmodified NACA 0021 and modified (A2W7.5) NACA 0021 

operating at low Reynolds number using Spalart-Allmaras (SA) and k-kl-ω RANS models. The unsteady 

three dimensional (3D) simulations are performed over unmodified NACA 0021 and modified (A2W7.5) 

NACA 0021 at Re 120,000 for a range of angle of attacks. The computational grid for the airfoil is generated 

using ANSYS® ICEM-CFD. The mesh is constructed using multi-block approach. The total number of cells 

in the computational domain is roughly around 2.1 Million. The numerical simulations are carried out in an 

open-source CFD toolbox OpenFOAM. The small and medium queues, with 40 processors, of HPC2013  

have been used for simulation.  

The performances of airfoils are evaluated through the aerodynamic lift, drag, and pressure coeffi-

cients. It has been observed that there exist some advantages due to the tubercles. The maximum lift value 

is less for modified airfoil as compared to unmodified one. However, the stall nature of this airfoil is gradual. 

The simulation results depict that there is a significant downstream shift in the separation location particu-

larly at high angles like 20 degree. The result shows that for the same amount of lift at higher angles, drag 

reduces for the modified airfoil. 

  

Figure 1: Lift and drag coefficient of unmodified NACA 0021 versus AOA plotted against experimental results 
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2. Hybrid RANS-LES Models for Turbulent Separated Flow 
Gaurav Kumar (Ph.D student)  

 Hybrid models have found wide-spread applications for simulation of wall-bounded 

flows at high Reynolds numbers. Typically these models employ Reynolds-Averaged Navier-

Stokes (RANS) and Large Eddy Simulation (LES) in the near-body and off-body regions, 

respectively. Some coupling strategies between the RANS and LES regions have been proposed, 

tested and applied in the literature with varying degree of success. Linear eddy-viscosity models 

(LEVM), for the turbulent stress tensor, have been the typical modeling choice in hybrid methods. 

LEVM incorrectly predicts the anisotropy of Reynolds normal stress at the RANS-LES interface 

region. To overcome this issue, simulations employing non-linear eddy-viscosity models 

(NLEVM) have started appearing in the literature. A comparative study has been performed to 

investigate the sensitivity of these models to the choice of RANS, LES and interface switching 

criteria. Moreover, we propose a non-linear blended modeling framework for performing hybrid 

simulations. NLEVM are observed to provide a better prediction of the onset of flow separation 

for different RANS-LES coupling options. However, the accurate prediction of flow reattachment 

shows a strong dependence on the coupling strategy. It is observed that the use of a buffer region 

for the transition from RANS to LES modeling provides much better prediction and is less sensitive 

to the grid resolution. Simulations at higher Reynolds number further confirm the excellent 

performance of this model. Unsteady flow structures have been investigated in the turbulent 

separated flows to examine the effectiveness of hybrid RANS-LES models in prediction of an 

accurate instantaneous flow field. Flow over periodic hills is used as the test case for evaluation of 

the proposed methodology, primarily due to complex flow physics and the ability to test flow 

separation and re-attachment in a single simulation. 

 
 

 
Figure 2. Mean velocity streamline showing large 

recirculation region in a periodic hill simulation 

Figure 3. Instantaneous flow fields using Non-linear  

Blended SST model 

 

3. DNS of jets and study of vortex structures 
Bharat Bhatia (PhD student) 

Jets are one of the widely studied problems for controlling its evolution and mixing. The instabilities 

that develop on the free jet shear layer need to be inhibited for achieving jet stability. Further, the interaction 
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of the instabilities also need to be studied for modifying the jet mixing characteristics for resolving the 

minute structures at Kolmogorov scale; one needs to solve full Navier Stokes equation along with a high 

order scheme. Hence, direct numerical simulation (DNS) was conducted for different cases like – evolution 

of jets, the study of vortex structures and its interaction in forced jets. The number of processors that were 

used for simulation ranged from 120 to 200, in large queues of HPC. 

. 

 
 

. 

 
Figure 4. (a) Q-criterion iso-surfaces showing vortex structures of a turbulent jet, (b) Vorticity contour of high-speed 

jet, (c) Evolution of vortex structure (Q iso-surface) in a forced jet. 

4. Investigation of Supersonic Flow inside a Parabolic Contoured Nozzle in over 

expansion 
Mayank Verma (Phd student)  

The supersonic flow inside the rocket nozzle is associated with the particular types of shock 

interactions and discontinuities inside the nozzle. A detailed 3D study is performed over LEA-TOC nozzle 

to understand the nozzle flow better where the modified density-based compressible solver in OpenFOAM 

is invoked. Turbulence is modeled using k-Omega SST turbulence model for URANS and Dynamic-

Smagorinsky for LES. Two types of flow separation are captured during the simulation, i.e. Free Shock 

Separation (FSS) and Restricted Shock Separation (RSS).  

Figure 5. represents the two distinct types of separation pattern observed during the simulation of 

the supersonic flow development inside the nozzle related to different values of Nozzle Pressure Ratios 

(NPR).  As in nozzle flows, there is an asymmetric pressure distribution, which causes the lateral forces 

induced on the nozzle wall which adversely affects the performance of nozzle and creates a problem in 

controlling the rocket, sometimes resulting in the structural failure. These lateral forces are known as Side-

loads. Figure 6(a) represents the unsteady side loads obtained for NPR 11.13 (corresponding to the FSS 

regime) while Figure 6(b) represents the side loads obtained for NPR 30.18 (corresponding to the RSS 

regime). 
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5. Large Eddy Simulation of Backward Facing step and Confined Swirling Flow  
Nitish Arya (Ph.D students) 

The performance of various sub-grid scale models, namely, Dynamic Smagorinsky Model, 

Wall Adaptive Local Eddy Viscosity(WALE) Model and Dynamic WALE Model is compared for 

an incompressible flow over a backward facing step (Re=37000) and a confined swirling 

flow(Re=30000). The mean streamwise velocity profiles and mean second order statistics at 

various axial locations are validated against the experimental observations. It is observed that the 

Dynamic WALE model gives the best estimation of the reattachment length in the backward facing 

step geometry. The kinetic energy and turbulent stress profiles near the wall are in good agreement 

with the experimental observations for both the WALE model and Dynamic WALE model. The 

Dynamic WALE model gives the best results for mean fields as well as the second order statistics 

for both the geometries. 

  
Figure7. Isosurfaces of Q colored with streamwise velocity Figure 8. Mean streamwise velocity near the step 

 
Figure 5. Free Shock Separation (up) and Restricted Shock Separation (down)  flow regime 

  
Figure 6(a). Side-load data on nozzle wall at NPR11.13 Figure 6(b). Side-load data on nozzle wall atNPR30.18 
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6. Investigation of Mixing Characteristics in Strut Injectors using modal 

decomposition  
Rahul Soni (Ph.D student) 

Effect of large-scale vortical structure on mixing and spreading of shear layer is numerically inves-

tigated. Two strut configurations namely Straight & Tapered strut at two convective Mach numbers (Mc = 

1.4 & 0.37) for two jet heights (0.6 & 1mm) are investigated. Hydrogen jet is injected through a two-

dimensional slot in oncoming coflow at Mach 2. Excellent agreement between simulated and experimental 

data is witnessed, while the instantaneous data reveal the presence of various large-scale structures in the 

flow field. From the instantaneous field, it becomes apparent that both the geometries have different vortical 

breakdown locations. It is also noticed that an early onset of vortex breakdown manifests itself into the 

mixing layer thickness enhancement, effect of which is reflected in overall mixing characteristics. 

It becomes evident that the shear strength plays an important role in the near field mixing. The higher 

shear strength promotes the generation of large vortices. The analysis shows that SS-0.6 case offers highest 

mixing efficiency being dominated by relatively large-scale structures. Eigenmodes obtained through 

Proper Orthogonal Decomposition (POD) confirm the presence of dominating structures and shed light on 

the series of events involved in vortex pairing/merging and breakdown. Dynamic modal decomposition 

(DMD) also strengthens the observation made through the POD. 

The response of the bridge section undergoing vortex-induced vibration in the laminar regime is 

presented in figure 12. The mass ratio of the bridge section is m∗ = 10 and Re = 4000. The structural 

damping coefficient is set to zero. Computations are first carried out in the laminar regime. Three 

dimensional computations in the laminar regime are carried out over the entire range of lock-in. Variation 

of transverse amplitude of oscillation and  frequency ratio with Reduced velocity (U*) is shown in the figure 

13. 

 
Figure 9. Instantaneous density gradient contour for A) Mc=1.4 & B) Mc= 0.37 
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7. Investigation of Flapping Flyers using Sharp Interface Immersed Boundary based 

FSI framework  
Pradeep Kumar S (Ph.D students)  

The objective of the present work is to probe and understand the fundamental building blocks that 

constitute flexible flapping wing aerodynamics of natural flyers, mainly insects. Wing morphology and 

wing kinematics govern the unsteady aerodynamic mechanisms that operate in natural flyers. The critical 

parameters of wing morphology includes (a) parameters defining wing shape such as surface area, aspect 

ratio, taper, camber (b) parameters defining its surface features such as skin, feathers, protruding bone/ra-

chis, hairs and serration, wing corrugation (c) parameters defining morphing or its ability to flex its wing 

that provides stability and control for regular flight, for complicated maneuvers during catching prey or 

during courtship. Similarly, the critical parameters of wing kinematics include flapping frequency, forward 

velocity, the geometric angle of attack, stroke angle of attack, stroke amplitude, body angle, wing twist, 

wing venation distribution, wing mass distribution.  

From the perspective of computational models, the problem of understanding flight of flapping 

flyer is nothing but the problem of understanding fluid-structure interaction (FSI) of given geometric body. 

For numerical models, this motivation translates in to following technical challenges which needs to be 

resolved- (a) The numerical model should able to account for both aerodynamic and structural non-linearity, 

(b) Computationally effective strategies for adequate coupling between flow solver and structural model 

for determining their mutual influence on the flow-field robustly through interface proper boundary condi-

tions (c) As the model deforms or performs complex motions, the solid-fluid interface needs to be tracked 

without compromising the grid-quality at every instant (d) Efficient parallelization of the numerical code 

that can save computational costs.   

We use an in-house finite volume flow solver using sharp interface immersed boundary method 

along with finite element structural solver. Image (Fig 10) shows some preliminary results obtained from 

the developed solver.  

 
Figure 10. Flow past a 3D stationary Cylinder 
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8. Numerical Study on Flow Transition in Dual Bell Nozzle  
Raj Kumar Yadav (Ph.D student) 

A growing interest in cheaper and reliable space launch vehicle has made it very necessary 

to develop more efficient propulsion systems. A nozzle is one of the parts of propulsion system 

which turns high static pressure and temperature gas into rapidly moving gas at near ambient 

pressure. It is only optimal at one altitude, losing efficiency and wasting fuel at other altitudes. To 

make a nozzle altitude adaptive, Foster and Cowles proposed a promising concept, the dual bell 

nozzle.   

 To understand the flow physics of dual-bell nozzle, we conducted a numerical study for 

different nozzle pressure ratios (NPR). An in-house code and Ansys Fluent are used to do a 

numerical simulation on HPC.  A density-based solver used with k-omega SST turbulence model.  

To validate the solver, nozzle wall pressure profile is used for different NPRs. As observed in the 

literature, the flow transition from sea level mode to altitude mode does not occur at the design 

altitude. To delay the transition, a cooled film is injected into the base nozzle to actively control 

the flow. Further work will be done on the parametric study of film cooling. 

  

Figure 11. A Dual Bell Nozzle Figure 12. Shock pattern at sea level 

 
Figure 13. Nozzle wall pressure validation for different NPR values 
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9. Investigation of Compressible Vortex Ring: evolution and characterization  
Sajag Poudel (M.Tech)  

The study of evolution and propagation of a compressible vortex ring generated at the open 

end of shock tube for varying parameters through numerical investigation is performed. The 

pressure ratios (PRs) of 3, 7, 8, 10, 12.6, 30 and 50 is used with air as driver section gas for studying 

the vortex ring kinematics. These PRs correspond to three different jet flow regimes viz. subsonic 

(PR = 3), sonically under expanded (PR = 7 & 8) and highly under-expanded (PR = 10, 12.6, 30 

& 50). The effect of the viscous model is investigated and compared the data against the 

experimental observations which revealed that the SST k-ω based DES turbulent model replicates 

the experimental observation better than the previously published results with the laminar model. 

It is also inferred that the DES model gets back the appropriate instant of shear layer vortices 

formation as well as better quality and quantity of CRVR(s). Additionally, the formation of shear 

layer and thus multiple CRVRs behind the primary vortex ring in addition to the usual CRVRs 

ahead of the same is a unique remark in case of hydrogen. At varying parameters, the vortex ring 

characteristics: vortex ring diameter, translation velocity, ring circulation and vortex core diameter 

are compared and analyzed. Besides, the non-dimensional exit flow pressure is plotted for different 

cases to explain the phenomenon of prolonged flow expansion at the shock tube exit with higher 

driver section and the strength/number of CRVR(s) for different parameters is explained through 

impulse analysis. Finally, Proper Orthogonal Decomposition (POD) reveals the dominating 

structures (coherence) present in the flow field during the evolution of compressible vortex ring 

and sheds light into the important phenomena like vortex shedding, vortex pairing, and vortex 

tearing. Dynamic modal decomposition (DMD) reinforces the observation made through the POD. 
 

   
Figure 14. Variation of Non-
dimensional translation velocity of 
vortex ring with time 

Figure 15. Variation of vortex ring 
circulation with time for  

Figure 16. Variation of non-
dimensional exit-flow pressure with 
time 

27Murugan, T., De, S., Dora, C.L., D. Das: Numerical simulation and PIV study of compressible vortex ring evolution Shock Waves (2012) 22: 

69. https://doi.org/10.1007/s00193-011-0344-9 
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10. Soot Formation in High-Pressure Kerosene/Air Turbulent Diffusion Flame  
Sivakumar S (M.Tech)  

Soot is a byproduct of combustion. In the present study Soot formation in Kerosene diffusion flame 

at elevated pressure is investigated. Four different pressures ranging from 1 bar (Flame A) to 4.81 bar 

(Flame E) is selected for investigation. Chemical kinetics is implemented using POLIMI (Ranzi et al.) 

mechanism. The flow field is solved using modified Reynolds stress model, and steady laminar flamelet 

model (SLFM) is used to model the turbulence-chemistry interaction. The medium is assumed to be the 

non-gray and weighted sum of the gray gas model (WSGGM) is used to find the absorption coefficient of 

the participating radiative medium. Soot formation is investigated using semi-empirical (MBH) and detailed 

models (MOM). Work by Young et al. is considered for the assessment of these soot models. Moss Brookes 

Hall model (MBH) is in good agreement with the experimental results. Further studies are carried out to 

find out the optimum inlet condition for minimal soot formation. It is found that 10 % addition of H2O along 

with the oxidizer reduces the SVF by 20%. 

 

  

  
Figure 17. Temperature contour flame A Figure 18. Temperature, Mixture fraction, SVF and SVF with 10 % H2O 

in Flame A 

 

Graduated Students [2017] 

PhDs   
Name Title of the thesis 

Vivek Pandey Numerical and Experimental Studies of Gas Turbine Combustion 
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M. Tech 
Name Title of the thesis 

Mayank Verma Numerical Simulation of Supersonic Flow in Rocket Nozzles 

Rupesh K Sinha Numerical Investigation of Combustion Characteristics in Rocket Engines 

Ahilan K Numerical Study of Axial Interaction of Compressible Vortex ring with cylinder 

Jithin M Lattice Boltzmann Simulation of Flow through Expanding Channel 

 

List of Projects: 

S. No Title Funding agency Amount (Lacs) 

1. Three-dimensional transient analysis of 
side load for current and future booster 
nozzles during start-up and shut down 

Indian Space Research Organization-
IITK Space Technology Cell 

40.91 

2. CFD-CAA simulation of flow-acoustic 
coupling in a half-dump combustor 

Science and Engineering Research 
Board,  Department of Science and 
Technology, India  

11.55 

3. Control of Transition in Dual-Bell 
Nozzle using film cooling  

Indian Space Research Organization-
IITK Space Technology Cell 

25.08 

4. Off-design Engine modeling of aero 
engines  

Defense Materials Research 
Laboratory, India  

45.0 
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Finite Element Computations of Fluid Flows using 
High Performance Computing 

Sanjay Mittal 
Professor, Aerospace Engineering, IIT Kanpur 

 

Executive Summary:  
A brief review of our research activities using High performance computing facility at Indian Insti-

tute of Technology Kanpur is presented. Stabilized finite element methods are used to solve three-dimen-

sional, unsteady turbulent flows past complex bodies at various Reynolds (Re) and Mach (M) numbers. The 

stabilized finite element methods that are being used are robust, accurate and able to handle complex ge-

ometries including those that deform with time. Fluid-structure interactions in bluff body flows as well as 

aerodynamic optimization of airfoils and wings are also undertaken. 

 

The Challenges: 
We employ modern stabilized finite element methods for solving the governing equations for fluid 

flows. Some of the flow problems arise from practical applications while others add to understanding of 

certain fundamental issues in fluid mechanics. Most of the applications require large scale computing. To 

that extent, where-ever possible, in-house codes have been parallelized using MPI libraries. Scalability on 

parallel computers is demonstrated. A brief overview of our work on understanding flow past bluff bodies, 

airfoils, wings   will be presented.  Some problems associated with fluid- structure interaction will be 

discussed. Supersonic flow inside intakes and nozzles is also studied.  

 

Methods and Codes: 
A parallel in-house code based on the stabilized finite element formulation is utilized for simulating 

a large class of incompressible and compressible flow problems, including those with moving boundaries 

and interfaces. The stabilization is achieved by employing Streamline Upwind/Petrov-Galerkin (SUPG) and 

Pressure Stabilizing/Petrov-Galerkin (PSPG) methods. The linear algebraic equations resulting from finite 

element discretization are solved using a matrix-free implementation of the GMRES technique with 

preconditioners.  Message Passing Interface (MPI) libraries are utilized for  interprocessor communications 

on the distributed memory computer. 

 

 

 

 



• • • | Finite Element Computations of Fluid Flows using High Performance Computing 

 14 

Results 

1. Speedup study of in-house code on HPC 2013  
Gaurav Chopra and Mohd. Furquan (Ph.D students) 

 Table 1: Statistics (in millions) of various meshes used 

for testing speedup. 

 

Mesh Nodes Elements equations 

M1 2.1 2.1 16.9 

M2 8.5 8.4 67.4 

M3 17.1 16.8 134.6 

M4 34.1 33.6 269.1 

M5 46.8 46.2 36.9 

Figure 1: Speedup of parallel finite element code on HPC 

2013.  
 

 

The scalability is evaluated for large size problems for five finite element meshes on upto 640 cores. 

The mesh statistics are presented in table 1. The speed-up test was carried out on High Performance Com-

puter (HPC) 2013 at computer center, Indian Institute of Technology, Kanpur. Speedup (S) is calculated 

using equation 1. 

" =
$%&'()*+,-./$0&'()*+,-./

%(
											(1) 

Here nmin-procs is minimum number of processors on which the problem can be run, Tmin-procs is time taken by 

problem on nmin-procs, and Tn is the time taken by the same problem on n processors. Figure 1 shows the 

variation of S with n. The scaling performance improves as one uses a more refined mesh. Mesh M5 is the 

most refined of all meshes. The flow solution on this mesh requires solving 369.9 million equations. As 

seen from figure 1, close to linear speedup is achieved on this mesh. 
 

2. High Reynolds number flow past a circular cylinder and sphere. 
Gaurav Chopra (Ph.D student) and Ashutosh Dubey (M.Tech student) 

Studies on drag crisis in flow past a circular cylinder have great scientific and engineering signifi-

cance. Several researchers have carried out extensive research both experimentally and numerically. During 

drag crisis, the boundary layer transitions from laminar to turbulent state. The flow can be broadly divided 

based on state of boundary layer: (i) sub-critical for Re <2x105, the boundary layer is laminar until separa-

tion and, the mean coefficient of drag (CD) is almost constant with increase in Re. (ii) Critical for 2x105< 

Re < 4x 105, the laminar boundary layer separates near the shoulder of cylinder. Then the separated shear 

layer undergoes transition to turbulent state and reattaches to the surface, leading to formation of a Laminar 
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Separation Bubble (LSB). The reattached turbulent boundary layer separates further downstream. As a re-

sult, the wake is narrower and base suction pressure higher, leading to a rapid reduction in CD with increase 

in Re. (iii) Supercritical for Re < 4x105, in this regime CD increases with increase in Re.  

However, a question still remains to be answered as to whether the transition of boundary layer on 

cylinder from laminar to turbulent state and appearance of LSB is a sudden process or a gradual one in 

which flow fluctuates between these two states which results in LSB appearing intermittently. Therefore, 

in this work questions raised above are addressed by carrying out finite element method based computations 

and statistical analysis.  

Figure 2(a) shows variation of CD with Re from present simulations along with well established 

results. The figure indicates that both two- and three- dimensional simulations predict drag crisis at a lower 

range of Re compared to experimental results. Critical regime lies in the same range of Re for both two- 

and three- dimensional simulations. This indicates that the mechanism of drag crisis is mainly two-dimen-

sional, even though the flow is three-dimensional. Moreover, subcritical and supercritical regime is pre-

dicted accurately by three-dimensional simulations. Some results from Large Eddy Simulation (LES) are 

also presented in figure 2(a). Simple static Smagorinsky model is used for modeling subgrid scales in LES. 

Results indicate that LES predicts the critical regime accurately with experiments compared to earlier dis-

cussed model free simulations. However, further analysis is carried out on model free computations be-

cause, they capture most of the features that are observed in the measurements from experiments. 

After obtaining the fully developed flow, statistical analysis was carried out on span-averaged sur-

face coefficient of pressure CP (θ, t) (where 0o < θ <360o corresponds to a point on the cylinder and t repre-

sents non-dimensional time) at different Re. In this section, the statistical analysis implemented is demon-

strated briefly. CP (θ,t) signal consists two frequencies: a low frequency which represents the Karman vortex 

shedding with time period Tk and a high frequency which represents the shear layer activity with time period 

Figure 2: Flow past a cylinder: (a) variation of the mean drag coefficient with Re. Also shown are results from earlier 

studies. (b) Re=1.5x105 flow past a cylinder: space-time diagram of the rms of the fluctuations of coefficient of pressure. (c) 

Variation of intermittency factor with Re in solid line. Also shown in broken line in the span- and time-averaged drag 

coefficient. (d) Shows the close-up views of the streamlines for the span- and moving time-averaged flow at the tine instants 

t1=2.0 and t2=5.5 marked in (b).  
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Tsl. Thereafter, moving window time average is performed on CP (θ, t) with window size equal to Tk/10. 

This signal retains only the low frequency Karman vortex shedding and filters out the shear layer frequency. 

Thereafter, root mean square (rms) of fluctuations with respect to moving time averaged CP (θ, t)  is evalu-

ated. This quantity represents the fluctuations in shear layer activity corresponding to the original signal 

and its space-time diagram is shown in figure 2(b). Figure 2(d) shows partially time- and span- averaged 

streamlines at different t’s marked in figure 2(b), for Re = 1.5x105 flow. These figures reveal the co-relation 

between presence/absence of LSB with level of fluctuations. At t = t1 high fluctuations are observed at θ 

=150 in figure 2(b), correspondingly a LSB can be seen in figure 2(d). Similarly, low fluctuations are ob-

served at θ=250o and LSB is not observed in the flow. Similar observations can be made for t = t2, where 

LSB appears on both top and bottom of cylinder, corresponding to high fluctuations at θ =105o  and θ =250o. 

Moreover, high fluctuations are not continuous throughout the time as shown 

 in figure 2(b) , they appear for small instances as turbulent bursts. Therefore, fluctuations are used to cal-

culate the Intermittency factor If. The concept of intermittency is borrowed from turbulence, where it rep-

resents fraction of time flow is in turbulent state. Therefore, in this work value of If represents fraction of 

time LSB appears in the flow. Figure 2(c) presents variation of If and CD with Re. This figure clearly shows 

correlation between If and CD, in subcritical regime If=0, indicating LSB never appears in the flow. In the 

early stages of critical regime, If starts increasing and towards the end it reaches 1. This shows that LSB 

appears intermittently during the start of drag crisis and its frequency of appearance increases towards the 

end of drag crisis. Therefore, now it can be clearly established that in the initial stage of drag crisis flow 

fluctuates between laminar and turbulent states, before turning turbulent toward the end of drag crisis.  

  

Figure 3: Flow past a sphere: (a) Variation of mean drag coefficient with Re. (b) Iso-surfaces of Q criterion for several 

Re. 

 

In case of sphere, results for sub-critical regime are shown. The computations for other regimes are 

under progress. Figure 3(a) shows that CD predicted by computations is slightly lower than experimental 

measurements. However, the trend is similar i.e. the CD decreases with increase in Re.  The computations 

are able to capture the phenomenon associated with this regime. In figure 3 (b), Q iso-surface for various 

Re are shown. For Re=8x104, the shear layer vortices are observed above the shoulder of the sphere. These 
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are formed when the separated shear layer becomes unstable via the Kelvin�Helmholtz mode of instability. 

For Re=2x105, the shear layer vortices are observed very close to sphere surface. The narrowing of wake is 

also observed. This causes the reduction in CD. Further increasing the Re, the location where shear layer 

becomes unstable moves upstream and the wake becomes narrower.   

 

3. Wake transition and laminar separation bubble on flow past airfoil 
S Jawahar Sivabharathy (PhD student) 

The wake of a nominally two-dimensional airfoil becomes three-dimensional at relatively low Re. 

The primary vortices undergo undulation along the span. At a higher Re, the separated shear layer interact 

with the flow close to the upper surface of the airfoil, resulting in a transition to the turbulent state, therefore 

causing the separated boundary layer to reattach. This mechanism leads to the formation of laminar 

separation bubble. In this study, the numerical investigation for flow past an Eppler 61 airfoil placed at α = 

10o is carried out in the Reynolds number regime 500 ≤ Re ≤ 87, 000. Transition of the unsteady flow from 

a two- to three-dimensional state is studied. The formation of laminar separation bubble and its effect on 

mean aerodynamic force coefficients is also investigated. The iso-surfaces of spanwise (ωz) and streamwise 

vorticity (ωz) for various Re are shown in figure 4. The three-dimensionality associated with Re = 1285 

flow is relatively weak. With increase in Re, the observed three-dimensionality becomes stronger. For Re 

≥ 20000, the small scale structures are seen close to the leading edge of the airfoil (figure 4(e) and (f)). 

 

Figure 4: 3D Flow past an 

Eppler 61 airfoil at α = 

10o: iso-surfaces of 

spanwise (ωz = ±2) and 

streamwise vorticity (ωx = 

±2) for various Re. The iso-

surfaces are obtained when 

the instantaneous lift 

coefficient achieves its 

maximum value. The iso-

surface for streamwise 

vorticity at Re = 1285 and 

1850 is shown for ωx = 

±0.01 and ωx = ±0.5, 

respectively. 

 

The shear layer vortices plays an important role in the formation of the laminar separation bubble. 

The laminar boundary layer subjected to the adverse pressure gradient separates from the airfoil surface. 

The interaction of the shear layer vortices with the separated boundary layer leads to the formation of 

laminar separation bubble. Figure 5 shows the time-averaged lift and drag coefficients with Re. The laminar 
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separation bubble alters the pressure distribution on the upper surface of the airfoil and hence the airfoil 

experiences an abrupt jump in the mean lift and drag coefficients. 

 

 
Figure 5: Flow past an Eppler 61 airfoil: time-averaged lift and drag coefficients with Re. 

 

4. Flow past a rectangular wing at low Reynolds number 
S Jawahar Sivabharathy (Phd student) and Tarundeep Singh Gill (B.Tech) 

 

Steady flow past a untwist-rectangular finite wing of various span is numerically investigated at 

Reynolds number 500 and 750. The symmetric NACA 0012 airfoil is considered for the wing section and 

the angle of attack is varied between 0o to 12o
 
 in steps of 2o. The objective of this study is to investigate the 

performance of the wing at low Reynolds number. Figure 6(a) and (b) shows the drag polar obtained for Re 

= 500 and 750 for various span.  

 

From figure 6(a) and (b) it can be seen that at a given Re, the larger span experiences more drag 

than the smaller span. The Oswald efficiency number, e, is estimated by using the expression Cd = Cdo + 

kCl
2
 
where k = 1/(ΠeAR). The value of e for various span and Re is listed in table 1. The wing efficiency 

decreases with increase in span. For a fixed span, similar behaviour is observed when the Reynolds number 

of the flow increases. 

 

 

Figure 6: Flow past rectangular planform: drag polar for (a) Re = 500 and (b) Re = 750. 
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Table 2: Oswald efficiency number for different span 

The iso-surface of streamwise vorticity (ωx = -0.25) for Re = 750 and for different span (b = 5,7 

and 10) is shown in figure 7(a-c). The presence of wing-tip vortices can be clearly seen in wake of the wing. 

Figure 7(d) is shown for Re = 500 flow. The wing is placed at α = 4o
 
to the freestream. From the figure 7 it 

can be seen that the length of wing-tip vortices almost remains the same for all the cases. 

 

Figure 7: Flow past a 
rectangular wing at α = 4o: 
iso-surface of streamwise 
vorticity (ωx = -0.25) for Re = 
750 flow for span (a) b = 5, 
(b) b = 7, (c) b = 10. Also 
shown in (d) is iso-surface of 
streamwise vorticity (ωx = -
0.25) for Re = 500 and span 

5. Some Studies on Fluid-Structure Interaction 
 Tulsi Ram Sahu and Mohd. Furquan (Ph.D students) 

A. Flow-induced  of cylinders with/without splitter plates : 

Vortex-induced vibration (VIV) of circular and square cylinders with flexible splitter plates is 

studied at low Reynolds numbers. Effect of flexibility of an attached flexible plate on its ability to suppress 

the VIV of a circular cylinder is considered. Flexibility of the plate is found to adversely affect the reduction 

in amplitude of the VIV of the cylinder. However, use of too stiff plates leads to another kind of flow-

induced oscillation - galloping. Optimal values of plate flexibility is identified which avoids both VIV as 

well as galloping. Flow past two square cylinders with deformable splitter plates placed side-by-side is 

considered. Vibration response of the two plates is studied for different values of flexibility. Initially, the 

plates vibrate out-of-phase with each other, but eventually settle for an in-phase fully developed response. 

Large amplitude of vibrations in the fully developed response is observed when its dominant frequency is 

close to a natural frequency of the plate vibrations. 

  

Figure 8: Re=100 flow past two square cylinders with flexible splitter plates: cases showing (a) locks-in and (b)  

desynchronization. 

Re b = 5 b = 7 b = 10 
500 0.386 0.301 0.226 
750 0.381 0.295 0.222 
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Figure 9:Re=150 flow past an elastically mounted circular cylinder with flexible splitter plate: cases showing (a) vortex-

induced vibration and (b) galloping. 

 

Most of the experimental and numerical studies concerning VIV of a circular cylinder have been 

carried out at low and moderate Reynolds number (Re <30000). Recently, few experimental studies have 

been carried out for high Reynolds number O(105). 

A systematic high Reynolds number experimental/numerical investigation is expensive and chal-

lenging. For numerical simulations, massive computational resources coupled with accurate modeling ef-

forts are required. The proposed research aims to investigate VIV at high Reynolds number (Re ≈ 105-106). 

In this regime the drag experienced by the circular cylinder undergoes a sharp reduction and is known as 

drag crisis. This phenomenon occurs due to the transition of boundary layer from laminar to turbulent state. 

During the drag crisis, the Strouhal number increases and vortex shedding weakens.  

The instantaneous Q isosurface at the maximum amplitude of cylinder oscillations at Re =5.0x104, 

1.5x105 and 3.0x105 are shown in figures 10 (a), (b) and (c), respectively. Shedding of vortices occurs close 

to the cylinder at Re =5.0x104. As Reynolds number increases, the vortex shedding shifts further down-

stream of the cylinder. Narrowing of width of a wake is also observed with increasing Re. These observa-

tions are similar to that of flow past a stationary cylinder at the high Reynolds number.  

   

 

 

B. Fluid-membrane interaction: inflation of balloons and flow past sails 

A partitioned approach is applied to study the interaction of thin membrane structures with an 

incompressible Newtonian fluid. Material of the structure is assumed to follow St. Venant-Kirchhoff’s 

constitutive law. The problems considered include inflation and deflation of a balloon and the vibration of 

a sail-like structure in a fluid stream. The balloon is attached to a pipe of circular cross-section which 

supplies the fluid to inflate it. The simulation begins with a spherical balloon. Reynolds number based on 

this velocity and initial balloon diameter D, is 40. The values of flexibility and density of the membrane are 

varied. The balloons show shift from a spherical towards an elongated shape with increase in elasticity of 

the membrane. The density ratio is observed to have no bearing on the inflation rate. Deflation of balloons 

has also been studied. Uniform flow past a square piece of initially flat membrane fixed edges is studied. 

(b) 

Figure 10: Flow past an elastically mounted circular cylinder: (a) Re =5.0x104, (b) 1.5x105 and (c) 3.0x105. 

(b) (c) (a) 
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Reynolds number based on the edge length L, is 150. The unsteady forces due to vortex shedding 

excite several modes of the membrane. The limit cycle is close to the first natural mode of vibration. 

 
Figure 11: Inflation of an initially spherical balloon for Re=40: (a) a view of the surface mesh used, (b) a section of the 

inflated  balloon. Black curve represents the initial shape. 

6. Flow-Induced vibration of Bridge Section 
 Shrikanth Sharma (M.Tech student) 

Flow around bluff bodies typically separates resulting in shedding of vortices that impact the body 

with some periodicity. The fluctuating pressures around the bluff body generated by the periodic vortex 

shedding result in the fluctuations in the cross-wind force characterized by a dominant frequency described 

by the Strouhal number St =fC/U, where f is the dominate frequency component of the vortex-induced 

force; C is the front projection area of the structure cross-section per unit length; U is the oncoming flow 

velocity. The Strouhal number is a function of structural geometry and Reynolds number Re = UC/ν where 

C is the characteristic length of the structure and ν is the kinematic viscosity of the media around the 

structure. As the frequency of vortex-induced forces approaches the modal frequency of the bluff body, 

“lock-in” a range of wind velocity in which the appearance of complex wave-forms is observed emerges 

with relatively large associated response. Due to nonlinear fluid structure interactions, the vortex-induced 

vibration (VIV) exhibits limit cycle oscillations (LCOs). Although VIV response does not always result in 

catastrophic failures, it seriously impacts the fatigue life It should be noted that the focus of most studies in 

the literature has been on the VIV of circular cylinders. On the one hand, the findings reveal some 

fundamental mechanisms of VIV as the circular cylinder is an important and representative bluff body. 

While on the other hand, VIV of bridge decks, as a typical bluff body of structural engineering significance 

characterized by a significantly long after body, exhibits substantially different flow features from circular 

cylinders. It is well known that the Karman “vortex street” resulting from the flow separation is the main 

physical origin of VIV for circular cylinders. The underlying VIV mechanisms of bridge-deck-like bluff 

bodies may belong to one of the following four types, i.e., the leading-edge vortex shedding, the impinging 

leading edge vortices, the trailing-edge vortex shedding and the vortex shedding alternating between edges. 

The response of the bridge section undergoing vortex-induced vibration in the laminar regime is 

presented in figure 12. The mass ratio of the bridge section is m∗ = 10 and Re = 4000. The structural 

damping coefficient is set to zero. Computations are first carried out in the laminar regime. Three 
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dimensional computations in the laminar regime are carried out over the entire range of lock-in. Variation 

of transverse amplitude of oscillation and  frequency ratio with Reduced velocity (U*) is shown in the figure 

13. 

 

Figure 12: Flow past a bridge section: Contours of Z-Vorticity for Re=4000. 

  

Figure 13: Flow past a bridge section: (a) variation of maximum amplitude with reduced velocity and (b) Variation of 

frequency ratio  with reduced velocity 

 

 

7. Oblique vortex shedding in flow past a circular cylinder. 
 Shubhankar Shobhit and Pawan Kumar (M.Tech students)  

Oblique vortex shedding phenomenon in flow past a three dimensional circular cylinder in the pres-

ence of a sidewall has been investigated at low Reynolds numbers 50 < Re < 90. Three parameters: Reynolds 

number (Re), aspect ratio (AR) and boundary layer thickness at the axis of the cylinder has been identified 

which governs the nature of the flow. Flow has been characterized into multiple regimes for 50 < Re < 100 

and 5 < AR < 90. The effect of Reynolds number and aspect ratio on the flow has been independently 

investigated by keeping the boundary layer thickness constant at δ/D = 2. The flow structure associated 

with different regime has been studied by varying the Reynolds number and Aspect Ratio.  

Global linear stability analysis has been carried out to identify key eigenmode for Direct numerical 

simulation of flow past cylinder starting with unstable eigenmode superimposed on the steady base flow 

has been carried out to study the evolution of these modes. 

Though the genesis of the oblique shedding has often been attributed to the end wall effects, its 

effect has not been studied independently of Re. The linear relation between the oblique angle and the 

boundary layer thickness at the wall cylinder. In our work boundary conditions have been replicated while 

changing Re such that the effect of Re could be studied independently of the effect of boundary layer thick-

ness and the simulations are carried out for the flow past a wall bounded cylinder under different flow 
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conditions, characterized by three parameters: Aspect ratio, Reynolds number and boundary condition 

(boundary layer thickness at the cylinder) at wall. The three-dimensional governing equations and their 

finite element formulations are reviewed and the stabilized finite element formulation is carried out. The 

computational setup used in the simulation is described.   The results from the direct numerical simulations 

are discussed. A 2-D mesh is created initially which consist of 23700 elements. The 2-D mesh is stacked 

over one another to simulate the 3-D cylinder which is shown in Figure14. 

 

 

 

 

 

 

 

 

Figure 14:  2D mesh used for simulation consisting of 23700 elements (left); the stacking of mesh in z-direction (right) 

 

Time histories of lift coefficient which is calculated by integrating lift forces along the span has 

been used to study the flow. In order to calculate the frequency of shedding at various span wise location, 

several probes were used to record the velocity and pressure along the span. From this data frequency was 

calculated by considering two maximas in the curve. From the frequency curve, average St curve is 

calculated for a given time range. Plot of St vs. non dimensionalized span wise location for cross component 

of velocity(v velocity) has been used to identify span wise cells. The vortex shedding is characterized in 

different group based on several features observed in the flow for 50 < Re < 95 and 5 < AR < 80. The effect 

of Re and AR are studied with the help of time histories of lift coefficient, frequency analysis of the data 

from probes placed at multiple span wise location and flow visualization. The flow characteristics are 

studied and characterized based on the number of cells, oblique angle of the shedding (constant/variable) 

(steady/unsteady) and the dislocation types(ring/classical).  The characterization curve is shown in Figure 

15. 
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Figure 15: Characterization chart based on Aspect Ratio and Reynolds Number. 

 

The evolution of the flow for case of Aspect Ratio of 60 and Reynolds Number 60 was studied 

using the dynamic Strouhal Number and it supports the argument that the flow initially starts with a single 

Strouhal Number throughout the span and then the flow evolves into span wise regions of different Strouhal 

numbers. In the Figure 16, it can be seen till the time unit 1200 there is single constant Strouhal Number 

thorough out the span and later on the flow can be seen to have 3 regions of Strouhal Number along the 

span. The spikes in Strouhal Number observed on the carpet plot along the span mark the appearance of 

dislocations which can be supported by the q-iso surface  plot at the at particular time instants in Figure 16 

a and b. 

The linear stability analysis of the flow is carried out to study the evolution of the flow for a finite 

cylinder in presence of side wall, oblique shedding with cellular structure is observed even though the 

parallel modes are most dominant. This is because non-linearity increases the oblique angle as well as 

Strouhal number. It is notable that increasing the Re for fixed AR, the flow starts to develop early with the 

evolution of most dominant parallel mode. A comparison of the evolution of modes for Re = 55; 60; 70; 80 

at AR = 60 has shown in Figure 17, obtained by superimposing the mode of highest growth rate onto the 

steady flow and allowed to develop with time for respective cases. It can be seen that Mode 1 corresponding 

to highest Re evolves early as compared to cases of lower Re. Furthermore, it is found that growth rate of 

modes increases with increase in Re at constant AR as shown in Figure 18. It is observed that flow starts 

from parallel shedding and after the development of flow, vortex shedding occurs at an angle with the 

cylinder. 

 

AR 
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Figure 17: Time history of CL and CD of the evolution of Mode 1 for Re = 55; 60; 70; 80 at AR = 60. 

a b 

Figure 16: Dynamic Strouhal Number for Probes placed along the span in wake. Flow visualization at different time in-

stants showing the appearance of the dislocations matches with the spikes observed in dynamic Strouhal Number curve 
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8. Supersonic flow inside nozzles and intakes 
 Dr. VMK Kotteda and Arpit Tiwari (M.Tech student) 

Flow in a convergent-divergent nozzle is studied for pressure ratios (NPR) of 1–11 and exit-to-

throat area ratios of 1.2 to 2.0. The unsteady compressible Navier–Stokes equations along with the Spalart–

Allmaras turbulence model are solved using a stabilized finite element method in two dimensions. 

Asymmetric flow is observed at moderate NPR. The side loads due to the flow asymmetry increase with 

increases in NPR and area ratio. Various flow regimes that are possible in the entire parameter space are 

identified. The introduction of boundary layer bleeds results in steady and symmetric flow conditions at all 

NPR. Consequently, the nozzle does not experience a lateral force for any NPR. Application of bleed leads 

to a significant downstream shift in the shock location at low to moderate NPR. Compared to no-bleed, the 

nozzle experiences a loss of thrust in this regime. The thrust performance for NPR>6 is, however, unaffected 

by the bleed. The effect of nozzle geometry on the flow at various NPR is studied. Four different geometries 

with the same area ratio and nozzle length are considered. These geometries differ from each other in terms 

of the nozzle surface profile, including the discontinuity in slope of the surface. Barring some minor 

differences at low to moderate NPR, the flow is similar for all the geometries considered. 

The 2D unsteady viscous compressible numerical simulation has been carried out on Y-intake. 

Various flow regimes that are possible in the entire parameter space are identified. They are classified on 

the basis of shock structure and their location and the unsteadiness in the flow. Buzz instability is observed 

in the intake at low system mass rates for non-zero sideslip angles. 

In present work, a 3D unsteady viscous Compressible numerical simulation is carrying out on the Y-

shape duct for various sideslip angles and back pressure ratios. Sideslip causes flow instabilities in the limbs 

of Y-intake. Buzz instability may appear due to the low mass flow rate in the leeward limb as it appears in 

the 2D case. This unbalanced pressure force causes the severe problem to the airplane. 

 

 

Figure 18: Variation of growth rate with Re at AR = 60: 

a 
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Figure 19: Steady flow through the nozzle with 0.2 % bleed, AR=1.797AR=1.797, at various values of NPR.The pressure 

distribution on the upper (left) and lower (right) walls with bleed (continuous line) and without bleed (discontinuous line) 

are  shown in the last row. 

 

 
Figure 21: M∞=1.5, Re=1e5,  p_b/p_i =3.164, β=4°  flow in the Y-intake when pb/pi  is increased from 3.08 (left) and 

decreased from 3.304 (right). The Mach number (top) and vorticity (middle) are shown at t=112.5. Time histories at the 

merger section are shown in the last row. 

Figure 20: Comparison of shock location on the upper wall of the nozzle (left) and thrust coefficient (right) for the flow with 

and without bleed at AR=1.797. 
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Figure 22: M∞=1.5, Re=1e5, β=0°: flow development of 3D Y-intake. U velocity contour at the cross section Z = 0. 
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S Mittal, IUTAM Symposium on Critical flow dynamics involving moving/deformable struc-

tures with design applications, Santorini, Greece, 2018. 

5. Flow induced vibrations of a bluff body with splitter plate and on elastic support, M. Furquan, TR 

Sahu and S Mittal, IACM 19th International Conference on Finite Elements in Flow Problems 

(FEF-2017), Rome, Italy, 2017. 

6. The intermittent nature of the laminar separation bubble on a cylinder in uniform flow,G Chopra 

and S Mittal, Computers & Fluids, 142, 118-127, 2017. 

7. Numerical simulations of flow past a circular cylinder,G Chopra and S Mittal, Journal of 

Physics: Conference Series, 822(1), 012019, 2017. 

8. A new regime of multiple states in free vibration of a cylinder at low Re, Navrose and S Mittal, 

Journal of Fluids and Structures, 68, 310-321, 2017. 
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Molecular Simulations for Protein Aggregation 
Studies  

Ashwani K Thakur 
Associate Professor, Biological Sciences & Bioengineering, IIT Kanpur 

 

Executive Summary:  
Molecular Dynamics simulations are conducted to bring insight to protein aggregation pathways of 

polyglutamine related diseases such as Huntington's Disease, using the High Performance Computation 

facility at IIT Kanpur. With the help of these simulations we try to focus on factors that mediate or affect 

protein aggregation behaviour at various stages:- from the initial monomer to the critical nucleus formation 

that ultimately leads to formation of amyloid like fibrils that is observed in experimental conditions. These 

initial stages are short-lived and very difficult to study in real time; hence we deploy MD simulations to 

investigate various properties that are relevant in polyglutamine aggregation. These include monomer 

conformation & stability, interacting residues positions, mutability of residues and their overall effect on 

aggregation behaviour. Our work is intended to give insight and predict aggregate capabilities and 

morphologies that are seen in experimental conditions for several polyglutamine proteins in this disease 

context and thereby help in fabrication of drugs to cure/prevent this disease. 

The Challenges:  
The peptides/proteins that are responsible for mediating aggregation in polyglutamine class of 

diseases are ephemeral in nature and aggregate rapidly under experimental conditions. Due to this, their 

aggregation intermediates and pathways are either not known or well-studied. In this context, MD 

simulation plays a crucial role in determining key features of any aggregation prone mediator at molecular 

resolution.   

Methods and Codes:  
MD simulations are carried out using AMBER and GROMACS packages for implicit and explicit solvent 

conditions respectively. VMD is used for analytical and visualization of the trajectories obtained from the 

same.  

 

Results:  

1. Conformational stability of β-hairpin polyglutamines with single point mutation 
PolyGlutamine peptide monomer can be chosen to study the monomer transformation to 

aggregation prone β-sheet rich nucleating structure (Figure 1). Based on this fact, in a two stranded β-sheet 

model peptide (Q5PGQ5) a central Gln residue in the second strand was replaced with other amino acids:- 

Alanine(A), Isoleucine(I), Glutamate(E), Tryptophan(W) and Proline (P). Thereafter these peptide mutants 
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were simulated using AMBER software. Molecular dynamics simulation results suggest that Q5PGQ2AQ2, 

Q5PGQ2IQ2 and Q5PGQ2EQ2 adopted β-hairpin structure similar to the host peptide (Q5PGQ5) wherein 

all five of their native contacts (as shown in Figure 1b) are intact. However, these peptides sampled 

conformations that were not native-like and hence have local minimas of their native contacts below five 

contacts. Interestingly Trp containing Q5PGQ2WQ2 peptide showed more distorted structure in 

comparison to Ala, Ile and Glu containing peptides as seen by its native contact global minima residing at 

n=3, suggesting Trp is not fitting well in the PolyGln β-hairpin motif. Proline containing Q5PGQ2PQ2 

peptide was observed to be the highly unstructured among all other mutant peptides, wherein the n-value 

was observed to be 1-2 (open structure). These simulation results support the hypothesis that size (van der 

Waals volume) of amino acid plays a major role in governing the folding and aggregation of 

PolyGlutamines.  

Figure 1: a) Structure of Model peptide (Q5PGQ5). Substitution site is shown in transparent licorice representation. b) 

Backbone of model peptide with native interstrand contacts designated as d1, d2, d3, d4, d5. 

 

 
Figure 2: a) Free energy profile as a function of number of native interstrand contacts. b) General representation of 

conformation at different contact number. 
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Bioinformatics and Biomolecular Simulations 
R. Sankararamakrishnan  

Professor, Biological Sciences & Bioengineering, IIT Kanpur 

 

Executive Summary:  
Several basic biology problems are being investigated using diverse computational techniques. 

Bioinformatics sequence analysis tools, structural bioinformatics, quantum chemical calculations and 

molecular dynamics technique are some of the approached used in our studies. Three main ongoing research 

projects include protein-protein interactions in the apoptotic Bcl-2 proteins, structure-function relationship 

in aquaporin superfamily and novel non-covalent interactions in biomolecules. Our work highlighted the 

importance of hydrophilic interactions in the recognition of pro-apoptotic BH3 peptides in binding to anti-

apoptotic Bcl-2 members. We have discovered a novel subfamily in plant aquaporins and demonstrated the 

molecular mechanism in which homo- and hetero-tetramers of a specific plant aquaporin subfamily exhibit 

distinctly different transport properties. We have analyzed N-H...N type of hydrogen bonds in proteins and 

found that histidine imidazole nitrogen atoms participate in N-H...N hydrogen bonds to provide structural 

stability in proteins. Other projects include understanding alternative initiation in translation, metal-binding 

motifs in proteins and protein aggregation. 

 

The Challenges: 
Understanding the apoptotic machinery at molecular level is complex and computationally 

challenging. Programmed cell death is a very important physiological phenomenon and uncontrolled cell 

proliferation is the cause of several human cancers. Bcl-2 family of proteins has a vital role in intrinsic 

pathway of apoptosis and overexpression of Bcl-2 proteins has been reported for several human cancers. 

We are currently investigating the molecular recognition of proteins involved in apoptosis in a simpler 

model organism, Caenorhabditis elegans. This requires investigating the ternary complex formed by the 

proteins CED-9, CED-4 and EGL-1. Currently we employ molecular dynamics on the system of 

approximately 200,000 atoms to study the system at atomic level. Similarly, another important in biology 

is the communications between the cell and its outer environment. Proteins embedded in plasma membrane 

are crucial in transporting solutes and ions from inside the cell to outside and vice versa. These membrane 

proteins are largely classified into pumps, channels and transporters. As these proteins are implicated in 

several diseases, understanding the evolution and molecular mechanism of selectivity and transport of 

channels and transporters has become extremely important. These systems are also very complex with the 

proteins surrounded by membrane lipids and water. With this heterogenous environment, we are currently 

investigating the selectivity and transport mechanism of several channels and transporters such as 

aquaporins, formate/nitrite transporters and SWEET transporters. 
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Methods and Codes: 
We use mainly use GROMACS suite of software package to perform molecular dynamics simulations. To 

perform phylogenetic analysis, we use RaxML ver 8.1 (HPC_MPI version) and Bayesian Inference method 

Mr.Bayes v3.2.4. Quantum chemical calculations are performed using Gaussian 09. We also develop our 

own bioinformatics tools and databases. In-house Phyton scripts are used to analyze molecular dynamics 

trajectories. 

Results  

1. Selectivity and affinity of pro-apoptotic BH3 peptides for ant-apoptotic Bcl-2 

proteins  
Vivek Modi (Ph.D  Student) 

We investigate the protein-protein interactions among the pro- and anti-apoptotic Bcl-2 family of 
proteins. Since these proteins are highly expressed in human cancers, they are attractive targets for 
anti-cancer drugs. We have carried out comparative molecular dynamics simulations of one of the 
anti-apoptotic proteins (Mcl-1) and its complexes with six pro-apoptotic peptides. This simulation 
study highlighted the factors that are responsible for the poor affinity of Bad BH3 peptide for Mcl-
1 and A1 proteins (Figure 1). Our study showed that the helix containing the BH3 domain is de-
stabilized during the simulations. This observation is linked to the formation of homo/heterodimers 
and plasticity of the hydrophobic groove. Recently, our lab compared the dynamic features of hu-
man Bcl-2 homologs with that of C. elegans and explained the factors responsible for mammalian 
anti-apoptotic protein’s ability to bind multiple pro-apoptotic Bcl-2 partners. We have also estab-
lished relationship between a BH3 peptide’s ability to adopt stable helical structure and its high-
binding affinity for an anti-apoptotic protein. This will help in designing BH3 peptide based an-
tagonists for antiapoptotic proteins.  
  

 
Figure 1: Basic residues in proximity with each other in two complex structures formed by the anti-apoptotic proteins (A) 

Mcl-1 and (B) A1 with the pro-apoptotic Bad BH3 peptide. Proteins and the peptide are represented in cyan and orange 

colors respectively. Basic residues are shown in stick representation and the peptide residue labels are underlined.   
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2. Metal-binding motifs in proteins: Methionine versus Cysteine 
R. N. V. Krishna Deepak (Ph.D. student) and Brijesh Chandrakar (M.Tech Student) 

Among the 20 naturally occurring amino acids, methionine and cysteine have sulphur atoms. Cysteine 

sulphur is one of the most frequently foun metal-binding ligands. Methionine is found in some of the copper-

binding proteins as a metal-binding ligand. We performed quantum chemical calculations on the copper-

binding motif (His—Cys-His-Met) from seven different high-resolution crystal structures. In the case of 

Cys, both neutral (CysH) and the deprotonated form (Cys-) were considered. Model compounds methyl 

propyl sulphide, ethanethiol and ethanetholate were considered to represent Met, CysH and Cy- 

respectively. We used two different levels of theory (B3LYP and M06-2X). On average, interactions of Met 

with copper ion are stronger by 13–35 kcal/mol compared to CysH. However, interaction energy of Cys−  

with copper is one order of magnitude stronger than that of Met with copper (Figure 2). Our studies reveal 

why Met is not found as frequently as Cys in the metal-binding motifs. Our studies have implications in 

designing metal-binding motifs in proteins with varying interaction strengths.  

 
Figure 2: We calculated the interaction energies Met with copper in the copper binding motifs and compared them with 

that of Cys. Both neutral and deprotonated Cys were considered. Interaction energies of Cys- is an order of magnitude 

stronger than that of Met. 

 

3. Phylogenetic analysis of Formate/Nitrite Transporters (FNTs)  
Mishtu Mukherjee (Ph.D. Student) and Manu Vajpai (Ph.D. Student) 

Formate/Nitrate transporters (FNTs) are integral membrane proteins that are selective for monovalent 

anions. The monovalent anions formate, nitrite and hydrosulphide are the main metabolites of bacterial 

respiration during anaerobic mixed-acid fermentation. When formate is accumulated in cytoplasm, it 

become cytotoxic and these ions have to be exported to periplasm. FNTs are involved in the selective 

transport of monovalent anions across the membrane. FocA, NirC and HSC are members of FNT family 

that are specific to formate, nitrite and hydrosuphide respectively. Experimentally determined structures of 

prototype FNT members are available and they show remarkable similarity with the structures of aquaporin 

fold. FNT members have been identified in bacteria, archaea, fungi and protists. No FNT homolog has been 

found in mammals and hence FNTs are considered to be attractive drug targets. We have performed 

exhaustive sequence analysis and phylogenetic studies of FNT members.  More than 2200 FNT members 

were identified in sequence databases. Although FNTs are diverse, we found that nearly one third of all the 

positions are conserved within the transmembrane region across FNT members from bacteria, archaea and 
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eukaryotes. We have identified eight FNT subfamilies including two subfamilies with unassigned function 

(Figure 3). Taxonomic distribution and sequence conservation exhibit subfamily-specific features. Our 

analysis helped to find FNTs with unusual constriction region. We have developed a database, dbFNT 

(http://bioinfo.iitk.ac.in/dbFNT) , a database of FNT models and associated details (Figure 3). dbFNT is 

freely available for scientific community. 

 

 
Figure 3: (Left) Phylogenetic analysis of prokaryotic FNTs. Our analysis identified eight FNT subgroups. YfdC-α and YfdC-

β are the two subfamilies which are not characterized experimentally. The numbers given in the brackets are the number 

of members present in each FNT cluster. Presence of operon is indicated in the outer circle with respective color codes. 

(Right) dbFNT database showing a sample record. 

 

4. N-H····N hydrogen bonds formed by the imidazole nitrogens of two His residues in 

high-resolution protein structures 
R. N. V. Krishna Deepak (Ph.D. student) and Abhishek Iyer (M.Tech student) 

Unlike DNA double helical structure, N-H...N hydrogen bonds are relatively rare in protein structures. We 

have investiagted the N-H...N hydrogen bonds formed by the imidazole nitrogen atoms of two histidine 

residues in high-resolution protein structures. We have systematically examined 5333 high-resolution 

structures with resolution 1.8 Ǻ or better. We identified 285 His pairs in which the nitrogen atoms of the 

two imidazole rings can potentially participate in N-H..N type of hydrogen bonds. Depending upon the 

protonation state of the donor His residues, these His pairs can be further subdivided into two groups, 

namely neutral-neutral and protonated-neutral. Quantum chemical calculations were performed on 

imidazole groups participating in N-H...N hydrogen bonds and the same geometry observed in the PDB 

structures was considered for the calculations. Calculations were performed on all 285 His pairs. Average 

interaction energies between the imidazole groups are -6.45 kcal/mol for neutral-neutral and -22.5 kcal/mol 

for protonated-neutral His pairs (Figure 4). Natural bond analyses on model compounds were performed to 
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confirm the presence of hydrogen bonds. His pairs involved in N-H...N hydrogen bonds are relatively more 

buried and have low B-factor values in protein structures. Buried His pairs forming N-H...N hydrogen bonds 

can significantly contribute to the structural stability of proteins. 

 
Figure 4: The most stable His pairs from (left) protonated –neutral and (right) neutral-neutral His pair dataset. Distance 

between hydrogen and nitrogen atoms, PDB codes and the interaction energies are shown. 
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Computational Heterogeneous Catalysis  
 

Goutam Deo  
Professor, Chemical Engineering, IIT Kanpur 

 

Executive Summary:  
Our research group has been involved in exploring the heterogeneous catalysis of industrially 

important reactions such as dry reforming and cracking of methane, oxidative dehydrogenation of 

propane. The catalysts and the catalytic reactions are examined experimentally and by 

computational modelling. All of our detailed computations are performed on the High Performance 

Computing (HPC) facility of IIT Kanpur. Our approach involves identification of the active sites, 

computational modelling of the active sites and changes in catalyst surface active species structure 

on thermal treatment. Furthermore, the determination of the dominant reaction path and the 

catalytic reactivity descriptors that can predict the reactivity and selectivity of the catalysts has 

been our objective. 

The Challenges: 
Transition metals like Ni, Fe, Co, Cu, V, Cr are employed to catalyse the reactions on an industrial 

scale owing to their low prices. These metals are preferably dispersed onto the high surface area 

materials like γ-alumina, silica, titania, ceria and zirconia to effectively utilize the metal. Some of 

these catalysts are used in their oxide form and others use metal in its nascent form. We attempt to 

understand the underlying electronic properties of transitional metal catalysts governing their 

catalytic activity by our research. These investigations enable us to have more insights into the 

design of better catalysts. Our studies have indicated that a bimetallic catalytic system shows better 

catalytic activity than a monometallic system. These bimetallic catalysts undergo structural 

changes on thermal treatment and there is an influence of the support on the catalyst properties. 

These aspects are being investigated by our research group using computational tools. 

Methods and Codes: 
The electronic properties, structure, reaction intermediates and transition states are calculated using 

Density Functional Theory (DFT) using VASP and CASTEP codes. LAMMPS simulation package 

is used to do molecular dynamics simulation. The relevant catalytic structures are initially 
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modelled in Materials Studio and optimized by DFT or used in molecular dynamics study of the 

bimetallic system on exposure to high temperatures. 

 

Results  

1. Surface Electronic properties of Ni and Ni3M (M = Fe/Co/Cu) alloy catalysts 
Koustuv Ray (Ph.D. Student) 

 

The catalysts based on late transition non-noble metals such as Ni, Co, Cu and Fe metals are found 

to be active for reforming and hydrogenation reactions and the influence of their d-electrons is shown to be 

significant. Earlier studies have convincingly shown that density functional theory (DFT) calculations are 

suitable for understanding and characterizing alloy and bimetallic catalysts involving a second metal often 

as transition metals, with specific reference to the d-electrons. For instance, it was observed that a subtle 

change in the d density of states (d-DOS) around the Fermi level (EF) for the primary metal has a pronounced 

influence on the catalytic reactivity. Therefore, to understand the similar effect we have undertaken DFT 

studies on Ni and Ni3M surfaces to evaluate d-DOS based surface electronic properties. The closed packed 

surface (111) was chosen to model the Ni and Ni3M catalyst and surface-slab approach was considered for 

DFT calculations. The four surfaces were relaxed and subsequently the d projected density of states (d-

PDOS) onto the surface Ni metal atoms was calculated. Analysis of the results in Figure 1 reveals that there 

is a drop in d-DOS at the EF for Ni3Fe(111) when compared with Ni(111), and new states appear in the 

energy range of 0.5-1.0 eV. For Ni3Co(111) there is a relatively small drop of d-DOS at EF, and lesser states 

are created in the 0 to +1 eV region when compared to Ni3Fe(111). In contrast, there is a slight increase of 

d-DOS in Ni3Cu(111) at EF and almost no new states are created above EF in the 0 to +1 eV region. The 

qualitative modifications of d-DOS around EF discussed above are quantitatively examined by calculating 

two electronic properties based on d-DOS of surface Ni atoms. These are the d-band center ( ) and local 

d-DOS at EF ( ).  value is defined within the framework of the Hammer-Norskov model of the 

surface Ni atoms which gives a measure of the average energy of the occupied and unoccupied electronic 

states of the surface metal d-electrons. The calculated  value for Ni(111) and three Ni3M(111) surfaces 

is published in Applied Catalysis B: Environmental, 218, 525-537, 2017. It is observed that there exists a 

non-monotonic trend in and while moving across the elements from Fe to Cu in the Ni3M catalysts, 

where M = Fe, Co or Cu. It is understood that spatial extent of the d-orbitals of the metals towards the right 

of Ni in the periodic table would be less, and those to the left would be more. This contrasting behaviour of 

d-orbitals of the metals is clearly reflected in our results of . On the contrary, charge transfer and spin 

polarisation at EF play a strong role in causing possible changes in . As the magnetic nature among the 

second metal M varies as Fe > Co > Cu, a large spin polarisation at EF would occur depending on the 

individual metal M present on the surface of Ni3M(111). Further, the difference in the electronegativity 
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values of M and Ni also vary as Fe > Co > Cu. Both these factors strongly support the observed changes in 

for Ni3M(111) surfaces. Therefore, our findings provide information on electronic modification in 

Ni3M model catalysts which can explain the trends in catalytic activity of reforming and hydrogenation 

reactions. 

 
Figure 1.Calculated total d-density of states projected on a surface Ni atom in Ni(111) (shown in black), Ni3Fe(111) (shown 

in brown), Ni3Co(111) (shown in blue), Ni3Cu(111) (shown in green). 

 

2. Density Functional Theory Insights into the Role of Support in ODH of Propane 

Over Supported Vanadia Catalysts 
Aditya Sandupatla(National Post-Doctoral Fellow) 

Oxidative dehydrogenation (ODH) of propane on the supported vanadia catalysts is studied by 

periodic density functional theory (DFT) calculations. A monomeric VO4 species responsible for high ODH 

activity is modelled on periodic surfaces of amorphous silica, γ-alumina and anatase titania (Figure 2). The 

structure of the monomeric species was validated by comparing the calculated V=O stretch with the 

experimentally measured value. Theoretical investigation of ODH reaction using DFT over the modelled 

catalysts provided mechanistic insights into the activity trend of the supported vanadia catalysts for the 

ODH activity. Specific attention is given to understand the effect of the oxide support. Comparison of the 

rate determining step on these modelled catalysts suggested that titania is a better oxide support for this 

reaction (Figure 3). This is found to be consistent with the experimentally observed trends in the turnover 

frequency values of propane. Furthermore, it is observed that the mechanism over titania and alumina 

supported vanadia catalysts are similar and involve bridging oxygen, whereas terminal oxygen is more 

favourable for silica supported vanadia catalysts. 

FE
N
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Figure 2. Atomic models of VO4 supported over surfaces of amorphous silica, (110) γ-alumina and (101) anatase titania. 

Colour code: V(grey), Si(green), Al(pink), Ti(blue), O(red), H(white). 

 
Figure 3. Comparison of energy profiles of rate determining step of ODH of propane on supported VO4 catalysts. 

3. Hybrid Monte-Carlo and Molecular Dynamic simulations of nickel rich Ni-Fe 

alloys catalysts 
Joydeep Datta (M. Tech Student) 

 

The surface composition of Ni3Fe and Ni9Fe bimetallic alloy slabs is analysed in the temperature 

range 300-900K using molecular simulations (Figure 4). In order to speed up the computations, a hybrid 

simulation technique using both Molecular Dynamics and Monte-Carlo simulations is employed. The 

simulations are initiated with alloy slabs in FCC structure with (111) surface exposed to vacuum. It is found 

that at 700 K the Fe concentration at the surface is higher than that in the bulk. The 2D radial distribution 

functions revealed that Fe atoms tend to cluster on the surface at 700 K on Ni3Fe slabs. Further, it is found 

that above 700 K an increasing percentage of atoms have an HCP configuration; with 12% HCP particles 

at 1000 K. Ni3Fe slabs with 3.75% vacancies are also simulated using this framework, the configurations 

obtained after equilibration are found to be of higher in energy than those obtained from Ni3Fe slabs without 

any vacancy defects. The presence of vacancy defects generated faults in the crystal structure and the 

configurations thus obtained are not well equilibrated. Further studies are required to correlate the surface 

segregation of Fe atoms to the structural changes observed in Ni-Fe alloys. 
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Figure 4. Snapshots of the Ni3Fe(111)surface with slab of 1300 atoms over the 300-900K temperature range 
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Simulating the Interfacial Phenomena 
 

Jayant K Singh 
Professor, Chemical Engineering, IIT Kanpur 

 

Executive Summary:  
 

           ultiscale simulations are conducted to bring insight to several physical phenomena utilizing the High 

Performance Computation facility at IIT Kanpur. The simulations cover wide spectrum of – from quantum 

calculations to mesoscale simulations using different software as well as in-house software, MIST 

(Molecular Insight Simulation Tool). The research is mainly focused on the Interfacial behaviour of 

surfactants in presence of different nanoparticles, separation of different metal ions from aqueous phase, 

development of anti-Icing surface, CO2 and other air pollutants capture etc. Our calculations brought insight 

to the role of different nanoparticles in controlling the interfacial behaviour, several controlling factors for 

the icing such as surface roughness, presence of lubricants, ions and nanoparticles, higher removal 

efficiency of water pollutants using nanomaterials. 

 

The Challenges: 
There have several experimental and computational studies which shows anomalous behaviour of 

the surfactants at oil-water interfaces in presence of nanoparticles. The challenge in the field is to understand 

the role of nanoparticles in modulating the surface tension. Separation of metal ions, especially heavy metal 

ions, from the waste water is a huge challenge for human and aquatic life. Also, the emission of acidic gases 

such as COX, SOX, NOX etc. have largely affected earth environment, leading to the Global warming. 

Therefore the challenge is to effectively separate all these gases from effluent flue gas using appropriate 

adsorbent. So, there is a need of designing such materials as well as process which can meet these 

requirements. Similarly finding suitable nano materials for separation of heavy metal ions and organic 

pollutants from waste water is highly challenging. In designing the anti-icing surfaces, it is extremely 

important to understand nucleation phenomena at different conditions. The typical simulation timescale 

required for the nucleation studies is of the order of microseconds and  should be continuous. It requires 

large system size as well as large number of simulations to evaluate the nucleation kinetics and 

thermodynamic properties. 

   

M 
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Methods and Codes: 
Most of the molecular dynamics simulations conducted to meet the goals are carried out using 

LAMMPS simulations package. The calculations involve long range electrostatic calculations as well. 

Gromacs software was also used for some specific molecular dynamics calculations. In house Monte-Carlo 

software, MIST, is used to carry out the studies on capture of the toxic gases from the effluent flue gas. 

Gaussian software was used for electronic calculations in some studies. 

 

Results  

1. Development of forcefield and Thermal conductivity of composites  
N. Sadanandam (Ph.D Student) 

Graphene-metal nanocomposites are promising materials to address the heat dissipation problems 

in nanoscale electronic and computing devices. In this direction, we have investigated the thermal 

conductance (TC) across the gold graphene interface for various thicknesses of the graphene layer and 

temperatures using molecular dynamics (MD) simulations. The TC is found to decrease with the increase 

in graphene layer number from one to three. Further increase in the number of layers has no effect on the 

TC. The TC is also found to increase monotonously with the temperature in the range of 50 K-300 K. 

However, there is no effect of temperature on TC beyond 300 K. In order to enhance the TC value, we have 

investigated the thermal transport in defect mediated gold-graphene interface for various defect sizes and 

defect densities. TC is found to increase significantly with the increase in the vacancy defect size and density 

of defects in the graphene sheet. The TC obtained for graphene containing defects of size 2.24 Å and 3.16 

Å at 300 K is found to be 5 % and 26% higher than the TC obtained for defect free graphene. The vibrational 

density of states (VDOS) of interface forming materials shows that the defects in graphene sheet enhance 

the out-of plane low frequency vibrational modes within graphene. This process facilitates high vibrational 

coupling between the gold and graphene, and enhances the heat transfer across the interface. This 

demonstrates that the TC across the gold-graphene interface can be tuned by adjusting the defect vacancy 

size and density of the defects. 

 

 
  

Figure 1: (a), (b) and (c) are model gold-graphene simulation systems with single layer graphene, 6 layers 
graphene and graphene with defects respectively. (d) and (e) figures show the temperature profiles in gold-
graphene single layer and 6 layer graphene  
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The thermal transport properties associated with the change in thermal structure evolution of β-

Cu2Se are studied using density functional theory (DFT) and molecular dynamics (MD) simulations. 

Thermal conductivity of β-Cu2Se is calculated over a temperature range of 400-1000 K using non-

equilibrium molecular dynamics simulations. Our calculations showed that the thermal conductivity 

decreases monotonically with increasing temperature, which is in good agreement with the reported 

experimental results as well as our calculated DFT data (Figure 2a). The phonon mean free path, which is 

found to be in the range 1.2 – 1.7 Å, decreases with increasing temperature. Further, we have investigated 

the temperature dependent heat transport phenomena using phonon density of states. The phonon modes 

are found to shift towards the lower frequency numbers with increasing temperature (Figure 2b), indicating 

the low heat carrying capacity of the material, which is in agreement with the computed thermal 

conductivity. 

  
Fig 2. (a) Thermal conductivity calculated using the developed force field and DFT compared with the 
experimental results (b) Phonon density of states calculated at different temperatures to show the phonon 
frequency change with the temperature.  
 

2. Interfacial tension in presence of nanoparticles 
Parul Katiyar, (Ph.D Student) 

Nanoparticles (NPs) are used in several applications, such as sensors, drug delivery, pickering emulsions, 

enhanced oil recovery, cosmetics, food, memory and energy storage devices. Understanding behavior of 

nanoparticles in the presence of other components of the system is very important to enhance their performance 

in the desired applications. Coarse–grained molecular dynamic simulations were carried out to study the effect 

of silica nanoparticles in oil–water system in the presence of nonionic surfactants. Our study revealed that adding 

NPs have no effect on IFT if the surfactant is not adsorbed on the NPs, whereas if the surfactants adsorb on NPs 

then increasing adsorption causes an increase in the IFT. The coarse grained study however could not capture 

the experimental observed behavior due to the limitation of the coarse-grain models. Thus, we further analyzed 

the system using atomistic simulations. In particular, we probe into the effect of degree of ionization of silica 

nanoparticle on the adsorption of nonionic surfactant on NPs at oil–water interface. Our finding provides a 

molecular level explanation for the experimental observations on IFT. 
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Figure 2: Nanoparticle and surfactants assembly at the liquid-liquid interfaces (left hand pannels). Schematic 
of the adsorption of surfactants on the charged nanoparticles and the effect of pH on the interfacial tension. 

 

3. Removal of Heavy Metal ions and Organic Pollutants:  
Anitha Kommu (Ph.D Student)  & Dr Praveen Sippidi (National Post-Doctorate Fellow) 

 

We have performed molecular dynamics (MD) simulations for separation of heavy metals and 

organic pollutants from aqueous systems using novel materials such as single walled carbon nanotube 

(SWCNT), graphene, hexagonal boron nitride (BN) sheets and dendrimer grafted graphene and graphene 

oxide sheets. We have estimated the adsorption behaviour of heavy metal ions on carboxyl, hydroxyl and 

amide functionalized CNT surfaces and discuss various structural and dynamical properties of the metal 

ions in these systems. The adsorption capacity of metals ions on the CNT surface, with and without 

functionalization, increases with increasing the concentration of the metal ion in an aqueous solution. 

Subsequently, we investigated the desalination performance of nanoporous graphene (NPG) membranes for 

different pore sizes and chemical functionalization (hydroxyl (-OH), nitrogen (N) and fluorine (F)) (see 

Figure 3-center). We found that water flux and potential mean force results obtained for water molecule 

using MD simulations are also in agreement with the density functional theory (DFT) calculations. The 

NPG functionalized with N (NPG-N) shows higher salt rejection and water permeability and these 

suggested that water permeability of NPG membranes is about 4-5 orders of magnitude higher than the 

existing technologies (Figure 3-right). 

 

  
Figure 3: Adsorption of ethanol on BN slit pores from ethanol/water solution (left). Separation of ions 
from waste water using nanoporous graphene sheets (center). Comparison of salt rejection vs water 
permeability of different materials with that of NPGs (right). 
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This study shows that the NPG membrane may have a valuable role to play is a promising material 

for water purification from industrial waste. Further, we studied the preferential adsorption of ethanol-water 

mixtures in slit pores of BN and graphene sheets (see Figure 3-left). The efficacy of these nanostructures 

for the separation of ethanol-water mixtures is investigated by studying the adsorption and structural 

behaviours of ethanol-water mixtures inside the slit pores of variable widths. The selectivity of ethanol is 

found to depend on the pore-width and nature of the pore walls. The selectivity of ethanol is found to be 

highest for 9 Å pore, irrespective of the nature of the pore walls. Also, we explored the adsorption behavior 

of Pb2+ metal ion on graphene, graphene oxide and polyamidoamine (PAMAM) dendrimer grafted graphene 

surfaces. The result demonstrates that dendrimer grafted graphene surface exhibits superior adsorption 

capacity compared to other materials. 

 
Figure 4: ion complexed crown ethers with (a) 
DBCE, (b) DBCE-1PS, (c) DBCE-2PS, and (d) 
DBCE-3PS. 
 

 
 
Figure 5: Binding free energy (ΔGBind) of metal 
ions as a function of polystyrene graft length 
 

         Atomistic molecular dynamics (MD) 

simulations are performed in order to derive 

thermodynamic properties important to understand 

the extraction of gadolinium (Gd3+) and uranium 

dioxide (UO2) with dibenzo crown ether (DBCE) in 

nitrobenzene and octanol solvents. The effect of 

polystyrene graft length, on DBCE, on the binding 

behaviour of Gd3+and UO2
2+ is investigated for the 

first time. Our simulation results demonstrate that the 

binding of Gd3+ and UO2
2+ onto the oxygens of crown 

ethers is favourable for polystyrene (PS) grafted 

crown ether in the organic solvents such as octanol 

and nitrobenzene. The metal ion binding free energy 

(ΔGBinding) in different solvent environments is 

calculated using the thermodynamic integration (TI) 

method. ΔGBinding becomes more favourable in both 

solvents, NB and OCT, with an increase in the 

polystyrene monomer length. The metal ion 

transferability from an aqueous phase to an organic 

phase is estimated by calculating transfer free-energy 

calculations (ΔGTransfer). ΔGTransfer is significantly 

favourable for both Gd3+ and UO2
2+for the transfer 

from the aqueous phase to the organic phase (i.e., NB 

and OCT) via ion-complexation to DBCE with an 

increase in polystyrene length. The partition 

coefficient (log P) values for Gd3+ and UO2
2+ show a 

5-fold increase in separation capacity with 

polystyrene grafted DBCE. 
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4. Carbon capture and Storage: 
Manish Maurya & Prosun Halder (Ph.D Student), Sauryadeep Majumdar (M. Tech) 

 

GCMC simulations are performed to investigate adsorption capacity and selectivity of different carbon 

based materials to mitigate CO2 and SO2 from flue gas at post combustion conditions. Our investigation 

revealed the optimum diameter and inter-tube distance of 3D aligned DWCNT to get maximum adsorption 

capacity of different fluids. The inter-tube distance of 1 nm shows maximum excess adsorption. At low 

pressure (< 9 bar), the optimum inter-tube distance is found to be 0.5 nm. The optimum diameter of 

DWCNT is found to be 3 nm. Our investigation revealed the effect of surface charge of CNT on adsorption 

capacity of different fluids. Adding a positive charge to the carbon nanotubes causes a significant increase 

in adsorption up to 35% and decreases by up to 15% on negatively charged carbon nanotubes. Subsequently, 

CO2 separation from ternary (H2S/CO2/N2) and quaternary (H2S/SO2/CO2/N2) mixture of flue gas is investigated 

using bundles of DWCNT. This study shows that the presence of other components of flue gas adversely affect 

the adsorption capacity and selectivity of adsorbent.   

Further, for the quest of new material, we have modelled a porous carbon based material called CMK-5 to 

get the selective adsorption behaviour of carbon dioxide. To enhance adsorption capacity of this material wall of 

CMK-5 is functionalized with –OH and –COOH groups. Simulation results show that significant enhancement in 

CO2 uptake (up to 19.5%) is observed for –COOH functionalized CMK-5. This idea of surface functionalization 

is extended for graphene nanoribbons for SO2 separation from flue gas. The order of adsorption capacity 

and selectivity of the functionalized nanoribbon is found to follow the order COOH > NO2 > NH2 > CH3 > 

OH > H. Thus, our results indicate that carbon based adsorbents with different surface modifications are 

promising material for treatment of flue gas at post combustion conditions. 

 

 
Figure 6: Adsoption of CO2 on DWCNT (left) and adsoprtion of SO2 on functionalized graphene 
nanoribbons (right)  
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5. Ice Nucleation and Growth on Nanostructured Surfaces 
-- Atanu Metya (Ph.D Student) 

 

 
Figure 7: Formation of ice (green color) on textured surface with time from supercooled water (blue). 

 

Ice nucleation of a supercooled cylindrical water droplet was investigated on nanotextured surfaces 

for the Cassie–Baxter and Wenzel states using molecular dynamics simulations. The simulation results 

suggest that the ice nucleation rate is enhanced with increasing surface fraction for the Cassie–Baxter state. 

On the other hand, the nucleation rate decreases for  the Wenzel state with increasing surface fraction. 

 

In another work, we investigated the freezing behavior of supercooled water and aqueous lithium 

chloride solutions on smooth graphitic surfaces. We illustrated the role of solid surfaces in the freezing 

process of aqueous solutions as a function of mole fraction of a salt exhibiting lowering of freezing 

temperature, which is irrespective of water binding affinity to the surface (figure 8). Our molecular 

dynamics simulations showed that hydrophobic surface is a better nucleating surface when the mole fraction 

of the salt is over 5%. 

 

The heterogeneous nucleation of supercooled water is of fundamental importance in nature and industrial 

processes. The present study provide the role 

of nanoparticle (NP) loading and the 

hydrophobicity/hydrophilicity of NP on the 

heterogeneous nucleation of ice. The results 

suggest that the rate of the ice nucleation 

reduces with increasing vol% of particles at 

higher NP-water interaction strength. Based 

on our simulations, at 12.00% volume 

fraction of NP, the rate in the presence of the 

hydrophobic NPs is atleast three times faster 

than the hydrophilic Nps (Figure 9). 

 

The findings of our studies are of significance for many fields of science and engineering – from the 

interactions of liquid drops in complex fluids to the nucleation of nanofluids or salt solutions on the 

substrates – as well as for applications such as cloud seeding, cryopreservation of cells, and the survival of 

Figure 8: Dependency of the freezing temperature on the so-
lute content in the supercooled water on hydrophilic/hydro-
phobic surfaces. Snapshot of the system are shown on the 
leftside.  
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living cells. Furthermore, we believe that the current work will augment our understanding of the nucleation 

mechanism at the molecular level for surface design. 

 
Figure 9: Influence of nanoparticles on the nucleation rate of ice from supercooled water.  
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Many body atomistic simulation for 
electrochemical, photo-electrochemical 

reaction, solid state lighting and battery 
applications 

Raj Ganesh S. Pala and Sri Sivakumar 
Associate Professor, Chemical Engineering, IIT Kanpur 

 

Executive Summary:  
Many body atomistic simulation has been carried out to validate the experimental findings through 

density functional theory (DFT) simulation tool using the high performance computational (HPC) 

facility at IIT Kanpur. Our research is mainly focused on the phenomena at bulk, surface and at the interface 

between the electrode and electrolyte in electrochemical and photoelectrochemical reaction. Typical 

reactions involved are oxygen evolution reaction (OER), chlorine evolution reaction and generation of 

hydrogen through water splitting. Our work is also focused to stabilizing the non-native/metastable phase 

of the solid-state polymorph to obtain the desired property at elevated temperature and pressure for solid 

state lighting application.. 

 

The Challenges: 
Solid states materials polymorphs play an important role in tuning the desired property. To achieve 

the desired property stability of polymorph, play an important role at elevated temperature and pressure. 

The challenge in the field to stabilizing the non-native/metastable phase of polymorphs at elevated 

temperature and pressure to tune the desired property. 

Enhancing electron-hole separation is critical in many optoelectronic devices and specifically in 

photoelectrochemical systems. This process involves three coupled physicochemical events i.e. photon 

absorption, electron-hole separation and surface electrocatalysis. While heuristics for the optimization of 

photon absorption and surface electrocatalysis have been less challenging via trends in band-gap and 

“Volcano curve/Sabatier principle”, general strategies for increasing electron-hole separation has been less 

successful. In principle, based on the band-edge position of semiconductors, junctions can be formed to 

modulate electron-hole separation. The caveat behind this argument is the difficulty in forming an interface 

between two semiconductors using techniques that are relatively inexpensive. The dynamics of electron-

hole separation is demonstrated using density functional theory (DFT). 
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Methods and Codes: 
Vienna Ab-initio Simulation (VASP) package has been utilized to perform atomistic many body density 

functional theory (DFT) simulation. VESTA software was used for visualization of input and output 

geometries of the structure. Some part of study, Materials Studio (MS) from biovia and virtual nano lab 

(VNL) from Quantum wise have been used for creating input geometry for VASP package. 

 

Results 

1. Stabilization of Metastable Zircon-Type Tetragonal LaVO4   
Chandresh Kumar Rastogi (PhD, Graduated 2017) and Shilendra Kumar Sharma (Ph.D. 

student) 

Zircon-type tetragonal LaVO4 phase is a suitable host for luminescent lanthanide ions but exhibits 

poor stability and transforms to monazite-type monoclinic phase at elevated temperatures and pressures. 

Here, we have studied the effect of partial substitution of La3+ with Eu3+ ions on the phase stability of 

tetragonal LaVO4 using the temperature and pressure induced phase transformation characteristics. 

Figure 1: Species arrangement representing La−O−V angles in (a) tetragonal and (b) monoclinic phases of La1-xEuxVO4 

(x=0.25). All the graphics have been drawn by using the optimized geometries obtained from density functional theory 

simulation. 

Figure 2: Species arrangement representing La−O−V angles in (a) tetragonal and (b) monoclinic phases of La1-xEuxVO4 

(x=0.25). All the graphics have been drawn by using the optimized geometries obtained from density functional theory 

simulation 
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Experimentally measured activation energy required for the initiation of phase transformation is found to 

increase with increasing europium content and suggests dopant induced stabilization of the tetragonal phase. 

The critical pressure (Pc) and critical temperature (Tc) required for tetragonal to monoclinic phase transition 

increase with increasing Eu3+ ions concentration, values being Tc = 300, 500, and 600 °C and Pc = 2, 4, and 

6.5 GPa for compositions x = 0, 0.025, and 0.05, respectively. The simulations based on density functional 

theory (DFT) support the Pc data, and the decrease in the formation energy of tetragonal La1−xEuxVO4 (x = 

0.0625−0.375) vis-à -vis monoclinic phase suggests improvement in its stability with increasing doping 

concentration. Further, the doped Eu3+ ions act as an optical probe and the observed variation in their 

luminescent characteristics is related to the structural transformation occurring due to pressure and heat 

treatment. 

 

 

2. Engineering Semiconductor Interfaces Via Non-Native Nanostructures to 

Facilitate Electron-Hole Separation 
Sulay Saha (PhD, Graduated 2018), Maurya Gyan Prakash (Ph.D. student), Rashmi  Khan 

(Ph.D student) 

We modulate electron-hole separation at semiconductor junctions by stabilization of ‘non-native’ 

structures which are nanostructures whose discrete translational symmetry is different from that of the 

crystalline ground state. Four materials synthesis strategies involving click and colloidal chemistry are 

discussed, and these methods can be potentially generalized to design a range of isomaterial and 

heteromaterial heterojunctions. The dynamics of electron-hole separation is demonstrated using density 

functional theory (DFT) which can be experimentally studied also using electrochemical impedance and 

photoluminescence spectroscopy. 

Figure 3: Schematic illustration of band-edge position of BiVO4 [native tetragonal (T-S) and non-native monoclinic (M-S)] 

and CdSe polymorphs [native zinc-blende (ZB) and non-native (WZ)] with respect to water oxidation and reduction 

potential. The electron-hole dynamics upon illumination of light is also indicated. 
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3. Designing Coupled Quantum Dots with ZnS−CdSe Hybrid Structures for Enhancing 

Exciton Lifetime  
Debadrita Bhattacharya (PhD, Graduated 2017), Sulay Saha (PhD, Gratuated 2018) 

 

The fabrication of coupled quantum dots (CQDs) may provide an excellent platform for the 

realization of high-end optoelectronic applications as well as quantum information processing. CQDs can 

be synthesized by the well- known cation-exchange method and less explored “nano- particle fusion” 

method, in which the latter involves the coupling between constituting facets of two different semi- 

conductors. Herein, we elucidate the mechanistic formation pathway of different heterostructures with ZnS 

and CdSe quantum dots (QDs) with an emphasis on the formation of CQDs comprised of bicompartmental 

Janus structures (i.e., Janus structure consisting of two compartments with the two QDs coupled) via 

nanoparticle fusion. With the increase in the ratio of Cd/Zn from 0.9:1 → 1.3:1 → 2.5:1 → 4:1 → 12:1, we 

observe the evolution of the structure from CdZnSeS alloy → Acorn Janus → bicompartmental Janus A 

with ZnS zinc blende (ZB)−CdSe wurtzite (Wz) → bicompartmental Janus B (ZnS−CdSe-both ZB) and 

eventually to CdZnSeS alloy core−CdSe thick shell.  Further, the DFT simulations provide the heuristics 

behind the formation of certain heterostructures with strain and interfacial energies of particular facets 

dictating the morphology during coupling of Qds. 

 

Figure 4: Different kind of morphology of coupled quantum dots (CQDs) 

 

4. Thickness-dependent energetics for Pb adatoms on low-index Pb nanofilm 

surfaces: First-principles calculations 
Yong Han (collaborator),  Raj Ganesh S. Pala 

Adsorption, interaction, and diffusion of adatoms on surfaces control growth and relaxation of 

epitaxial nanostructures and nanofilms. Previous reports of key diffusion barriers for Pb diffusion on low-

index Pb surfaces are limited in scope and accuracy. Thus, we apply density functional theory (DFT) to 

calculate the adsorption and diffusion energetics for a Pb adatom on Pb(111),  Pb(100), and Pb(110) 

nanofilms with different thicknesses. We find that these quantities exhibit damped oscillatory variation with 

increasing film thickness. For Pb(111) films, energetics along the minimum energy path for Pb adatom 

diffusion between adjacent fcc and hcp sites varies significantly with film thickness, its form differing from 
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 other metal-on-metal(111) systems. For Pb(111) and Pb(100) nanofilms, diffusion barriers obtained for 

both adatom hopping and exchange mechanism differ significantly from previous DFT results. Hopping is 

favored over exchange for Pb(111), and the opposite applies for Pb(100). For Pb(110) nanofilms, Pb adatom 

hopping over an in-channel bridge is most facile, then in-channel exchange, then cross-channel exchange, 

with cross-channel hopping least favorable. We also assess lateral Pb adatom interactions, and characterize 

island nucleation during deposition on Pb(111) 

 

5. Correlating Voltage Profile to Molecular Transformations in Ramsdellite MnO2 and 

Its Implication for Polymorph Engineering of Lithium Ion Battery Cathodes  
 

The transition metal oxides are the primary choice for cathode materials in lithium ion batteries. 

These oxides occur as different polymorphs which have varied structures, stabilities and affinities for Li+ 

and consequently, it is desirable to develop heuristics for the choice of the optimal polymorph. MnO2 is the 

most extensively used cathode material for lithium ion battery and it exists in more than ten polymorphic 

forms. Among them, ϒ-MnO2, the most electrochemically active polymorph is mixture of Pyrolusite and 

Ramsdellite polymorphs. Here we have focused on the less explored Ramsdellite MnO2 (R-MnO2). Highly 

crystalline R-MnO2 has been synthesized and the experimentally obtained discharge features are compared 

with the calculations based on density functional theory followed by cluster expansion to obtain molecular 

insights into the intercalation process. R-MnO2 shows voltage fading beyond x=0.5 (in LixMnO2). 

Computational results suggest that change in Li environment from tetrahedral to octahedral beyond x=0.5 

(in LixMnO2) causes the voltage fading. This change in Li environment is also correlated with 

experimentally obtained Mn 2p, O 1s and valence band XPS spectra. The shift in the d-band center, plotted 

for valence band spectra at different lithium concentration is adduced for the migration of lithium ion from 

tetrahedral site to less favorable octahedral site beyond x=0.5. Volume expansion of about ~20% at full 

lithiation is accompanied by Jahn-Teller distortion of MnO6. Further, computations reveal a diffusional 

energy barrier to be 200 meV in the limit of dilute Li concentration (x=0.125) and 481 meV in the limit of 

dilute vacancy concentration. A structural rationale for the smaller barrier is developed. The experimental 

and computational studies provide insight into lithiation mechanism in R-MnO2 and is relevant to rationalize 

Figure 5: Surface energies γ (upper panel) and stability indices µ (lower panel) versus Pb film thickness L from our PBEsol 

calculations. (a) and (b) Pb(111), (c) and (d) Pb(100), and (e) and (f) Pb(110). The curves for fixed and relaxed films are 

indicated by different colors and symbols. 
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the high performance of intergrowth structure of ϒ-MnO2. We develop a wider implication of the study by 

correlating the voltage profile with structural changes in MnO2 polymorphs, which gives general design 

principles to make better cathodes through polymorphic engineering.   
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Structural, Dynamical and Nonlinear Vibrational 
Spectral Properties of Complex Chemical 

Systems through Classical, Quantum and Hybrid 
Quantum-Classical Simulations 

Amalendu Chandra 
Professor, Chemistry, IIT Kanpur  

Executive Summary:  
We look at structural, dynamical and nonlinear vibrational spectral properties of a variety of com-

plex chemical systems ranging from pure water to aqueous solutions of ions and biomolecules, surfaces and 

interfaces. Specifically, over past one year or so, we have investigated solvation structural and dynamical 

aspects of complex polyoxyanions in water, conformational properties of an interesting biologically rele-

vant molecule, namely gamma-amino butyric acid, in aqueous solution, enzymatic processes involving as-

partate transaminase and also interfacial properties of water confined in nano-pores. 

 

The Challenges: 
Our studies involve both ab initio and force-field simulations of large and complex chemical systems which 

require huge amount of computation. IN particular, ab initio molecular dynamics simulations calculate the 

forces and energies  on the fly through quantum electronic structure calculations and such calculations 

require several weeks of computation using multiple processors to get a trajectory of reasonable length. 

Similarly, classical or hybrid quantum-classical systems deal with very large systems, sometimes containing 

about 100,000 atoms, and hence are very expensive computationally. Our calculations of nonlinear vibra-

tional spectral properties require both method and code developments and subsequent testing and debugging 

which are also quite challenging. The HPC facility at our Institute greatly helped us in addressing all these 

challenges.  

Methods and Codes:  

Structural, spectral and dynamical investigations have been carried out using trajectories generated from 

force-field based and ab-initio molecular dynamics (FFMD and AIMD) simulations for a variety of systems. 

For FFMD simulations, GROMACS and AMBER software packages have been used. For AIMD, both 

Born-Oppenheimer (BOMD) and Car-Parrinello (CPMD) simulation techniques have been employed. 

Gaussian-09 software has been used for electronic structure calculations of isolated molecules or clusters. 
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To study catalytic processes of biomolecules, hybrid QM/MM technique combined with various enhanced 

sampling methods have been used using the CPMD/GROMOS package. 

 

Results: 

1. Effects Anisotropic Solvation Structure and Dynamics of Oxyanions and their Salts 

with Metal Ions in Water 

Sushma Yadav, (PhD Student) 

The microscopic details of how planar but complex oxyanions affect the structure and dynamics of 

surrounding water are not well understood yet. We have dealt with the theoretical investigations of the 

hydration shell structure and dynamics of planar oxyanions (nitrate, carbonate and nitrite ion) by means of 

computationally demanding, but more accurate ab initio molecular dynamics simulations. We have 

analyzed different properties of the anisotropic solvation shells around these ions through their 

deconvolution into different angular conical shells (Fig.1(a)). The radial/angular  distributions, shown in 

Fig.1, provide orientational preference of water molecules having more pronounced density in 60-90 due 

to preferable hydrogen bond interactions around the ion. The three-dimensional description of the structure 

of water around various ions is obtained through the spatial distributions shown in Fig.2. 

 
Fig.1. (a)Representation of conical shells around the oxyanion, (b) Definition of the molecular vectors and tilt angles of a 

water molecule in the ion solvation shell and (c) Radial/angular distribution functions of water position and dipole tilt angle 

in different conical shells. 
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Fig.2. Spatial distribution functions of water (oxygen: red, deuterium: yellow) around oxyanions. 

 

Calculations of vibrational stretch frequencies of OD modes in the solvation shells signify a weakening of 

hydrogen bonds in the solvation shell of the nitrate ion but an opposite behavior is found for the carbonate 

ion which is in agreement with recent experimental findings. For the nitrite ion in water, the frequency shifts 

of hydration shell OD modes reveal a rather complex behavior. The rotational, hydrogen bond relaxation 

and residence dynamics are discussed in the context of their locations in the well-known Hofmeister series.  

 

In addition to studying above aqueous systems containing a single anion, we have also investigated the ion 

pairing, preferential solvation and other structural and dynamical properties of bigger aqueous solutions of 

divalent metal nitrate salts by means of force-field based molecular dynamics (FFMD) simulations. The 

current results of ion pairing are also found to be consistent with the empirical "law of matching water 

affinities". It is found that proper modeling of these solutions requires inclusion of electronic polarization 

of the ions which is achieved in the current study through Electronic Continuum Correction (ECC) force 

fields. On exploring the dynamics in different structural environments in the solutions, we have shown that 

an increase in concentration results in decreasing the single-particle diffusivities and increasing the 

orientational relaxation times of water. The latter method of FFMD is also used for studying the passage of 

water contaminants, mainly nitrate and nitrite ions, through graphene nanopores with the help of electric-

field. 
 

 

2. Structural and Dynamical Properties of Water near Hydrophobic Surfaces and 

Confinement 

Abhijit Kayal, (PhD Student) 

Water near hydrophobic surfaces and hydrophobic confinements play major roles in many areas of 

chemistry, biology and material sciences. Here, we have investigated different structural and dynamical 

properties of water near hydrophobic confinement and surfaces by means of classical and ab initio 

simulation methods. In particular, we looked at the structural and dynamical behavior of water near 
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graphene and hexagonal boron nitride (h-BN) sheets. From Born-Oppenheimer molecular dynamics 

simulations, it was shown that two types of water molecules present near the surface of h-BN sheet 

depending upon the position of water molecule.  

  

Fig.3. (I) Schematic representation of the tilt angle of the O-H bond vectors with respect to the axis perpendicular to the 

BN sheet. (II) Distribution of the tilt angle of the O-H bond vectors of waters with respect to the axis perpendicular to 

the BN sheet. (III) Distribution of the tilt angle of the O-H bond vectors of waters in the cylindrical regions on the B and 

N atoms with respect to the axis perpendicular to the BN sheet.  

 

In another work, we have studied the behavior of water molecules confined in nanobubbles at the hybrid 

interfaces of graphene and diamond surfaces at varying temperatures. We have performed molecular 

dynamics simulations to investigate different spectral and dynamical properties of the confined water. The 

confined water molecules are characterized through calculations of their vibrational spectral properties. The 

spectral features are found to change significantly with variation of temperature and density of the 

nanobubbles. The calculated vibrational spectral results are found to be in reasonably good agreement with 

available experiments.  

 
Fig.4. Snapshot of a representative system from the simulation. The system is for 298 K. 

 

(III) 
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3. Resolving the controversy over the preferred conformation of gamma-

aminobutyric acid (GABA) in water:  

Bikramjit Sharma, (PhD Student) 

GABA is a primary neurotransmitter and it binds to different receptor sites in different conformations in 

order to perform its activity. Thus, the knowledge of conformation of GABA in water is very important. 

However, it remains a matter of debate in the physical chemistry community. Some studies have found that 

the closed form of GABA (Fig.5) is more stable in water while some other studies found the open form 

(Fig.5) to be more stable in water.  

 
Figure 5. Representative structure of closed and open forms of GABA 

 

In order to resolve this controversy, we have carried out ab initio molecular dynamics (AIMD) simulations 

of GABA in water and also extracted the relative stabilities of different conformations of GABA in water 

by employing a biased molecular dynamics simulation technique; namely the metadynamics. It is important 

to take on this problem using such methods which calculate the potential energy very accurately. Since, 

AIMD calculated the potential at pure quantum chemical level, it becomes an automatic choice. However, 

heavy computational price is to be paid for such calculations and high performance computing set up is 

mandatory for this work. From our metadynamics simulation, we have calculated the free energy profile 

for interconversion between different conformations of GABA in water (Fig.6).  We found six different 

open forms and only one closed form of GABA in water. Some of the open forms are found to be more 

stable while some of them are found to be less stable than the closed form. This explains why some earlier 

studies found the open form while some other studies found the closed form of GABA to be more stable in 

water. 

 
Figure 6. Schematic representation of free energy profile for conversion of different conformations. 

 

We have also calculated the dipole moment distribution of GABA in water from normal AIMD simulations. 

Fig. shows the dipole moment distributions of GABA for different simulation systems.  It is found that the 

dipole moment of closed form of GABA is approximately 18.0 Debye. However, we found more than one 
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peak in the dipole moment distribution for the open conformation. Earlier experiment suggested only one 

dipole moment value that is one conformation (the open form) of GABA in water. However, the dipole 

moment value reported from experiments is a weighted average from different conformations. Our 

simulations resolve the experimental results further to show dipole moment values corresponding to 

different conformations. 

 

4. Catalytic Action of Serine Hydroxymethyltransferase Enzyme 

 Kumari Soniya, (Ph. D. student) 

 

  

Fig.7. "Closed" (left, in blue) and "open" (right, in red) conformation of SHMT from simulation superimposed with 

"open" conformation of SHMT from X-ray strructure (in green). 

 
Serine hydroxymethyltransferase (SHMT) belongs to fold type I family of PLP  dependant enzymes. In 

lower organisms it exists as a homodimer and in higher organisms  it  is  present  as   homotetramer. Dimer 

is  the  least requirement for SHMT to show its catalytic activity. It is involved in reversible  conversion of 

serine to  glycine and  tetrahydrofolate to 5,10-methelene tetrahydrofolate, via a process similar to retro-

aldol cleavage.  THF is  in turn involved in synthesis  of various important biomolecules like purines, 

methionine etc., involved in  cell growth. Hence SHMT is looked upon  at as a chemotherapic target.  Like 

AAT it also is a multidomain enzyme and shows  "open" to "close" type of transition upon binding of PLP 

and substrate.  

 
Catalytic action of SHMT is studied stepwise as follows: 

Ø Conformational analysis of enzyme upon ligand binding using force field based molecular 

dynamics methods in AMBER package. 

Ø Preferred tautomeric form of internal and external aldimines at active site of enzyme using hybrid 

QM/MM methods and metadynamics in CPMD/GROMOS package. 

Ø Study of mechanism of transiminaton for conversion of internal aldimine to external 
aldimine by using various enhanced sampling techniques (TASS, well-tempered 
metadynamics). 
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Fig.8. Free energy landscape of ketoenamine and enolimine forms of SHMT in internal aldimine of SHMT (left) and 

schematic representation of tautomerism in internal aldmine of  SHMT (right). 

 
This work would be further extended to study the action of potent SHMT inhibitors using hybrid QM/MM 

methods combined with enhanced sampling methods. 

 
 

5. Effects of tert-Butyl Alcohol on Water at the Liquid–Vapor Interface 

Banshi Das, (PhD Student) 

Alcohols with long alkyl chains such as butanol, pentanol, and their higher homologs are adsorbed at air-

water interfaces or hydrophobic aqueous interfaces because of their amphiphilic character and play 

important roles in the areas of atmospheric, chemical, and biological sciences. Among aqueous solutions of 

hydrophobic alcohols, tert-butyl alcohol (TBA) reserves an important position as its solubility in water is 

less than lower homologs and the surface entropy shows only one maximum with the increasing surface 

concentration of the alcohol because of the sphericity of the molecule unlike other alcohols like n-propanol 

and n-butanol which exhibit two maxima for the surface entropy with increase of concentration. Therefore, 

a molecular level study of the interfacial water around the solvation shell of TBA can provide important 

information regarding its roles in environmental and biological systems. An efficient experimental method 

to selectively study aqueous interfaces is the vibrational sum frequency generation (VSFG) spectroscopy. 

The experimental VSFG spectrum of the isotopically diluted pure air−water interface has mainly two 

regions: a broad negative peak at around 3400 cm−1 corresponding to the hydrogen-bonded O−H bonds 

which are oriented toward the bulk and a sharp positive peak at around 3710 cm−1 corresponding to the 

dangling O−H bonds which are oriented toward the vapor. To calculate VSFG spectra, we have employed 

the mixed quantum/classical approach where the vibration of the chromophore of interest is treated quantum 

mechanically as a single excitation of vibrational state and all other degrees of freedom are treated as a 

classical bath. Our study reveals that the TBA molecules at the chosen concentration occupy the surface 

layer resulting in disappearance of the OH peak at high frequency corresponding to dangling OH bonds of 

water which are present in case of pure air-water interface. Furthermore, the hydrogen-bonded peak in the 

VSFG spectrum is found to be red-shifted (by ∼100 cm−1) in the current work. To investigate the origin of 

this red shift of hydrogen-bonded OH frequencies at liquid-vapor interface of the aqueous TBA solution 
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considered here, we have divided the water molecules according to the number of interfacial TBA molecules 

present in the solvation shell of that water. It is found that the red shift in the VSFG spectrum is a result of 

cancellation of VSFG responses from up (pointing toward vapor) and down (pointing toward bulk water) 

oriented O−H bonds of water. The local structural environment around different kinds of water and the 

effects of TBA on the same are explored in detail. It is found that the oxygen of TBA provides an 

environment to the interfacial water which is structurally similar to that of the oxygen of water in the bulk.  

 

  

  

Fig.9. (a) Definitions of the divisions into regions (I-V), (b) Snapshot of our simulation, different color corresponding to 

different regions (I-V), (c) VSFG spectra for pure water-vapor interface and water-vapor interface containing TBA, (d) 

Division of the total spectra into the contributions from different regions (I-V). 
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Sushma Yadav “Anisotropic solvation structure and dynamics of oxyanions in aqueous solutions 

and their passage through nanopores: The cases of nitrate, nitrite and carbonate 

ions and their salts with metal ions in water” 
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Bikramjit Sharma “AB Initio molecular dynamics investigation of polyoxyanions and a gamma-

amino acid in water”  
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Growth of Semiconductor Nanostructures 
M. Ranganathan 

Associate Professor, Chemistry, IIT Kanpur  

 

Executive Summary:  
Heteroepitaxial semiconductor thin films such as Germanium on Silicon and Aluminium Gallium 

Nitride on Gallium Nitride are an essential component of modern electronic and opto-electronic devices. 

These films have fundamental morphological instabilities which can be exploited to self-assemble 

nanostructures, such as quantum dots, wires, etc. The fundamental understanding of the physics of growth 

of these systems will yield strategies for controlled nanostructure growth. Research in our group has 

focussed on the early stages of heteroepitaxial growth in Silicon-Germanium systems in Molecular Beam 

Epitaxy conditions. Additionally, we have worked on developing methods for studying growth of Gallium 

Nitride thin films. We have focussed on the morphological features such as island size and shape 

distribution and their variation with temperature and growth fluxes. Ab-initio calculations of adatom 

adsorption, diffusion and surface stress are carried out to give further insights into surface morphological 

features. 

 

The Challenges: 
The fundamental challenge in modelling heteroepitaxial Germanium on Silicon systems has to do with the 

strain due to the lattice mismatch. This is a long range effect that is small during the very early stages of 

growth but becomes significant when the film is a few layers thick. The challenge is to develop reasonable 

atomistic models for elastic effects that can be implemented efficiently in simulations.  

For the Gallium Nitride system, the fundamental challenge is to identify the different surface processes 

relevant for growth in order to develop a suitable simulation model.  

Methods and Codes:  
We use lattice-based kinetic Monte Carlo simulation and Ab-initio density functonal theory based quantum 

mechanical calculations. The kinetic Monte Carlo codes are developed in-house whereas Quantum 

Espresso is used for the quantum mechanical calculations.  

Results  

1. Kinetic Monte Carlo simulations of heteroepitaxial growth of Germanium on 

Silicon (001) 
Paramita Ghosh  (Ph.D Student) 
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We have developed an in-house lattice-based kinetic Monte Carlo(kMC) simulation program for 

studying heteroepitaxial growth of Germanium on Si(001) grown in a molecular beam epitaxy unit. Our 

model has two distinctive features that make it more attractive than most other kMC simulations. The first 

is the explicit treatment of elastic strain through an atomistic model of elasticity based on harmonic springs. 

The second feature is the treatment of the 2X1 reconstruction of the Si(001) surface. These features allow 

us to directly compare our simulations with experimental results. In particular, our model was able to 

describe the shapes of submonolayer islands and their size distribution. On extending the simulations to 

thicker films (5-10 ML), we were able to qualitatively reproduce the phenomenon of Stranski-Krastanov 

growth which is driven by nucleation of 3-D islands or quantum dots. We were able to reproduce a transition 

in the island size distribution from bimodal at lower coverage to unimodal at higher coverage. This is the 

first model that has been able to describe both submonolayer growth and growth of films from 5-10 ML.  

We have recently extended these calculations to higher temperatures and longer times and identified crucial 

regimes of quasi-equilibrium and irreversible growth.  

The entire program for simulation of the model is written by us. The elastic computation involves 

energy minimization of a network of harmonic springs, which make the computation expensive. We 

parallelized several parts of our program and were able to carry out simulations of nanoscale features in the 

time-scale of seconds. 

 
Figure 17: Snapshots(top view) showing simulation results for Ge on Si(001) growth at different stages. Si atoms are shown 

in red and the Ge atoms in different shades from white to blue with increasing distance from the interface. The different 

coverages in the snapshots are(a)0.1 ML (b)1.3ML (c)4.0 ML (d)7.0 ML, and (e) Side-view at 7.0ML coverage showing 

islands referred to as quantum dots. 

 

2. Adsorption and Growth on GaN surfaces: 
Manjusha Chugh (Ph.D Student) 

We studied the interaction between adatoms on the polar GaN(0001) surface using ab-initio 

calculations based on density functional theory. The interaction of adatoms with their periodic images 

causes the adsorption energy to strongly depend on system size, and does not converge even for fairly large 

system sizes. We show that lattice distortions are a major cause of this trend. Through this study we 

identified novel reconstructions of GaN(0001) that lowered the energy of clean GaN(0001) with respect to 

the conventionally used surface. The adsorption energy calculated using these reconstructed surfaces 

showed convergent behavior. The interaction energy between two adatoms as a function of their relative 

positions on the surface using the reconstructed surface, showed regular behavior. We also calculated the 

barriers for surface hopping of adatoms, and found that they were significantly modified in the presence of 
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other adatoms. In particular, we found that the N adatom has a low barrier to move to an adjoining site on 

the other side of a neighboring Ga adatom. This offers a possible explanation for the smooth surface 

morphology of the growing GaN crystal in moderately Ga-rich conditions. We tested this idea in our kMC 

simulations of homoepitaxial GaN growth and found that this reduced barrier for nitrogen motion can lead 

to smooth surface growth. Our kMC results for submonolayer growth show several features consistent with 

experiments and give us great confidence in our modeling. In future work, we plan to extend the kMC 

simulations to other surfaces of GaN(0001) which have not been explored widely for technological 

applications.  

 

 

Fig 3: Adsorption energy of Ga atoms on GaN(0001) as a function of system size. The 

reconstruction observed for each size is shown  

 

3.  Ab-initio calculations of Surface Stress 
Razia (Ph.D Student), Arnab Chakraborty (MSc) 

Surface Stress is a feature of several crystal surfaces and its origin can be ascribed to the unsaturated 

coordination of atoms on the surface compared to the bulk. However, the calculation of surface stress from 

ab-initio calculations is extremely challenging due to the subtle changes that take place when a surface is 

created from the bulk. In this project, we are working on calculation of surface stress in on GaN(0001) 

surface to justify some of the observed reconstructions. There are several steps in this calculation and these 

are being implemented on the Si(001) surface where surface reconstructions are well-known.  
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PhDs   
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Paramita Ghosh Epitaxial growth of silicon and germanium on 2X1 reconstructed silicon 
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Manjusha Chugh Adsorbate interactions on GaN(0001) surface and their effects on growing 

surface morphologies: A density functional theory and kinetic Monte 
Carlo based study 
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Arnab Chakraborty Surface Stress and Surface Reconstructions: An Ab-initio study on the 
Si(001) surface 
 

 

List of Projects: 
Sl. No Title Funding agency Amount 

(Lacs) 
1 Computational study of the role of elastic 

anisotropy, surface stress and 
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coherent heteroepitaxial growth 

Science and Engineering Board, 
Govt of India 
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2 Computational analysis of stress states in 
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Extramural Research and Industrial 
Property Rights, DRDO, Govt of 
India 

42.36 
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High Performance Computing of Complex 
Chemical Reactions 

 

 

 

 

Nishant N. Nair 
Associate Professor, Chemistry, IIT Kanpur 

 

Executive Summary:  
High performance computing facility at IIT Kanpur is used by my group to simulate complex 

chemical reactions in condensed matter systems. We develop novel techniques and parallel programs to 

efficiently and accurately model “long-time” reactions within affordable computational time. One of our 

main interests is in modelling reactions catalysed by bacterial enzymes in order to understand the molecular 

origin of antimicrobial resistance and to develop new drugs and inhibitors against bacteria. Industrially 

relevant chemical reactions such as the Wacker process and reactions catalysed by zeolites are also studied. 

We give importance to the prediction of molecular-level details of chemical reactions and their kinetics.  

 

The Challenges: 
Computational modelling of chemical reactions in condensed matter system is quite complicated 

due to various reasons. First, a reliable, yet a computationally affordable model to compute nuclear forces 

and energy is required. Further, predicting chemical transformations that takes place in long-time has to be 

modelled within short affordable time. To overcome the former problem, we often use quantum mechanics, 

or a combination of quantum mechanics and molecular mechanics. By using molecular dynamics 

simulations combined with rare-event sampling approaches, we try to bridge the time-scale bottleneck. 

Enzyme models often contains 105-106 particles, and nearly 1 million time-steps of integration is required 

to model the processes of our interest. Thus we employ massively parallel programs that can scale down 

the computational time on high performance clusters. On average QM/MM calculations of an enzyme 

system takes nearly 10 seconds per time-step of integration when hundreds of processors are employed in 

parallel. For one simulation, which requires million time steps, the computational time requirement is nearly 

4 months of continuous computation. Several such computations with different initial conditions are 

required to make valuable conclusions. Thus a high performance computing facility as in IIT Kanpur is 

inevitable for these research works. We have now developed algorithms that can speed up these 

computations and make use of several thousands of processors in parallel mode. 
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Methods and Codes: 
 

We employ quantum mechanics, molecular mechanics and a combination of both to perform molecular 

dynamics simulations of chemical reactions. We co-develop popular electronic structure programs such as 

CPMD and BigDFT. We use rare-event sampling methods such as metadynamics and umbrella sampling. 

We have developed rare-event sampling methods such as “Well-Sliced Metadynamcis” and “Temperature-

Accelerated Sliced Sampling” to speed up the computations and improve the accuracy. We have now 

developed a new efficient module for computing exact exchange energy with plane-wave basis set in the 

CPMD code. 

 

Results  

1. New Molecular Simulation Method for Efficient Exploration of Free Energy 

Landscapes of Chemical Reactions:  
Shalini Awasthi (Ph.D) 

Exploration of free energy surfaces of chemical reactions is inevitable to computationally predict 

reaction pathways, reaction mechanism and kinetics. However, computing free energy surfaces of reactions 

in complex systems, especially condensed matter system (for e.g. enzymatic reactions) is very challenging. 

Efficient exploration of free energy landscape is commonly achieved by enhancing the sampling of certain 

coordinates of the system that contribute vitally to the  chemical reaction. For complex systems, number of 

such coordinates which need to be sampled becomes very large. Most of the existing enhanced sampling 

techniques, however, could only handle up to two coordinates. This severely limits the predictive power of 

the computations. In the last two years, our group has introduced two powerful techniques which aid in 

overcoming these limitations. Our technique called "Temperature-Accelerated Sliced Sampling (TASS)" 

was successfully demonstrated to model complex enzymatic reactions, where up to 8 coordinates were 

sampled concurrently. Further, our technique can also allow sampling of unbound and flat free energy 

basins in an efficient manner, where the other popular techniques such as metadynamics, are known to be 

highly inefficient. Our work is thus an important contribution in the area of modelling complex reaction 
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processes using molecular dynamics simulations. [Refs: J. Chem. Phys. 146, 094108 (2017); J. Comput. 

Chem. 37, 1413-1424 (2016).] 

2. Molecular Mechanism of Antibiotic Resistance due to Beta-Lactamases. 
        Chandan Kumar Das (Ph.D); Anji Babu Kapakalya (Ph.D); Shivani Verma (Ph.D);  

Abhinav Gupa (Ph.D); 

 

Bacterial enzymes called Beta-lactamases can efficiently hydrolyse most of the commonly used 

beta-lactam drugs, and thus beta-lactamase carrying bacteria are posing a major concern to the public 

healthcare today. The antibiotic resistance originated from different classes (class-A, B, C and D) of beta-

lactamases is yet to be understood at the molecular level. In particular, it is vital to understand, how these 

enzymes can efficiently hydrolyze beta-lactam drugs. My group has been investigating the hydrolysis 

mechanisms at the molecular level for various classes of beta-lactamases using extensive molecular 

simulations coupled with state of the art molecular dynamics methods, in particular, employing the 

aforementioned techniques developed in their group. My group has identified the basic residues that are 

involved in different stages of hydrolysis of beta-lactam drugs by Class-C beta-lactamase (Refs: J. Am. 

Chem. Soc.  135,14679-14690 (2013); J. Phys. Chem. B   120, 2681-2690 (2016); J. Phys. Chem. B   116, 

4741-4753 (2012).). Our works probed the roles of various active site residues in catalyzing the reaction 

and we established a new mechanism. Similar studies were also conducted by us to understand New Delhi 

metallo beta-lactamase (NDM-1) catalyzed drug hydrolysis.  (Refs: ACS Catalysis   5, 2577-2586 (2015); 

Physical Chemistry Chemical Physics 19, 13111-13121 (2017) ). We proposed a new mechanism for the 

hydrolysis reactions, and the roles of substrate and active site residues were established. Such exhaustive 

mechanistic and kinetic studies of beta-lactam catalysis using reliable and advanced computational methods 

are very rare in the literature. The molecular details and the explored free energy landscapes of these 

reactions are of great importance in designing new drugs and inhibitors. 

 
 

3. Design of Novel High-performance Polymers with Improved Thermo-oxidative 

Properties: 
Sooraj K. (Ph.D) 

 
High-performance polymers (HPPs) have immense applications in the aerospace and 
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electronics industries owing to their high thermal stability and resistance to various environmental 

conditions. The growing requisite for materials having high thermo-oxidative stability makes the 

design and development of these materials an active area of research. Improving the high-

temperature long-term thermo-oxidative stability of high-performance polymers is therefore 

crucial for their industrial applications, in particular for aerospace applications. For designing 

novel polymers with improved thermo-oxidative stability, it is vital to identify the most reactive 

moiety of the polymer toward oxidation. In this project, which is a collaboration with the Boeing 

Company Ltd.,  thermo-oxidative degradation of a number of HPPs are investigated using 

mechanistic quantum chemical studies and microkinetic simulations. Our studies have led to 

propose ways to improve their thermo-oxidative stabilities of industrially important HFPE and 

PMR-15 polymers. (Refs: J. Phys. Chem. B. 120, 4852-4860 (2016); Macromol. Theory and Sim. 

24, 344-351 (2015). )  We also developed an exhaustive database for oxidation pathways of HPPs 

and a new software that allows industries like the Boeing Company to quickly obtain a first hand 

information about the thermo-oxidative behavior of a new polymer before synthesizing them in 

their laboratory. (Ref: Mol. Simul. 44, 582-589 (2018) ) 

 
 

 

4. Mechanism of the Wacker Oxidation of Olefins 
V. Imandi (Ph.D) ;Sooraj K. (Ph.D) 

Through extensive molecular dynamics simulations, we have established a novel mechanism of the 

Wacker process, which is a classic graduate text book example of dual-metal catalysis. We proposed a 

mechanism that unifies various mechanistic proposals in the literature, and explained the experimentally 

observed kinetics and rate law. Most importantly, we proved that oxidative addition of water occurs through 

an outer-sphere mechanism. We also showed that the absence of isotope-scrambling observed during the 

Wacker oxidation reaction of deuteriated allyl-alcohol, which is considered as the critical experimental 

evidence supporting the usually believed inner sphere mechanism, is in fact in line with the outer-sphere 

mechanism and not vice versa. (Refs: Chem. Eur. J.  19,4724-4731 (2013); J. Phys. Chem. B.   36, 1562-

1567 (2015); Chemical Physics Letters 660, 111-116 (2016);  J. Phys. Chem. B.  115, 2312-2321 (2011)) . 

Our works in this field are important contributions to the fundamental understanding of dual-metal catalysis 

in water. 
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5. Mechanism of GTPase Action: 
GTP hydrolysis reactions by GTPases are of great significance due to their central role in biological 

regulations. For the extensively studied Ras and EF-Tu GTPases a conserved glutamine or a histidine is 

identified to be crucial for GTP hydrolysis. A group of GTPases termed HAS (Hydrophobic Amino-acid 

Substituted)-GTPases, naturally possess a hydrophobic residue in place of Gln/His and yet efficiently 

hydrolyze GTP. Despite  structural and biochemical studies on HAS-GTPases, their catalytic mechanism is 

not well understood. For most of these HAS-GTPases, catalytically crucial residues are not identified by 

experimental studies. We employed advanced simulation techniques to elucidate the GTP hydrolysis 

mechanism in HAS-GTPases. Our study is focused on two HAS-GTPases, namely Era and FeoB. These 

are bacterial HAS GTPases, which are potential targets for the development of antimicrobial drugs. Our 

study showed that these enzymes can use a "water molecule assisted substrate catalyzed" mechanism or a 

base catalyzed mechanism assisted by a proton-relay depending on the active site conformations. These 

simulations could aid to corroborate the experimental mutational studies by Prof. Balaji Prakash's group 

(CSIR-CFTRI & IIT Kanpur). Understanding of catalytic mechanism derived from their study is highly 

significant from a biological as well as therapeutic perspective. (Ref: ACS Catalysis (Letter) 7 902-906 

(2017) ). 

 
 



• • • | High Performance Computing of Complex Chemical Reactions 

 82 

Graduated Students [2017-18] 

PhDs   
Name Title of the thesis 

Sudhir Kumar Sahoo Development of CPMD/GULP QM/MM Interface for Modelling Solids 

Sooraj 

Kunnikuruvan 

Density Functional Theory and Microkinetic Modeling of Chemical 

Reactions with Applications to Aerospace Industry, Biofuel Production, and 

Synthetic Organic Chemistry 

Shalini Awasthi Efficient Exploration of High Dimensional Free Energy Landscapes: Novel 

Methods and Applications 

M. Tech/M.Sc 
None  

List of Projects: 
 

Sl. No Title Funding agency 
Amount 

(Lacs) 

1 Mechanism Of Antibiotic Resistance By Class-C Beta 
Lactamase and NDM-1 

DBT 31 

2 Computational Studies of Plasma Treated Polymers BOEING 18 

3 Investigation Into The Thermo-Oxidative And Mechanical 
Response Of Commercial Polyimide Resins And 
Polyimide Nano-Composites For Aerospace Application 

BOEING 253 

List of Users: 

Neha Vithani 

Ph.D. 

Shalini Awashi 

Ph.D. 

Sooraj K. 

Ph.D. 

Sudhir Kr. Sahoo 

Ph.D. 

Chandan Kr. Das 

Ph.D. 

Sagarmoy Mondal 

Ph.D.  

Abhinav Gupta 

Ph.D. 

Shivani Verma 

Ph.D. 

Anjibabu Kapakalya 

Ph.D. 
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Publications: 
1. Mechanism and Kinetics of Aztreonam Hydrolysis Catalyzed by Class-C β-Lactamase: A Temperature-

Accelerated Sliced Sampling Study, S Awasthi, S Gupta, R. Tripathi, N. N. Nair  J. Phys. Chem. B. 

122, 4299-4308, 2018.  

2. Mechanism of Mg2+-Accompanied Product Release in Sugar Nucleotidyltransferases , N. Vithani, P. 

Kumar, A. Jagtap, S. K. Verma, R. Tripathi, S. Awasthi, N. N. Nair, B. Prakash Structure. 26, 459-

466, 2018. 

3. Adhesion between Rutile Surface and Polyimide: a Coarse-Grained Molecular Dynamics Study , A. 

Kumar, V. Sudarkodi, P. V. Parandekar, N. K. Sinha, O. Prakash, N. N. Nair, S. Basu  Mol. Sim. Mat. 

Sci. Eng. 26, 035012, 2018. 

4. Mechanical response of two polyimides through coarse-grained molecular dynamics simulations  

5. V. Sudarkodi, K. Sooraj, N. N. Nair, S. Basu, P. V. Parandekar, N. K. Sinha, O. Prakash, T. Tsotsis 

Mol. Sim. Mat. Sci. Eng. 26, 025013, 2018. 

6. A database-based approach for predicting coupled cascade reaction kinetics in polymers: application 

to oxidative degradation kinetics of high-performance polymers J. Debnath, K. Sooraj, N. K. Sinha, P. 

V. Parandekar, O. Prakash, T. Tsotsis, N. N. Nair Mol. Sim. 44, 582-589, 2018. 

7. Mercuric Ion Sensing by an Overlapping beta-turn Containing Peptide K. Tomar, S. Soni, P. 

Bhadauriya, R. Parihar, S. Ganesh, N. N. Nair, G. Ramanathan, Chem. Select 2, 8072-8075, 2018. 

8. Soft-sphere continuum solvation in electronic-structure calculations G. Fisicaro, L. Genovese, O. 

Andreussi, S. Mandal, N. N. Nair, N. Marzari, S. Goedecker, J. Chem. Theor. Comput. 13, 3829-

3845, 2017. 

9. Exploring high dimensional free energy landscapes: Temperature accelerated sliced sampling 

calculations S. Awasthi and N. N. Nair, J. Chem. Phys. 146, 094108, 2017. 

10. Hydrolysis of Cephalexin and Meropenem by New Delhi Metallo beta-Lactamase: Substrate 

Protonation Mechanism is Drug Dependent C. K. Das and N. N. Nair, Phys. Chem. Chem. Phys. 19, 

13111-13121, 2017. 

11. Elucidating the GTP Hydrolysis Mechanism in FeoB–a Hydrophobic Amino Acid Substituted GTPase, 

N. Vithani, S. Batra, B. Prakash, N. N. Nair, ACS Catalysis (Letter) 7, 902-906, 2017. 
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Quantification of Aromaticity and Hydrogen 
Bond Strength Based on Interaction Coordinates 

and Anharmonicity Analysis 
S. Manogaran 

Professor, Chemistry, IIT Kanpur 

 

Executive Summary:  
The interaction coordinates (ICs) are a measure of the response of all other internal coor-

dinates of the system when one of the coordinate is constrained by a unit displacement followed 

by partial optimization to minimum energy. The ICs have been used to understand the origin as 

well as the quantification of aromaticity (AIBIC) in several suitable chemical heterocyclic systems. 

Moreover, encouraged by these results, the IC approach as a new tool, is followed for the quanti-

fication of hydrogen bond strength and its associated features such as cooperativity effects, addi-

tivity nature, resonance assisted hydrogen bonding for a variety of inter- and intramolecular H-

bonded chemical and biological systems.  

The anharmonicity of a molecule obtained from vibrational spectroscopy gives a more de-

tailed information regarding the fundamental frequencies, overtones, Fermi resonance, coupling to 

rotational motion etc. in vibrational spectroscopy of real molecules. The evaluation of symmetry 

unique force constants upto 4th order and anharmonicity constants are being attempted.   

 

The Challenges: 

1. Quantification of Aromaticity 

Although several attempts have been made to quantify the aromaticity for the last 150 ye-

ars, the degree of success has not been entirely satisfactory. Using experimental and theoretical 

methods Katritzky and Jug tried various formulations for the quantification of aromaticity. For this 

purpose the energy, structure and magnetic criteria are primarily used. Using the energy difference 

between the aromatic cyclic systems and its corresponding suitable reference system (usually acyc-

lic olefins or conjugated unsaturated analogues), the "resonance energy"(RE), is defined and exten-

ded to "Aromatic Stabilization Energy (ASE)" based on homodesmotic reactions. The energy cri-

teria lead to difficulties, including selecting the suitable non-aromatic reference compound and 

the right value of heat of formation from the different values given by different authors for the same 
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compound. The cyclic C-C bond lengths in aromatic systems fall between the single and double 

bonds and Krygowski used this structural information, in his "Harmonic Oscillator Model of Aro-

maticity"(HOMA) index. The HOMA index based on the geometry criterion has achieved partial 

success, but the definition of the reference single and double bond lengths limits its applicability.  

 

From the early days of NMR, the induced ring current in the presence of an applied mag-

netic field in benzene and other aromatic systems, the NMR chemical shifts, and magnetic suscep-

tibility (Δ) values were often used to infer aromatic systems. Schleyer extended this magnetic cri-

teria to the "Nucleus Independent Chemical Shift" (NICS) which is believed to be a better criterion 

and widely used as aromaticity index (AI). The reference compounds required for the other met-

hods are not required for NICS. However it also has its own limitations. Presently HOMA (based 

on geometry), RE (based on electronic property) and NICS (based on magnetic criteria) or their 

variations are the only available tools for quantification of aromaticity none of which is really 

satisfactory. 

 

Recently we proposed an aromaticity index based on interaction coordinate (AIBIC) (J. 

Phys. Chem. A, 120, 2894-2901, 2016). This method based on the projected force field of the aro-

matic fragment extracted from the full molecular force field is satisfactory in several cases but 

needs to be improved for the heterocyclic systems.   

 

2. Quantification of Hydrogen Bond Strength 

The geometry criteria for the presence and approximate relative strengths of HBs may be 

developed empirically and are based on the two bond lengths (DH and HA) and the internal angle 

(DHA). Such criteria are used to classify a HB based on HA length, DHA angle, and HB dissoci-

ation energy. Jeffery has defined a strong hydrogen bond as one with an H−A distance of 1.2−1.5 

Å, a D−H−A angle of 170−180°, and dissociation energy of 15−40 kcal/mol. A moderate hydrogen 

bond has r(H−A) = 1.5−2.2 Å, θ(D−H−A) = ~130°, and a dissociation energy of 4−15 kcal/mol 

and a weak hydrogen bond has r(H−A) > 2.2 Å, θ(D−H−A) > 90°, and a dissociation energy less 

than 4 kcal/mol. Usually, if the distance between the heavy atoms DA is less than the sum of their 

van der Waals’ radii, it is taken as a criterion for the presence of the HB. However, critical analysis 

of such results based on small molecules to large protein structures indicates that the geometric 

criteria of locating HBs may be error prone and requires additional physicochemical criteria.  
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The binding energy (BE) is obtained as the difference in energy between the H-bonded 

complex and the sum of the energies of the component systems in the case of an intermolecular 

HB. The zero-point energy (ZPE) and the basis set superposition error (BSSE) may be taken into 

account. This BE is the sum of HB energy and the deformation energies of the monomers forming 

the H-bonded complex. When more than one HB exists between the two monomer units, the BE 

only estimates the total interaction energies of all HBs. Calculation of individual HBS will help in 

understanding the factors contributing to the total BE. Hence several approaches have been used 

to estimate the individual HBS. These involve building suitable model systems that closely resem-

ble the original H-bonded complex with only one HB and estimating its BE. Each of these models 

involves several approximations and is likely to give only a good estimate for the HBs. Intramo-

lecular HBs are trickier and are considered in a latter section. 

 

Bader’s theory of “Atoms in Molecules (AIM)” has been used extensively to study the 

nature of bonds including the HBs. AIM exploits the topological features of electron densities and 

gives satisfactory results for HBS in several cases. However, there are cases where AIM results 

are not very satisfactory. Weinhold’s Natural Bond Orbital (NBO) analysis is also widely used to 

study the nature of H-bonding. NBO analysis stresses the orbital interactions in the H-bonded 

complex and can give information about the origin of the HBs. Good correlations have been ob-

served between QTAIM and NBO results, implying that they complement each other. 

 

For a given system, the internal coordinate force constant matrix (F) elements depend on 

what other coordinates are used to describe the molecular force field. Its inverse, the compliance 

constant matrix (C = F-1), is independent of the other coordinates in the basis set. Accordingly, 

Jones defined the reciprocal diagonal compliance matrix element as the relaxed force constant 

(RFC). The RFC was recognized as a “more chemically meaningful bond strength parameter than 

the regular (force) constant”. Grunenberg and co-workers explored this idea for several covalent 

bonds in a series of papers and also extended this idea to noncovalent interactions like HBs, pro-

posing that the RFC values of HBs could be used as a measure of HB strength. In the literature, 

there are several reports that this method works satisfactorily. This approach is easy to apply for 

larger systems, because the RFC of any one bond may easily be obtained from energy only calcu-

lations without the need to calculate the full Hessian. 

Thus the existing methods for the quantification of hydrogen bond strength are not very satisfac-

tory.  
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3. Anharmonicity Analysis: 

Recently, anharmonicity calculations of polyatomic molecules are included in several 

electronic structure packages, for example Gaussian 03 and 09. These have restrictions that linear 

and spherically symmetric molecules cannot be studied. Also, the normal mode force constants 

upto the 4th order are evaluated from Cartesian force constants which are contaminated with 

translational and rotational contributions. The anharmonic compliance constants are relatively 

unknown. We attempt to evaluate and study the cubic and quartic compliance constants.  

 

Methods and Codes 
In the research work, we used the DFT and MP2 methods for the quantum chemical calcu-

lations. In the research, all ICs are evaluated using computer programs developed in IIT Kanpur 

based on UMAT. Gaussian 09 software was used for the electronic structure calculations in all 

studies (aromaticity, hydrogen bond strength, and anharmonicity analysis) which were facilitated 

by HPC IIT Kanpur. GaussView software was used for viewing and constructing structures of 

chemical as well as biological systems.  

 

Results  

1. Quantification of Hydrogen Bond Strength Based on Interaction Coordinates: A 

New Approach 

Sarvesh Kumar Pandey (PhD Student) 

A new approach to quantify hydrogen bond strengths based on interaction coordinates 

(HBSBIC) is proposed and is very promising. In this research, it is assumed that the projected force 

field of the fictitious three atoms fragment (DHA) where D is the proton donor and A is the proton 

acceptor from the full molecular force field of the H-bonded complex characterizes the hydrogen 

bond (HB). The “interaction coordinate (IC)” derived from the internal compliance matrix ele-

ments of this three-atom fragment measures how the DH covalent bond (its electron density) re-

sponds to constrained optimization when the HA hydrogen bond is stretched by a known amount 

(its electron density is perturbed by a specified amount). This response of the DH bond, based on 

how the IC depends on the electron density along the HA bond, is a measure of the hydrogen bond 

strength.  

 

This method “hydrogen bond strength based on interaction coordinates (HBSBIC)” is ap-

plied to the intermolecular HBs in small water, methanol, and mixed water clusters to assess both 
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their relative strengths and cooperativity effects. Additionally, the HBSBIC values were also com-

puted for DNA and RNA base pairs, homo dimer of formylformamide, and some quadruply hy-

drogen-bonded dimers, as well as the difluoromethane dimer for further validating our approach. 

Furthermore, we investigated the HBSBICs of the HBs in a series of dicarboxylic acid dimers with 

symmetric and asymmetric substituents. Differently sulfur substituted formic acid dimers and the 

additivity of HBSBIC values for them were also studied. For intramolecular hydrogen bonds (IM-

HBs), we studied the HBs in oxalic acid, a few diols, and some interesting typical systems con-

taining resonance assisted HBs. 

 

When defined and evaluated using the IC approach, the HBSBIC index leads to satisfactory 

and promising results. Because this involves only a three-atom fragment for each hydrogen bond, 

the approach should open up new directions in the study of “appropriate small fragments” in large 

biomolecules. 

 
Figure 1: Schematic Diagram for the Quantification of Hydrogen Bond Strength Based on 

Interaction Coordinates (HBSBIC) 

 

2. Quantification of Aromaticity of Heterocyclic Systems using Interaction 

Coordinates 

Soumyadeb Dey (PhD Student) 
 
The vibrational force field of a molecule contains information about the intramolecular 

forces which are described equally well by the Hessian (force constant matrix) or its inverse, the 

compliance constant matrix. Most of the electronic structure programs calculate the Cartesian force 

constants automatically and this Cartesian force field is converted to the redundant internal 
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compliance force field which in turn is used to calculate the interaction coordinates (IC). To 

compute the aromaticity index (AI) based on ICs (AIBIC), we considered the force field of the 

fictitious fragment isolated from the full aromatic molecule. For example we consider the force 

field of the C6 fragment for the benzene molecule. The sum of ICs of immediate neighbours of all 

internal coordinates is a measure of electron density of the fragment and hence is a measure of AI. 

In our earlier work, many of the heterocyclic aromatic systems have their AIBIC index greater 

than that of benzene indicating that they are more aromatic than benzene which is very unlikely. 

The source of this overestimation of the index is identified as the electronegativity difference 

between the carbon and hetero atoms. When we have more electronegative atoms compared to 

carbon, due to the higher electronegativity, electrons are partially localized near the hetero atoms 

and this localized electron density does not contribute to delocalized electron density determining 

the AI. When a correction is made for this, we get the new index AIBIC-corrected (AIBICC) which 

appears to be satisfactory. This work is nearly complete and will be communicated for publication 

soon.   

 

3. Anharmonic Compliance Constants: Calculation and Usefulness 

Soumyadeb Dey (PhD Student) 
 
The anharmonicity analysis explains the vibrational spectra in terms of force or compliance 

constants usually up to fourth order and anharmonicity constants. These constants describe the 

intramolecular forces holding the atoms in a real molecule and hence give substantial information about the 

molecular structure. We have made substantial progress in the anharmonicity analysis. We could complete 

determining the number of symmetry unique anharmonic force constants for small symmetric molecules 

like BF3, CH4, C6H6 etc. However evaluating their numerical values are only partially successful. We are 

trying to resolve the issues. 

Although, anharmonic force constants (cubic and quartic) are well-known, their equivalent 

compliance constants are comparatively unknown. So far only two papers have appeared dealing with cubic 

and quartic compliance constants studying only H2 and H2O molecules. We have successfully completed 

writing the computer code for cubic compliance constants and are in the process of completing the code for 

the quartic compliance constants. When the programs are functional, the cubic and quartic compliance 

constants of some small molecules will be explored. 
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Graduated Students [2017-18] 

PhDs 
Name Title of the thesis 

Sarvesh Kumar 

Pandey 

Quantification of Aromaticity and Hydrogen Bond Strength Based on 
Interaction Coordinates: A New Approach (Thesis Submitted) 

M. Tech 
None  

 

List of Projects: 

Sl. 

No 

Title Funding agency Amount 

(Lacs) 

1 The study of aromaticity, anomeric 
effect and bond path in QTAIM using 
interaction coordinates and 
anharmonicity analysis 

Department of Science 
and 
Technology, Govt of India 

21.4 

List of Users: 
 

 
Sarvesh K. Pandey 

PhD 

 
Soumyadeb Dey 

PhD 

 
Dr. S. Manogaran 

Professor & PI 
 

Publications: 
1. Quantification of Hydrogen Bond Strength Based on Interaction Coordinates: A New Ap-

proach, SK Pandey, D Manogaran, S Manogaran and HF Schaefer III, Journal of Physical 

Chemistry A, 121, 6090−6103, 2017. 
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Bio-Inorganic Laboratory 
S. P. Rath 

Professor, Chemistry, IIT Kanpur 

 

Executive Summary: 
We are engaged in studying a wide range of bioinorganic and biological systems, all of which fall 

under the general theme of gaining a better understanding of the heme centers in heme proteins that are vital 

to the life of almost all living organisms. A wide variety of spectroscopic techniques have been used which 

includes variable temperature measurements of UV-vis-NIR spectroscopy, Paramagnetic NMR, EPR, 

Mössbauer spectroscopy, X-Ray diffraction, Cyclic Voltammetry, Circular Dichroism, Magnetic 

measurements (SQUID), Fluorescence spectroscopy, XPS, etc.  

Density Functional Theory (DFT) calculations are utilized to interpret the experimental results 

along with structure-function correlation. In this context, the utilization of High Performance Computation 

(HPC) facility at IIT Kanpur has always been our helping hand over the years to establish synergy between 

experiment and theory.  

 

The Challenges: 
Due to the various oxidation states, multi-configurations, spin states, and short lifetime of paramag-

netic species, investigation of their structure, as well as electronic and spectroscopic properties is often 

difficult. Therefore, the interpretation of spectroscopic results is not straightforward, and the support of 

theory is essential for extracting all the relevant physical/chemical information from the measured data. A 

good agreement between experiment and theory can lead to a suitable method to understand and predict 

spectroscopic properties. However, it is quite challenging to compute accurate spectroscopic parameters 

results with currently available quantum chemical approaches. Hence, new approaches are needed for both 

interpretation of experimental data and design of improved molecules and materials. Hence, the field is 

surging and interesting to a broad community of chemists. As such, it is timely to demonstrate how theory 

can be a partner of experiment in the quest to investigate the electronic structure state in a chemical reaction. 

 

Methods and Codes: 
The computational studies are generally done to reproduce the structure as well as to have synergy 

between experimental observations and theoretical values. Most of the DFT optimizations are carried out 

by using a B3LYP, cam-B3LYP, B97D, etc. in the Gaussian 09 software package. The method mostly we 

use, is Becke’s three-parameter hybrid exchange functional, the nonlocal correlation provided by the Lee, 
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Yang, and Parr expression, and the Vosko, Wilk, and Nuair 1980 correlation functional (III) for local 

correction along with B97D which includes a dispersion correction. The basis sets commonly used are 

LANL2DZ, DEF2TZVP, SDD, etc. for heavy atoms and 6-31G** for carbon, nitrogen, oxygen, chlorine, 

and hydrogen atoms. All calculations are in most of the cases are initiated from the crystal-structure 

coordinates. Solvent corrections are included in all the calculations. Frequency calculations are also carried 

out on all optimized structures to ensure that there are zero or very few imaginary frequencies. Energies are 

taken from the Gaussian frequencies that contain zero point corrections. All visualizations are made by 

using the Chemcraft software while the QTAIM analysis mapping bond critical points between atoms is 

done with DAMQT version 2.1.0. The electrostatic potentials mapped onto the van der Waals surface are 

plotted by using VMD software version 1.9.2. 

 

Results  

1. Unfolding Mystery of Multi-heme Proteins  
Dipti Lai & Anjan Maity (Ph.D Students)  

Multiheme cytochromes (Figure 1), that are recognizably different from the 

monoheme c cytochromes, constitute a widespread class of proteins with essential functions in electron 

transfer and enzymatic catalysis. There is a high level of conservation of heme structural arrangement 

throughout various multi-heme cytochromes. However, the functional significance of such arrangements is 

not yet understood, and they possibly reflect favorable arrangements to tune heme–heme redox potential 

interactions and/or warrant very fast electron transfer. Understanding the significance of these heme 

structural motifs is crucial for the elucidation of the highly optimized properties of multiheme cytochromes 

which we are currently engaged in. 

 
Figure 1: Representative example of a multi-heme protein 

 

Interaction between heme centers has been smartly implemented by Nature in order to regulate 

different properties of multiheme cytochromes, thereby allowing them to perform a wide variety of 

functions. Our broad interest lies in unmasking the role played by heme-heme interaction in modulating 
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different properties viz., metal spin state, redox potential etc., of the individual heme centers using ethane-

bridged porphyrin dimer as a synthetic model of dihemes. The large differences in the structure and 

properties of the diheme complexes, as compared to the monoheme analogs, provide an unequivocal 

evidence of the role played by heme-heme interaction in the dihemes. 

 

2. Di-heme Cytochrome C: Structure-Function Correlation and Effect of Heme-

Heme Interaction 
Firoz S. T. Khan & Anjani K. Pandey (Ph.D Students) 

Multiheme cytochromes c represent an extensive class of hemoproteins with consequential role in 

enzymatic catalysis and electron transport in biology. Understanding the structural arrangement of 

multiheme units is crucial to gain more insights into the highly optimized properties of these multiheme 

cytochromes c. However, their spectroscopic investigation is often complicated due to the presence of large 

number of heme centers along with substantial intermacrocyclic coupling in between. We explore here the 

structure-function relationship of the diheme cytochrome c using synthetic diheme analogs which serve as 

a convenient tool to investigate various aspects of Nature’s sophisticated design in vitro. A large series of 

diiron ethane-bridged porphyrin dimers, both in the oxidized and the reduced states, are synthesized and 

their structural, chemical, and electrochemical properties have been scrutinized (Figure 2). Interestingly, 

the iron-to-iron non-bonding separation observed in such dihemes ranges from 9.49 to 10.06 Å which is 

very similar to the separation of 9.4 and 9.9 Å observed in the crystal structures of diheme cytochromes c 

isolated from G. sulfurreducens and H. influenza, respectively. The FeIII/FeII redox couple in the diheme 

complex is shifted towards more positive than their monomeric analogue which is reproduced by 

computational calculations. Present study unmasks the electronic structure and properties of diheme centers 

and also highlights the significance of their structural arrangement and axial ligand orientation, and heme-

to-heme separation. The Atoms in Molecules (AIM) analysis suggest long-range attractive dispersion forces 

between the heme units for the observed structure and properties in dihemes. 

               

Figure 2: Left, A schematic diagram overlaying the native diheme cytochrome c (DHC2) with the synthetic 

diheme analog. Right, Heme-heme interaction energy variation with Fe···Fe separation in dihemes. 

 

ΔE
 =

19
 k

J/
m

ol
 monoheme 

diheme 



• • • | Bio-Inorganic Laboratory 

 96 

3. Di-heme Enzymes: A Family with Superior Biological Activity 

a) Probing bis-FeIV MauG: Isolation of Highly Reactive Radical Intermediates 

Sabyasachi Sarkar, S. Jehanger (Ph.D Students) & Dr. Tapas Guchhait (N-PDF)  

MauG is a diheme enzyme that utilizes two covalently bound c-type heme centers. Stepwise 

oxidations of a synthetic analogue of MauG in which two heme centers are bridged covalently through a 

flexible linker containing a pyrrole moiety are performed (Figure 3). We have performed step-wise 

oxidations of a synthetic analogue of MauG, in which two heme centers are connected covalently through 

a flexible bridge containing a pyrrole ring. One and two-electron oxidations produce monocation radical 

and dication diradical intermediates, respectively, which, being highly reactive, undergo spontaneous 

rearrangement involving the pyrrole bridge to form chlorin– porphyrin and spiro–porphyrinato 

heterodimers. Although there is a large separation between the two heme units in the oxidized complexes, 

CR possibly occurs through the pyrrole bridge involving an electron/hole hopping process similar to what 

has been proposed for the bis-FeIV intermediate in MauG. Unlike in MauG, where the two oxidizing 

equivalents are distributed within the diheme system to form the bis-FeIV redox state, the synthetic analogue 

of the same stabilizes two ferric hemes, each coupled with a porphyrin cation radical, a scenario resembling 

the binuclear dication diradical complex. This result nicely demonstrates the role of the protein environment 

around the heme centers to stabilize the highly oxidized bisFeIV state in MauG. Computational calculation 

reproduces the structural and geometrical parameters obtained from their X-ray structures. The present 

study provides the direct evidence of electronic communication through the bridge in the oxidized 

complexes.  

 

 
 

Figure 3: Left, Overall biosynthesis of TTQ catalized by MauG. Right, Relative orientation of hemes and 

the intervening tryptophan residue in MauG (PDB ID code 3L4M) and its model complex. 
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b) Stabilization of Dication Diradical Intermediate of Metallo-porphyrin Dimer 

Younis A. Pandit & Sarnali Sanfui (Ph.D Students) & Dr. Satabdi Roy (N-PDF) 

We have demonstrated here how the nature of a metal ion controls the reactivity of 

metalloporphyrin π-cation radicals. One-electron oxidations of diethylpyrrole-bridged dicopper(II) and 

dipalladium(II) porphyrin dimers using iodine as an oxidant result in the formation of a strongly interacting 

cofacial mixed-valent π-cation radical dimers. The mixed-valent cation radical so generated being highly 

reactive drives a spontaneous and rapid transformation to form an indolizinium-fused chlorin-porphyrin 

heterodimer. In sharp contrast to this, similar addition of iodine leads to 1e-oxidation of dizinc(II) porphyrin 

dimer which is followed by a second oxidation to produce a dication diradical complex (Figure 4). The axial 

coordination of iodine upon 1e-oxidation lowers the overall oxidation potential of the system, and thereby, 

making the second oxidation easily accessible. This has resulted in the stabilization of a dication diradical 

complex in which two porphyrin π-cation radicals undergo electronic communication through the bridging 

pyrrole group. Interestingly, despite being well-separated from each other, the two macrocycles exhibit 

substantial π-conjugation which leads to the strong antiferromagnetic coupling between two radical spins 

to form a diamagnetic compound. The oxidation also leads to a change in identity of the bridge which 

further highlights the critical role played by the bridge in the electronic communication between the two 

rings. DFT calculations clearly support our experimental observations.  

 

 
Figure 4: Schematic representation of formation of the complexes.  

 

c) Intermacrocyclic Interactions in a Metalloporphyrin Dimer: Metal vs. Ring Oxidation 

Akhil K. Singh & Amit Kumar (Ph.D Students) 

Oxidation triggered electronic interactions of closely spaced tetrapyrrolic macrocycles determine 

the unique properties in several enzymes such as the reaction centre in photosynthetic light-harvesting 

complex, etc. Highly oxidized metalloporphyrins have been identified as intermediates in the catalytic 
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cycles of a number of heme proteins, including catalase, peroxidase, and cytochrome P-450. The biological 

significance, unusual electronic properties, and unique reactivities of these intermediates have recently 

generated much interest. These attractive features have prompted us to further investigate the 

intermacrocyclic interactions based redox behavior of various metalloporphyrin dimers. Oxidation of a 

metalloporphyrin occurs either at the coordinated metal center or at the porphyrin macrocycle. However, in 

most of the cases, oxidation produces porphyrin π-cation radicals at the lower potentials. The covalently 

linked metalloporphyrin dimers (M: 2H, Zn2+) upon 1e- oxidation orient the two porphyrin macrocycles 

closer and cofacial to each other while 2e- oxidation forces them to be away as far as possible. However, in 

case of Ag(II) porphyrin dimers, stepwise oxidations generate Ag(III) dimer, which exhibits significant 

metallophilic interaction in the form of a close unprecedented AgIII···AgIII contact that anchors the two 

porphyrin rings even more cofacial, contrary to porphyrin ring oxidation where the repulsion between both 

the positively charged porphyrins move them apart (Figure 5). Computational studies are done using DFT 

which demonstrates the role of dispersion to bring two ring closer to make AgIII···AgIII contact. Such 

AgIII···AgIII metallophilic interaction leads to interesting photoluminescence properties which could be 

exploited to design several light responsive materials and molecular semiconductors. 

 

Figure 5: Representation of chemical structure, important spectroscopic and theoretical properties of a 
Ag(III) porphyrin dimer.  
 

4. Probing Molecular Chirality using Metallo-Bisporphyrin Hosts 
Avinash Dhamija & Bapan Saha (Ph.D Students) 

Supramolecular chirogenesis is one of the most important interdisciplinary field to be looked into, 

because of its occurrences in many natural and artificial systems. Exciton Coupled Circular Dichroism 

(ECCD) is a nonempirical spectroscopic method that is based on detecting the through-space exciton 
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interaction between helically orientated independently conjugated chromophores. The challenge lies in 

orienting two or more chromophoric receptor groups in a chiral fashion as a direct result of the binding of 

a chiral compound and extrapolating the chirality of the bound compound from the ECCD spectra. Our 

group is currently engaged investigating the various aspects of chirality induction and control for probing 

molecular chirality using ECCD. 

 

Figure 6: Dependence of energy difference (DE) between clockwise and anticlockwise twisted conformation 

of bound Zn (■) and Mg (▲) complexes upon changing the bulk of the substituents at the stereogenic centre. 

By using this approach, a series of supramolecular chiral 1:1 sandwich complexes consisting of 

diphenylether/ethane bridged metallo-bisporphyrin host and chiral diamine guest (L) have been presented. 

The host-guest complexes are compared just upon changing the metal ion (Mg vs Zn) or the bridge (highly 

flexible ethane vs rigid diphenylether) keeping other factors similar. The factors that would influence the 

chirality induction process along with their contributions towards the sign and intensity of the CD couplet 

of the overall complex have been analyzed. Moreover, the amplitude of the CD couplet has been correlated 

with the relative steric bulk of the substituent at the stereogenic center: with increasing the bulk, CD 

intensity gradually increases (Figure 6). DFT calculations supports the experimental observations and have 

displayed the possible interconversion between clockwise and anticlockwise twisted conformers just upon 

changing the bulk of the substituent irrespective of the nature of chirality at the stereogenic centre. 

We have also determined the absolute configuration of large series of diols and amino alcohols 

using dibenzothiophene-bridged zinc(II)/magnesium(II) bisporphyrin host. Formation of a 1:2 host−guest 

complex in which two substrates bind in an unusual endo-endo fashion owing to the inter ligand H-bonding 

within the bisporphyrin cavity generates a unidirectional screw in the bisporphyrin moiety that allows an 
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accurate absolute stereochemical determination of the chiral substrate (Figure 7). The intensities of the 

couplet vary widely just by changing the metal ion (Zn vs Mg) and also vary between 1:1 and 1:2 host−guest 

complexes. The role of the H-bonding and steric hindrance towards the stabilization of endo-endo and exo-

endo conformations have been investigated by DFT calculation. 

 

 

Figure 7: Dependence of the energy difference (ΔE) between the endo-endo and exo-endo conformations 

of 1:2 host-guest complexes upon changing the bulk of the substituents in L. 

5. Artificial Cavity for Enzymatic Reactions 
Dr. Pritam Mondal & Sayantani Banerjee (Ph.D. students) 

Enzymes, nature’s creation of catalysts, encapsulate multiple functionalities within their cavity 

where the catalytic conversion takes place, and can be extremely active and selective for a range of chemical 

conversions. Therefore, in recent years, species with well defined inner void spaces able to accommodate 

guests, also defined as molecular containers, have been extensively studied. The interest in such systems is 

driven in part by their potential utility in areas as diverse as catalysis, recognition, separation, and transport. 

In this regard, the design of molecular container incorporating covalently linked bisporphyrins has enticed 

a great deal of attention recently. Of particular interest to us is the design of bisporphyrins appropriate for 

applications involving efficient molecular recognition and catalysis (Figure 8). Bisporphyrin cavities of 

different shapes and sizes can recognize the substrates for various practical applications, whereas the 

presence of metal centers would facilitate further scope.  

 Graduated Students [2017-18] |• • • 

 101 

 
Figure 8: Schematic representation showing conformational change and molecular arrangements inside 

the cavity of hosts. 
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Application of CFD in the Prediction of 
Engineering Flow Field 

 

Arun K Saha 
Professor, Mechanical Engineering, IIT Kanpur 

Executive Summary:  
Computations of turbulent flow and heat transfer have been undertaken to have understanding about the 

complex flow structures and heat transfer characteristics for few engineering applications. A large number 

of fine grids and small time-step were required to generate meaningful results. Therefore, computations of 

such flows can only be possible through the use of HPC. 

 

The Challenges:  
The major challenges are the small time and length scales of the solved problems because of the turbulent 

nature of the flow field. These small scales put restrictions on the size of the grid size and the time steps for 

the integration of the governing equations. The flow physics and the numerical stability limit the use of the 

time step. Consequently, huge computational resources in terms of the hardware (RAM, storage and 

processor) and time of execution become important for generating meaningful results. 

 

Methods and Codes:  
All the computations are carried using our in-house developed codes (Finite Volume Method (FVM) and 

Finite Difference Method (FDM). The codes are written in Fortran language and has been parallelised using 

MPI.  

 

Results  

1. Numerical Simulation of Tip Leakage Flow of a Three Dimensional Turbine Blade 

Passage 
Gaurav Saxena (Ph.D Student) 

Gas Turbine engine is currently the most sought machine for the purpose of power generation and 

propulsion application. Its economic viability to fit as one technology solution for multiple energy sources 
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is its key inherent advantage. For power generation applications, it is essential to develop a reliable gas 

turbine model for simulating the impact on electric power generated under various load conditions.  

A better understanding of turbulent unsteady flows is a necessary step towards a breakthrough in 

the design of modern gas turbine blades. Owing to high Reynolds numbers and very complex geometry, the 

flow that develops in such industrial machines is extremely hard to predict. At this time, the most popular 

method to simulate these flows is still based on a Reynolds averaged Navier–Stokes approach. However, 

there is some evidence that this formalism is not accurate for these components, especially when a 

description of time-dependent turbulent flows is desired. With the increase in computing power, large eddy 

simulation (LES) emerges as a promising technique to improve both knowledge of complex physics and 

reliability of flow solver predictions. 

       The objectives of this research are to present and analyze the features of the flow field in the 

turbine vane/blade passage near the hub endwall and mid-span locations of the blade. Toward this effort, 

reported measurements and computations of pressure, velocity distributions, flow turning angles, and 

vorticity distributions in the cascade test section are analysed. 

Large eddy simulations (LES) of turbulent flow and heat transfer analysis around a heated twisted 

turbine blade (with & without tip leakage) have been carried out. The twisted turbine blade used in the 

present study with pitch wise periodic boundary conditions. The flow domain consists of two walls at top 

and bottom surface of the blade. The two major geometric parameters that govern the flow through the 

twisted turbine blade passage are pitch and span to chord ratio (s/c) ratio. The Reynolds number has been 

taken 5 × 103 – 1.0 × 105 based on the axial chord of the turbine blade. Here 45 million grid points has been 

taken in the whole computational domain with smallest mesh size of 0.0005. A Finite-Volume methodology 

(FVM) on collocated grid is used to discretize the governing equations (Navier-Stokes and Energy 

equations). Semi-implicit method is used for time advancement. Various upwinding schemes such as first 

order upwinding (FOU), central-difference scheme (CDS) and Quadratic Upwinding Interpolation Scheme 

(QUICK) are deployed for convective terms. The diffusion terms are discretized spatially using CDS and 

temporally using Crank–Nicolson scheme. To solve the pressure Poisson, Gauss–Seidel over-relaxation 

(GSOR) method is applied. Code parallelization is achieved using commands from the MPI library. For LES 

implementation SISM (Shear Improved Smagorinsky Model) is used. Figure 1 & 2 shows instantaneous Iso-

Figure 18: Instantaneous iso-surface of Q-Criteria & Nusselt Number distribution at both Suction(Bottom) & Pressure 

(Top) Side for Twisted Turbine Blade 
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Surface of Q criteria and Nusselt number distribution around the twisted turbine blade with & without tip 

leakage.  

 
Figure 2. Instantaneous iso-surface of Q-Criteria & Nusselt Number distribution for Twisted Turbine Blade with Tip 

Leakage 

 

 

2. Large Eddy Simulation of a Five –Pass Stationary Duct with Multiple Inclined Ribs 
Gaurav Saxena (Ph.D Student) 

Turbulent fluid flow and heat transfer processes play a crucial role in variety of practical applications 

such as power production, refrigeration and air-conditioning systems, aircraft and rockets, chemical and 

metallurgical industries, electrical machinery and electronic circuits, and pollution of the natural 

environment. Since the fluid flow and heat transfer have stimulated impact on industrial life, we should be 

able to estimate them effectively. This assessment can come from a comprehensive understanding of the 

processes and techniques with which to predict them qualitatively and quantitatively. This study addresses 

the role of fluid flow and its effect on heat transfer enhancement processes in the concept of gas turbine 

internal rib turbulated cooling strategies.   

In the design of modern aircraft engines, high thrust-weight ratio and low fuel consumption rate are 

needed and used as the key criteria for the design. The way to achieve the highest thrust-weight ratio of 

aircrafts is to improve the thermal efficiency of turbine. To reach this purpose an effective way is to increase 

the turbine inlet temperature. However to avoid the melting point of the turbine blade material, internal 

cooling of the gas turbine blade is required for the gas turbine operation. Several techniques have been 

developed to enhance the heat transfer in internal duct cooling of the gas turbine blades. Ribs have been 

widely used in the design of gas turbine blades of aircraft engines. 

The present section deals with the study of flow & heat transfer through ducts with ribs mounted on 

the two opposite duct walls. The ribs act as turbulent promoter leading to heat transfer enhancement. The 

objective of the study is to elucidate the detailed physics encountered in the fully developed region in a 

ribbed duct. Figure 3 depicts the three-dimensional model of a duct with in-line ribs mounted on two opposite 
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walls. The rib height to hydraulic diameter ratio (e/Dh) and the rib pitch to rib height ratio (P/e) are kept 

fixed to 0.048 & 10.56. The Reynolds number is defined as where is the velocity at the inlet of the domain 

and Dh is the hydraulic diameter. The Reynolds number considered in the simulation is 50000, ribs are at 

600 angle of attack (α ) to the flow direction are also taken into consideration to evaluate the effect of angle 

of attack on heat & mass transfer properties. Figure 3 & 4 shows computational domain instantaneous Iso-

Surface of Q criteria and Nusselt number distribution around the twisted turbine blade with & without tip 

leakage. 

 

Figure 3. Three-dimensional computational domain of five pass in-line ribbed duct. 

 

 
 Figure 4. Instantaneous & Time-Averaged iso-surface of Q-Criteria for Five Pass Ribbed Duct. 
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3. Turbulent Flow & Heat Transfer over a Cubic Heat Source in Electronic Circuit 

Board  
Basheer A Khan (Ph.D Student) 

The continuing miniaturization of electronic system has resulted an increase in the amount of heat 

generation which impose more stringent demand for an efficient thermal management. It has been found 

that the excessive local overheating of integrated circuits is the major cause for the technical failure of 

electronic equipment. In order to predict the thermal management of electronic systems, it is required to 

understand the detailed flow physics associated with the printed circuit board. A single cube, placed in a 

developing turbulent channel flow can be considered as the most basic configuration of printed circuit board. 

Hence a direct numerical simulation (DNS) of turbulent flow and heat transfer around a heated wall mounted 

cube has been carried out. The Reynolds number has been taken 3500-5000 based on the height of the cube.  

A finite-volume methodology is used to solve the involved Navier-Stokes and energy equations. To explore 

correctly the flow topology, evolution of horse-shoe vortex system, near and far wake study, and the heat 

transfer on the cube associated with these, the mesh required is very fine. Hence 75 million grid points has 

been taken in the whole computational domain with smallest mesh size of 0.001. After tracking the hot spots 

over the cube we further try to control these hot spots by employing passive and active flow control 

techniques over a single wall mounted cube and an arrangement of cubes. Figure 5 shows instantaneous iso-

surface of Q criteria around the cube coloured with streamwise velocity. 

 
Figure 5. Instantaneous iso–surface of Q-Criteria coloured with streamwise velocity. 

 

Large eddy simulation (LES) of a fully developed stationary and rotating wavy-walled duct flows 

has been carried out at to investigate the role of coherent structures and the manner in which they affect the 

phenomena of heat transfer. The Reynolds number for the present simulations is taken to be constant (15000) 

based on the hydraulic diameter. Periodic boundary conditions have been employed to model the large duct 

into a single module, double module and triple module of the duct. The present result shows for triple module 

wavy-walled duct. The total number of grid points is around 7 million. The instantaneous coherent structures, 

instantaneous and time-averaged mean and rms values and Nusselt number is being computed. Figure 6 
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shows instantaneous iso-surface of Q criteria in the whole computational domain coloured with streamwise 

velocity 

 
Figure 6. Instantaneous iso–surface of Q-Criteria coloured with streamwise velocity. 

4. Large eddy simulation of a wall-mounted finite length square cylinder  
Sachidananda Behera (PhD student) 

Flow past wall-mounted finite cylinders (both circular and square) has received considerable 

attention over the last decade, mostly due to their relevance in environmental and engineering applications. 

Studying pollutant transport around high rise buildings and plume behaviour behind chimneys which are of 

importance from the environmental point of view and the design of high rise buildings, chimneys, off-shore 

structures and bridges on the basis of flow induced vibration, all come under the applications of ow past 

wall-mounted finite cylinders. Some of the other major notable applications include tube banks in heat 

exchanger and electronic chip cooling. In all these practical applications the nature of the flow in general is 

turbulent and the Reynolds number encountered is generally of the order of 104 to 106. As the wake of the 

wall-mounted finite length cylinder is highly turbulent in practical scenarios it is highly essential that the 

near wall flow fields (both bottom wall and cylinder surfaces) are resolved accurately to have the correct 

wake topology. Therefore, a large eddy simulation (LES) approach has been adopted in the present work to 

study the influence of velocity shear in the oncoming flow on the near-wake flow field of a wall-mounted 

finite-length square cylinder. The simulations are carried out at a Reynolds number (Re) of 10,000, where 

Re is based on the width of the cylinder (d) and average inlet velocity (Uavg). The aspect ratio of the square-

cylinder is chosen to be 7 with different incoming shear flows. A total of 18 million grid points are used for 

the whole domain with minimum grid size being 0.004 in the near wall zone. The grid adopted in the 

computations is non-uniform in nature with grid being clustered in the near wall region, so that the wall 

boundary layer can be resolved accurately. Figure 7 shows instantaneous iso-surface of Q criteria around the 

wall-mounted finite length square cylinder coloured with streamwise velocity. 
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Figure 7. Instantaneous iso–surface of Q-Criteria coloured with streamwise velocity. 

 

5. Large eddy simulation of an elevated jet in cross-flow 
Sachidananda Behera (PhD student) 

An elevated jet in cross-flow find its application in stack plume, chimneys and cooling tower plumes, 

where the jet coming out of the elevated source resembles a chimney or stack and the cross-flow normal to 

it represents natural wind flow. As the flue gas comes out of the chimney top it interacts with the wind 

flowing normal to it that results in bending of the jet in the downstream direction. The resultant flow pattern, 

in turn determines other associated phenomenon like dispersion of pollutants, downwash of plumes, etc. In 

relation to plume dispersion phenomena of downwash is very important and is undesirable from environment 

point of view. In all these practical applications the nature of the flow in general is turbulent and the Reynolds 

number encountered is generally of the order of 104 to 106.  Also the associated flow fields are highly 

complex in nature owing to a strong interaction among the cross-flow, jet, jet-wake, stack-wake and wall 

boundary layer. Resolving this complex flow field is highly desirable in order to understand the plume 

dispersion and downwash phenomenon. Also the understanding the associated flow structures in the flow 

field can help in better designing and placing of chimneys or stack plumes. Therefore, a large eddy 

simulation (LES) approach has been adopted in the present work to study the effect of blowing ratio (ratio 

of jet velocity to cross-flow velocity) on the flow field of an elevated jet in cross-flow. The simulations are 

carried out at a Reynolds number (Re) of 20,000, where Re is based on the width of the square stack (d) and 

inlet uniform velocity (Uinlet). The aspect ratio of the stack is chosen to be 7. A total of 26 million grid points 

are used for the whole domain with minimum grid size being 0.0025 in the near wall zone. The grid adopted 

in the computations is non-uniform in nature with grid being clustered in the near wall region, so that the 

wall boundary layer can be resolved accurately. Figure 8 shows instantaneous iso-surface of Q criteria 

around the elevated jet in cross-flow coloured with streamwise velocity. 
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Figure 8. Instantaneous iso–surface of Q-Criteria coloured with streamwise velocity. 
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HPC Applications in Fluid and Thermal Sciences 
K Muralidhar  

Professor, Mechanical Engineering, IIT Kanpur 

 

Executive Summary:  
The HPC system of this institute was used in the following applications 

1) Joint estimation of thermal and mass diffusivities of a solute-solvent system using ANN-GA based 

inverse framework 

2) Dropwise condensation patterns of bismuth formed on horizontal and vertical surfaces 

3) Accelerators for linear solvers in three dimensional CFD with applications 

4) Flow in an intracranial aneurysm model: effect of parent artery orientation 

Interesting results obtained in these studies are summarized in the following sections. 

 

The Challenges:  

1. Joint estimation of thermal and mass diffusivities of a solute-solvent system using 

ANN-GA based inverse framework: 
Inverse calculations for transport property determination of fluids from optical measurement data are 

computationally demanding. They require repeated simulations of the forward model. In addition, the 

stochastic nature of the calculation requires repeated computations to generate the required statistics. 

Overall, realistic inverse calculations can mainly be performed only in parallel environment.  

 

2. Dropwise condensation patterns of bismuth formed on horizontal and vertical 

surfaces: 
Dropwise condensation is a multiscale phenomenon. At the start of the calculation, the number of drops to 

be tagged is the product of the nucleation site density (~ 106 per cm2) and the substrate area. This number 

increases with substrate area and performing simulations on large real-life surfaces is nearly impossible on 

sequential machines. The multiscale model developed by the authors is thus computationally intensive and 

has been simulated on large condensing surface areas using MPI on a parallel architecture. 

 

3. Accelerators for linear solvers in three dimensional CFD with applications: 
Conventional CFD calculations involve the solution of system of linear algebraic equations. For real life 

application problems involving highly complex geometries, the number of mesh cells used for simulation 

could be of the order of millions. This makes the size of the matrix system very large thus demanding for 

an accelerated convergence. Preconditioning the matrix improves the convergence rate of the iterative 
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solver but the optimal preconditioner is the one which gives the maximum speed up in terms of CPU time. 

Hence the preconditioner of choice should also be highly parallelizable.  

4. Flow in an intracranial aneurysm model: effect of parent artery orientation: 
Flow simulation for biomedical applications involve CFD calculations in complex geometries which require 

CFD code based on unstructured formulations. Computational complexity increases multifold when com-

pared with the structured formulations. Flow waveform could vary from pulsatile to oscillatory. Peak Reyn-

olds number could be laminar or turbulent, but quite often in the transition regime. 

 

Methods and Codes: 

a) Joint estimation of thermal and mass diffusivities of a solute-solvent system using ANN-GA 

based inverse framework: 

An inverse parameter estimation framework using a combination of evolutionary simulation and 

optimization algorithms namely Artificial Neural Network (ANN) and Genetic Algorithm (GA) is used. 

b) Dropwise condensation patterns of bismuth formed on horizontal and vertical surfaces: 

For dropwise condensation, a multiscale model is developed and has been simulated on large condensing 

surface areas using MPI based parallel architecture. 

c) Accelerators for linear solvers in three dimensional CFD with applications: 

An unstructured finite volume based in house CFD code is used to carry out simulations for application 

problems primarily focussed in the bio-medical domain. A parallel preconditioned iterative solver is 

developed and is integrated in the finite volume code in order to have an accelerated performance. This 

library of iterative solver has several precondtioners and unlike other open source libraries a dynamic 

switching of the preconditioners is made possible during the flow simulation based on the condition number 

estimates of the matrix. The parallelization is based on OpenMP architecture. 

d) Flow in an intracranial aneurysm model: effect of parent artery orientation: 

Flow simulations are carried out with the in house unstructured FVM based code. 

Results  

1. Joint estimation of thermal and mass diffusivities of a solute-solvent system using 

ANN-GA based inverse framework 
This work develops an inverse methodology to jointly estimate the thermal and mass diffusivities of a 

solute-solvent system. An inverse parameter estimation framework using a combination of evolutionary 

simulation and optimization algorithms namely Artificial Neural Network (ANN) and Genetic Algorithm 

(GA) is discussed. The direct problem is first solved by assuming thermal and mass diffusivities as constants 

and then as functions of temperature and concentration. Synthetic experimental data is generated by 

sprinkling noise sampled from three probability distributions namely Gaussian, Uniform and Logistic on 

the data obtained from direct numerical simulations carried out using prescribed values of diffusivities. This 
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data is then fed into the inverse framework to estimate the parameters of interest and systematically quantify 

the associated uncertainties. In case of diffusivities dependent on temperature and concentration both, the 

higher order parameters are also jointly retrieved and associated uncertainties are quantified. Three sets of 

experiments namely diffusion of heat in water due to applied temperature difference, isothermal diffusion 

of salt solution in fresh water and diffusion of salt solution in fresh water along with simultaneous counter 

current heat diffusion are performed. The time evolving temperature and concentration fields are captured 

in the form of an interferogram using a Mach-Zehnder interferometer illuminated by a monochromatic laser 

source (Helium-Neon laser, λ=632.8nm). The temperature and concentration data thus obtained is used to 

estimate the thermal and mass diffusivities of the solute-solvent system using the inverse framework.  

   

Fig. 1. Probability density function(s) of retrieved values of temperature and concentration dependent thermal diffusivity 

obtained from synthetic data having Gaussian noise 

   

Fig. 2. Probability density function(s) of retrieved values of temperature and concentration dependent mass diffusivity 

obtained from synthetic data having Gaussian noise. 

 

2. Dropwise condensation patterns of bismuth formed on horizontal and vertical 

surfaces  
Praveen M. Somwanshi (PhD student) 

Simulation of dropwise condensation of bismuth vapor on a subcooled hydrophobic surface is discussed 

in the present study. The process starts from nucleation of drops, followed by their growth and coalescence, 

resulting in drop instability that removes them from the surface. Fresh nucleation occurs at the exposed 

nucleation sites, thus creating a cycle of vapor condensation and liquid removal. The drop size distribution 

over the surface determines the instantaneous surface averaged wall heat flux. Wall shear stresses are 

generated during coalescence process and also when large drops start moving due to instability, which is 
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gravitational in origin; hence, the largest drop diameter achieved depends on the surface orientation. Near-

horizontal and vertical surfaces have been studied in the present work. Drop instability affects the 

periodicity of the condensation process and the average drop size and thus, the wall heat flux and wall shear 

stress. Coalescence of adjacent drops is a momentary step with a timescale of milliseconds, but the velocities 

generated are substantial. Coalescence velocities and time intervals have been determined by scale analysis, 

and the sensitivity of wall heat flux and wall shear stress to these ensuing velocities are delineated. The 

multiscale model developed is computationally intensive and has been simulated on large condensing 

surface areas using MPI on a parallel architecture. Bismuth condensation properties have been compared 

with water. Large heat fluxes and shear stresses are seen to be attained sporadically during coalescence for 

short time instants and do not contribute significantly to the surface-averaged values. On the other hand, 

wall shear stresses are found to be large enough to damage the hydrophobic coatings and degrade surface 

wettability, thereby hindering dropwise mode of condensation. 

 

Figure 1 shows that the vertical surface experiences sliding instability, as expected, for the three 

surfaces studied for the condensation of bismuth vapor. For a near-horizontal surface, it is mainly fall-off 

though a short signature of slide-off is visible for a horizontal surface of 50 × 50 mm2 dimensions. 

Comparing the time instants of commencement of instability, it is seen that the surface dimensions do play 

a role. The instant of instability is earlier on larger surfaces when compared to the smaller, a trend common 

to horizontal as well as vertical surfaces. The first instant of instability is in the range of 314-356 s for 

horizontal surfaces and 139-150 s for vertical surfaces over the range of dimensions considered. The 

proximity of the substrate boundaries is seen to stabilize large drops by limiting their growth rate, thus 

contributing to higher cycle times for smaller surfaces. 
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Figure 1: Comparison of full surface condensation patterns of bismuth vapor over horizontal surfaces of size 10 × 10 mm2 

in the first row, 30 × 30 mm2 in the second row, 50 × 50 mm2 in the third and over vertical surfaces of size 10 × 10 mm2 in 

the fourth, 30 × 30 mm2 in the fifth, 50 × 50 mm2 in the sixth. 

 

3. Accelerators for linear solvers in three dimensional CFD with applications  
Krishna Chandran, (Ph.D Student) 

Preconditioning strategies for pressure and velocity matrices obtained from an unstructured finite 

volume discretization of the three-dimensional incompressible Navier-Stokes equations are studied by 

reference to their condition numbers. The computational procedure for determining the exact condition 
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number is expensive and is circumvented by providing Gershgorin-type theoretical bounds available for 

diagonally dominant matrices. The discretized system of linear algebraic equations of mass and momentum 

is solved using the preconditioned-BiCGSTAB algorithm with the matrices represented in the compressed 

sparse row format. Condition number of velocity matrices obtained from the Gershgorin theorem shows 

these to be well-conditioned compared to pressure. As a result, SGS preconditioners perform well, resulting 

in better speedup in terms of CPU time compared to ILU that requires additional LU factorization. Based 

on numerical experiments, the present study proposes a preconditioning algorithm that is a combination of 

SGS preconditioner for velocity and ILU for pressure. The composite algorithm shows a reduction in the 

overall simulation time.  The present study also shows that the Gershgorin upper bounds for the largest 

eigenvalue and singular value capture the details of flow dynamics in applications. For flow past a circular 

cylinder, the variation of the upper bound of the largest eigenvalue with time predicts the onset of vortex 

shedding.  

  
Figure 1. (a) Residual convergence of velocity matrix within one non-linear iteration for the newly proposed kGs -

BiCGSTAB. (b) Variation of Gershgorin upper bound for the largest eigenvalue of the velocity matrix with time for a 

flow past a circular cylinder problem at Re=100. 

 

Parallel preconditioners for matrix systems arising from an unstructured finite volume formulation 

for the general thermal transport problem are studied with the primary focus on the CPU time of simulation. 

The pressure matrices are highly ill-conditioned and require powerful preconditioners. Velocity matrices 

being well-conditioned require computationally inexpensive preconditioners such as the diagonal 

preconditioner. Sparse Aproximate Inverse (SPAI) based preconditioners have better convergence and are 

highly suitable for parallel computing and hence is used for the pressure matrix. Parallelization is based on 

the OpenMP framework. The relatively high setup time required to compute the approximate inverse is 

compensated by tailoring the discretized governing equations for pressure correction such that the 

approximate inverse needs to be computed only at the beginning of the simulation. The present work shows 

that this new formulation enables a computationally inexpensive way of using SPAI preconditioner which 

guarantees a superior convergence and an overall reduction in CPU time when compared with diagonal, 

SGS and ILU(0) preconditioners. 
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Figure 2. (a) CPU time for residual convergence of pressure matrix for 1 linear solve and (b) mass residual convergence 

for one pulsatile cycle of the velocity waveform with SPAI preconditioner for pressure matrix  

 

  

4. Flow in an intracranial aneurysm model: effect of parent artery orientation 

Mohammad Owais (PhD student) 
Flow in an artery with an intracranial saccular aneurysm is investigated under steady and pulsatile flow 

conditions. Experiments have been carried out using a PIV system that images the instantaneous flow 

distribution over a selected plane cutting through the bulge. Simulations of the 3D Navier–Stokes equations 

have been carried out using a finite-volume method. Three models (M1–M3) resembling diseased portions 

of intracranial aneurysm are considered. These differ in the manner in which the connecting inlet artery is 

oriented with respect to the bulge. In experiments, a blood mimicking fluid is circulated through the model 

and dynamic similarity with simulation is achieved under physiological conditions (Re = 426 and Wo = 

4.7). Experimental data are reported on the medial plane and compared against the numerical solution. The 

three-dimensional flow field is mapped in detail by examining the numerically generated data. The present 

study reveals distinct flow patterns within the aneurysm at varying orientations of the inlet parent artery. 

Depending on its orientation, flow may impinge on the distal neck before entering the aneurysm, mix with 

the primary recirculation pattern, or may entirely bypass it. These flow patterns significantly influence 

pressure and wall shear stress, and have a bearing on the deformation and aging of the biological tissue. In 

the three configurations, flow within the bulge reveals a persistent three-dimensional vortex, whose core 

shifts spatially during the pulsatile cycle. The vortex has a primary component on the medial plane that 

drives secondary flow on an orthogonal plane within the aneurysmal sac. A vertical cross plane reveals 

contra-rotating circulation patterns nestled in the neck region that strengthens during the pulsatile cycle, 

while horizontal planes above the connecting arteries show stagnant secondary flow structures. Vortex 

strength, measured using the Q-criterion, increases from model M1 to M3 and changes with the phase of 

the flow rate waveform. Wall shear stress (WSS) and wall pressure are high in regions of flow impingement 

and WSS is low within the aneurysm, thus generating a region of wall shear stress gradient. Variations in 

WSS and pressure are shown to be sensitive to the orientation of the inlet parent artery. 
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Figure 1.  Time-averaged flow in models a M1, b M2, and c M3 during the inflow cycle; Inlet waveform on the right 

 
Numerically generated wall shear stress (units of Pa) contours (Fig. 2) and pressure contours (Fig. 3) at select phases (B 

and D) along with stream traces and q-vorticity contours (Fig. 4) of the inflow pulsatile cycle in rigid models (M1–M3) 

of a cerebral aneurysm for at Re = 426 and Wo = 4.7. 
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Research Activities at Combustion and Energy 
Conversion Systems (CECS) 

Santanu De 
Assistant Professor, Mechanical Engineering, IIT Kanpur 

 

Executive Summary:  
The current research highlight of the Combustion and Energy Conversion Systems (CECS) group is on the 

modelling of complex multiscale, multiphysics phenomena involving turbulent combustion. Both funda-

mental and applied research works are being pursued. On the fundamental side, combustion aerodynamics 

is being studied using in-house CFD code and OpenFOAM (an Open-source C++ based CFD code). Beside 

this, numerical approaches are being developed for modeling of turbulent combustion aiming to provide 

better predictions of the combustion fields within both Reynolds averaged Navier – Stokes (RANS) or large 

eddy simulation (LES) framework. On the applied side, numerical simulations are routinely being pursued 

to investigate various reacting and non-reacting flows involving combustion and gasification of coal, atom-

ization and combustion of liquid fuels, combustion in micro gas turbine combustor and scramjet, and tur-

bomachinery flows. The high-performance computing systems (HPC-2010 and HPC-2013) available at IIT 

Kanpur are being utilized to conduct these simulations.  
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The Challenges: 
Combustion has widespread industrial and day-to-day applications in automotive, aviation, defense 

and power generation sectors. In most of the combustion systems, combustion invariably occurs under an 

underlying turbulent flow field. Some of the by-products of fossil-fuel combustion, namely NOx, soot and 

particulate matters are extremely harmful to the environment and the human health. Clean combustion 

technologies with high thermal efficiency are essential for mitigating the environmental implication of such 

undesirable emissions. A proper understanding of the complex turbulence-combustion interactions, flame 

structure, and dynamics is indispensable towards the optimal design and systematic evolution of these 

applications. Predictive simulation of combustion holds key to understanding the underlying complicated 

physicochemical processes, improving engine performance, and reducing pollutant emissions. Modeling of 

underlying turbulent flows, complex turbulence-chemistry interaction, and the requirement of detailed 

chemical kinetics in complex flows pose challenge towards high-fidelity combustion simulation. We are 

working towards the development of CFD codes aiming to address modeling of complex turbulent-

chemistry interactions. Beside developing in-house code, we are using open-source OpenFOAM CFD 

solver for solving industrial problems of scramjet combustion, pulverized coal combustion and fluidized 

bed gasification of coal. Both RANS and LES of reactive flows are being performed where we use state-

of-the-art turbulent combustion models, namely, flamelet model, conditional moment closure (CMC) 

method, multiple mapping conditioning (MMC) and probability density function (PDF) approaches.   

Methods and Codes: 
The numerical simulations are being performed using in-house CFD code, open-source CFD solver, 

namely OpenFOAM, and commercial software (Ansys Fluent). Different solvers in OpenFOAM are 

utilized to do simulations such as reactingFoam, coalchemistryFoam, MPPICFoam, mmcFoam etc. PISO, 

SIMPLE, and PIMPLE which is the blend of pressure implicit with the splitting of operators (PISO) and 

semi-implicit method for pressure-linked equations (SIMPLE) algorithms are used to model pressure-

velocity coupling. In some cases, Solvers were customized from available solvers to meet the modeling 

needs. 

Results  

1. Modeling of multi-regime turbulent reactive flows using RANS-MMC approach 
Sanjeev Kumar Ghai (Ph.D. Student) 

 
Multiple mapping closure (MMC) approach combines the probability density function (PDF) 

method and the conditional moment closure (CMC) method based on a certain generalization of the 

mapping closure concept. This is a new modeling approach, and it has been successfully applied for 

gaseous-phase combustion. The MMC approach saves computational efforts compared to the classical PDF 

approach. We have developed a RANS-based stochastic MMC solver which can seamlessly work for 

different regimes of combustion, namely nonpremixed and premixed combustion. Figure 1 shows the 

experimental configuration of lifted jet diffusion flames of CH4/air issued into a vitiated coflow and 

temperature contours at four different coflow temperatures. For premixed combustion, numerical 
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simulations are performed for Sydney premixed piloted jet burner. Contours of temperature and OH mass 

fraction are shown in Fig. 2.  

 

 
 

(a) (b) 
Figure 1. (a) Experimental configuration of Cabra burner, and (b) temperature contours for lifted CH4-air jet diffusion 

flames issued into a vitiated coflowing oxidizer stream. 

 

 
 

(a) (b) 
Figure 2. RANS-MMC of Sydney piloted premixed jet burner: (a) burner configuration and flame observed during ex-

periment, and (b) contours of temperature and OH mass fraction. 

 

2. Numerical simulations of DME lifted jet diffusion flames using RANS-MMC ap-

proach 
 Rajat Gupta (M.S.-Research student)  

 
Stochastic multiple mapping conditioning (MMC) approach has been coupled with Reynolds-

averaged Navier-stokes (RANS) flow solver for the computation of turbulent jet diffusion flames of 

dimethyl ether/air issued into a vitiated coflow. The coflow temperature has been varied between 1200 – 

1500 K by changing the equivalence ratio of the reactants from the coflowing stream. The MMC method is 

computationally cheaper compared to the conventional PDF method. A single reference variable is used to 

describe the evolution of the mapping function in the reference space. A skeletal mechanism for dimethyl 

1350 K 1330 K 1310 K 1290 K 

T (K) YOH 
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ether is used which consists of 28 species and 24 reactions. Modified Curl’s mixing model is adapted to 

model the micro-mixing term. Computed results for mixture fraction and reactive scalars are found to be in 

excellent agreement with the published experimental data. 

 
   

(a) (b) (c) 
Figure 3. Contours of (a) temperature, (b) OH mass fraction and (c) HCHO mass fraction for DME jet diffusion flame 

issued into a vitiated coflow. 

 
(a) 

 
(b) 

 
(c) 

Figure 4: Contours of (a) pressure, (b) velocity and (c) and H2O mass fraction obtained from LES. 
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3. LES of hydrogen-fuelled scramjet combustor using flamelet model  
Mukesh Adlak ((M.S.-Research student) and Gunvir Singh Walia (Ph.D. Student) 

LES of a hydrogen-fueled scramjet combustor has been performed using the dynamic Smagorinsky 

model with Lagrangian averaging technique. Both non-reacting and reacting cases have been investigated 

and computed results are validated against the available experimental measurements from the Institute for 

Chemical Propulsion of the German Aerospace Center (DLR) at Stuttgart. Flamelet model has been used 

to model gas-phase combustion. Numerical results for time-averaged pressure, temperature, and axial 

velocity are validated against the experimental data at different cross-sections of the combustor. The 

contours for pressure, velocity and H2O mass fraction are shown in Figures 1 (a-c) at the mid-plane of the 

combustor. 

 

 
Figure 5: Contours of (a) liquid mass fraction and (b) Sauter mean diameter after 2.8 ms from the start of Diesel injection 

 

4. Numerical simulations of primary atomization using RANS based ∑ − 9 approach  
Eshan Sharma (Ph.D. Student) 

The primary and secondary breakup of liquid jet is an active area of research for various engineering 

applications such as combustion, agriculture, manufacturing, etc. Due to insufficient experimental 

techniques available to study the near-nozzle phenomena, computational methods often provide useful 

information related to the complex multiphase flow physics dominating in the near-nozzle region. Due to 

high computational costs, high-fidelity numerical simulations, e.g., the volume of fluid method, levelset 

methods become prohibitive for engineering applications. Numerical simulations are being attempted to 

simulate primary atomization of an industrial swirl coaxial atomizer using OpenFOAM, where RANS based 

∑-Y method is being developed to predict primary atomization with reasonable accuracy at much lesser 

computational costs. Simulation of diesel jet injection in an engine combustion chamber is being performed 
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in order to validate the numerical model. Contours of liquid mass fraction and Sauter mean diameter (SMD) 

are shown in Fig. 2. Also, comparison of centerline axial velocity profiles from standard and high-density 

ratio k-ε turbulence models are made with published numerical results. 

5. LES of pulverised coal combustion 
Manpreet Singh (BT-MT student) 

 Despite harmful consequences of burning fossil fuel, pulverized coal combustion (PCC) will remain 

in the forefront for power generation in a thermal power plant. Numerical simulations of both non-reacting 

and reacting coal jets are performed using coalChemistryFoam, a pressure-based solver in OpenFOAM. 

Gas-phase governing equations are described within a Eulerian framework based on low Mach number 

variable density assumption, whereas a Lagrangian particle method has been adopted for the evolution of 

discrete coal particles within the continuous gas-phase. Gas-phase governing equations are based on varia-

ble density low Mach number assumption. In LES, filtered transport equations, namely continuity, momen-

tum, energy, and species mass fraction are solved. The gas-phase transport equations contain source terms 

arising due to the interaction between the discrete phase (coal particles) and the continuous gas phase. Var-

ious coal combustion processes, namely devolatilization, char combustion, and volatile combustion are rep-

resented using various sub-models. Eddy dissipation concept (EDC) model with detailed chemistry based 

on 24 species is used to model turbulence-chemistry interactions. A three-dimensional domain, similar to 

the burner developed by the central research institute of electric power industry (CRIEPI), Japan is used. 

The burner has three inlets jet, pilot, and co-flow. Coal particles are emanated from the central jet along 

with primary air, whereas CH4/air mixture from the annular pilot stream is used to stabilize the coal jet 

flame. Velocity and temperature contours of reacting coal jet are shown in Fig. Profiles of velocity and 

reactive scalars are compared with the available experimental data at different locations, and an overall 

good agreement is found.   

   

(a) (b) 
Figure 6.  Contours of (a) instantaneous gas-phase velocity and (b) temperature of pulverized reacting jets. 
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6. Fluidized bed gasification based on MP-PIC method 
Suraj (M.S. – Reasearch student) 

An OpenFoam based solver is also being developed to simulate pulverized coal combustion, which 

requires numerical model development towards modeling of complex gas-phase combustion involving dry-

ing, char and volatile matter combustion. Modeling and simulation of fluid flow in the fluidized bed riser 

are important from the view of design optimization and operation. A Eulerian-Lagrangian approach based 

on the multi-phase particle in cell (MPPIC) approach is being pursued to simulate gasification in a fluidized 

bed where effects of drag models, heat transfer models, and chemical kinetics are being investigated. This 

method saves a lot of computational time by adopting parcel concept. The solver is being validated with 

experimental data. 

  

  
(a) (b) 

Figure 7. Contours of (a) gas concentration and (b) solid volume fraction in a riser obtained using MP-PIC method. 

 

7. Hydrodynamics study of a riser based on Eulerian-Eulerian approach using EMMS 

drag model 
Nishant (M.Tech. student) 

If a gas passes upward through a bed of particles at a very low velocity, the drag is not sufficient to 

carry the particles. With increasing gas-velocity, the gas-solid system changes from fixed state to fluidized 

state at minimum fluidization velocity. Upon further increasing the velocity, the particles tend to move 

along with the gas while aggregating at the same time. This leads to the formation of a particle-deficient 

dilute phase and a particle-dense phase. The movement of the particles along with the gas is characterized 

by the drag force acting on the particles in the dilute, dense and the interface of the aggregates or the cluster 
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formed. Figure 8 shows the gas-solid system modeled with a homogeneous drag model (Gidaspow model) 

where the drag causes almost whole of the particles to move along with the gas. The second figure depicts 

a heterogeneous drag model (Energy Minimisation and Multiscale Model) where the particles are seen to 

be accumulating at the walls and also at the center (as compared to Gidaspow model). The third figure 

clarifies that the homogeneous drag model over-estimates the drag acting on the particles as compared to 

the EMMS model. The particles can be seen accumulating at the wall with the value at the center almost 

same as the homogeneous model signifying that the particles try to minimize their energy by accumulating 

near the wall so as to allow easy escape of the gas with minimum resistance in the annular central region. 

 

Figure 8: Contours of solid volume fraction from EMMS drag model in a fluidized bed riser. 

 
8. Hydrodynamic study of a novel dual fluidized bed gasifier 

Saurabh Gupta (Ph.D student) 

A 3D, full-loop, unsteady CFD simulation of a laboratory-scale dual fluidized bed gasifier is being 

performed. A novel design of Dual fluidized bed (DFB) gasifier is proposed, comprising of a fast bed com-

bustor and a bubbling fluidized bed gasifier coupled together with a provision of bed materials circulating 

between the reactors. DFBG does not need external heating source to generate heat for endothermic gasifi-

cation reactions to produce nitrogen-free syngas.  Heat required to sustain gasification reactions is supplied 

from the combustor where a part of fuel is burnt in air. Connection of fluidized bed reactor to combustor 

via a fluidized loop seal is achieved in such a way that optimal range of solids circulation rates can be 

obtained. Loop seal prevents direct contact between the syngas and the flue gas. To arrest momentum of 

gas-solid flow at the end of riser, a diffuser is used. DFBG system is designed such that it is readily scalable 

to pilot scale. To investigate the practicability of current DFBG assembly, 3D simulation of a laboratory-

scale model has been conducted using commercial CFD software Ansys/Fluent. Optimum operational pa-

rameters recommended in literature are utilized. The Eulerian-Eulerian approach is employed to simulate 
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two phase flow dynamics in which both phases are considered as interspersed continuum. Kinetic theory of 

granular flow is used to model particulate phase properties. Solid holdup profiles indicated stable solid 

circulation in the system. Numerical simulation results also confirm hydrodynamic results before the actual 

operation of the cold flow setup. 

  
 

     

(a) t= 0.01 s  (b) t= 1 s (c) t = 10 s  (d) t = 15 s 
Figure 9.  Evolution of solid volume fraction in a dual fluidized bed gasifier. 
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Computational Modelling of Nanoscale Effects 
Anandh Subramaniam 

Associate Professor, Material Science and Engineering, IIT Kanpur 

 

Executive Summary:  
 

          ne of the major goals of materials science is to be able to compute the response of entire 

microstructures, which spans multiple length-scales, to complex stimuli. The microstructure includes a 

distribution of phases, the defect structure and residual stresses arising from various sources. The 

components of the microstructure (i.e., phases, defects and residual stresses) are altered in nanoscale 

structures and materials and interesting phenomena emerge. The computational work envisages 

understanding the individual pieces of this puzzle, in order to evolve the larger picture. The High 

Performance Computation facility at IIT Kanpur is an important resource to achieve the research goals. 

 Specific phenomena/issues being addresses include: the effect of surface stress in nanostructures, 

dislocation void interactions, precipitation, growth of epitaxial overlayers, fracture and high strain rate 

deformation. 

 

Computational Techniques: 
A combination of techniques like density functional theory, molecular dynamics and finite element 

method, in conjunction with experimental methods can help in understanding many diverse phenomena. 

Software like LAMMPS, Gaussian and VASP have been used as tools for the implementation of these 

techniques. 

 

Research:  
Some of the specific research accomplishments involving computational techniques are as listed below. 

• Introduced new concepts like: (i) 'depth sensitive lattice fringe imaging' in the context of nucleation in 

thin films and (ii) 'nucleation-free zones'. Established that surface nucleation can occur akin to that in 

liquids.  

• Demonstrated 'liquid like nucleation' in thin solid films. 

• Given a paradigm shift in hydrogen storage philosophy via multi-mode hydrogen storage in 

nanocontainers.  

• Showed for the first time storage of molecular hydrogen in a metal. Demonstrated storage of 

molecular hydrogen at atmospheric pressure and room temperature. Enhanced storage involving a novel 

mechanism with a dual catalytic role of Pd. Novel 'idea' to use Sieverts apparatus for 'molecular 

spectroscopy'. 

O 
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• Discovered entrapped states of molecular hydrogen at grain boundaries. 

• Demonstrated Poisson Effect Driven Anomalous Lattice Expansion in Metal Nanoshells. Discovered 

lattice expansion due to purely surface stress effects in a metallic system. 

• Discovered a new kind of mechanical equilibrium of an edge dislocation in a semi-infinite body with 

surface stress. Introduced the concept of surface stress induced torque on edge dislocations (monopole).  

• Developed a new two-scale technique for the simulation of surface stress, giving life to Shuttleworth's 

classic idea from 1949 (which lay dormant for more than 60 years). 

'Snapshots' from the research work cited above can be found in Figs.1-4. 

 

 
Fig 1. State of stress due to the presence of an edge dislocation in the proximity of a surface. 

 

 
(a) 

 (b) 
Fig 2. (a) State of stress due to a crystal in an amorphous matrix, (b) Conceptual model of 'depth sensitive imaging'. 
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Fig 3. (a) Demonstration of Poisson effect driven anomalous lattice expansion, (b) stress state of a hollow sphere versus a 

nanoparticle. 

 

 
Fig .4 Multi-mode hydrogen storage philosophy in nanocontainers. 
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Atomistic Simulations for Structure-Property 
Correlations in Low Dimensional Materials 

Somnath Bhowmick 
Assistant Professor, Materials Science and Engineering, IIT Kanpur 

 

Executive Summary: 
Atomistic simulations are performed to predict new low dimensional materials and understand their 

electronic, magnetic, optical and mechanical properties. A few famous examples of low dimensional 

materials are graphene, MoS2, phosphorene (two dimensional), carbon, boron nitride nanotubes (one 

dimensional) and fullerene (zero dimensional). Such materials are of great importance because of their 

potential to replace silicon in next generation electronic devices. 

 

Methods and Codes: 
Calculations are performed using density functional theory (VASP and Quantum Espresso) and classical 

molecular dynamics simulations (LAMMPS). 

 

Results: 
 
1. (a) Straintronics – strain can change electronic properties (Achintya Priydarshi, 

Ph. D. student and Shivam Puri, BT-MT student) 

 
 

 
 

 
 

 
 

 
 

Carrier mobility of phosphorene as a function of applied strain [Phys. Rev. B 97, 115434 – Published 20 March 

2018] 

 
Strain can change electronic properties of a material. The effect is very prominent in atomically 

thin layers of 2D materials. In a recent work, we have shown that strain can significantly alter the mobility 
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of charge carriers in phosphorene, a recently developed 2D semiconductor with high carrier mobility, as 

well as high ON and OFF current ratio. Phosphorene is a highly anisortopic material and most interestingly 

we observe that even the easy and hard direction for conduction can be switched by applying an external 

strain. Such strain-tunable transport properties can be very useful in device applications. 

 

 
 

 
 

 
Evolution of band edges in chlorographene under compressive and tensile strain [Phys. Rev. Materials 2, 044001 – Published 

4 April 2018] 

 
In another work, we study the effect of strain on electronic band structure of chlorographene. A 

semiconductor to semimetal phase transition is observed under high tensile strain. On the other hand, a 

semiconductor to metal phase transition is observed at high compressive strain. Such remarkable tunability 

is the reason because of what 2D materials are considered as the ideal candidates for next generation 

electronic devices. 

 
2. Stark effect in 2D monolayers: 

 

 
Strak effect in monolayer blue phosphorene [J. Phys. Chem. C, 2018, 122 (9), pp 5171–5177] 

 
Change of atomic energy levels due to external electric field is known as the Stark effect. In a flat layer of 

phosphorene, small electric field does not change the electronic energy levels because of the symmetry of 

the material. We find that, due to the presence of ripples, the symmetry is reduced and electronic energy 

levels shift, leading to bandgap modification. This can have practical importance, as ripples are naturally 
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present in 2D materials due to thermal energy and defects. 

3. Collective excitations in 2D monolayers: 

 
EELS of monolayer phosphorene showing anisotropic nature of excitations  [Phys. Rev. B 96, 035422 – Published 18 July 

2017] 

 
Phosphorene is a remarkably anisotropic material, as the carrier mobility and elastic constant 

measured along the armchair and zigzag direction vary significantly. This originates from the anisotropic 

electron and phonon band dispersion along those directions in phosphorene. In this work, we show that the 

electron-hole and plasmon excitations in phosphorene are also highly anisotropic, which is shown to be 

related to the anisotropy of the electronic band dispersion of phosphorene. Our work can be useful to 

interpret the experimentally observed EELS spectrum of phosphorene. 

4. Machine learning – predicting new 2D materials: 

 

 
Various different stable 2D allotrope of phosphorus and arsenic [Phys. Chem. Chem. Phys., 2017, 19, 11282-11288] 

 
Monolayers of phosphorous and arsenic have emerged as a suitable candidate for FET devices, because of 
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high carrier mobility, along with a good on-off ratio. Interestingly, monolayers of group V elements have 

several allotropes. In this work, using evolutionary algorithm, we predict eight stable allotropes of 

monolayer phosphorous and arsenic. Some of them have already been experimentally discovered. 
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High Resolution Turbulent Simulations 
Mahendra K. Verma  
Professor, Physics, IIT Kanpur 

 

Executive Summary:  
Using the High Performance Computing Facility of IIT Kanpur, high resolution simulations of 

turbulence are conducted to analyse the dynamics of both large and small scale quantities. Our studies 

include homogeneous isotropic turbulence, as well as anisotropic turbulence such as rotating, 

magnetohydrodynamic and buoyancy-driven turbulence. Our work has highlighted the role of walls in 

turbulent convection, the effect of rotation and magnetic field on large scale structures, the spectral 

behaviour of stably-stratified flows etc.       

 

The Challenges: 
Study of turbulent flows requires analysis of quantities all scales, ranging from large to the smallest 

scales. We wish to understand the dynamics of small scales and how they impact higher scales. This is 

imperative in analysing the heat flux in convective flows, energy cascade in rotating and 

magnetohydrodynamic flows, formation of coherent structures etc. To adequately resolve the small scales 

in highly turbulent flow simulations, we require extremely large grid sizes and therefore more 

computational resources.  

 

Methods and Codes: 
The numerical simulations were conducted using our in-house code named Tarang. Tarang 

(synonym for waves in Sanskrit) is a pseudo-spectral general purpose flow solver and has been developed 

for over 13 years. It is a parallel and modular C++ program with around 1,00,000 lines of code, and it can 

solve incompressible flows involving pure fluid, Rayleigh–Bénard convection, passive and active scalars, 

magnetohydrodynamics, liquid metals, rotating flows, etc.  

 

Tarang is an open-source code under General Public License (GPL), and it can be downloaded from 

http://turbulencehub.org. It is being used by around 15 research-groups across the world. 
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Results  

1. Dynamical Properties of Rapidly Decaying Turbulence: Coherent Structures 
Manohar Kumar Sharma (Ph.D Student) 

Dynamical properties of nature like cloud formation, convection inside the core of the earth, 

mechanism of cyclone and anticyclone etc.  are very complex to understand. Turbulence plays a prominent 

role and affects the dynamical behaviour of these natural phenomena. Turbulence, a complex phenomenon 

in itself, becomes even more challenging when rotation is introduced.  The effect of rotation appears at large 

scales in turbulent flows. To unravel the complexity and to develop an understanding of rotating turbulent 

system, we investigated the properties of rapidly rotating decaying turbulence using numerical simulation. 

Using the pseudo-spectral code Tarang, we solved the governing equation of the system in a 3D periodic 

and cubic box of size (2;)<  with grid resolution of 512<  and 1024< .  We have achieved the smallest 

Rossby number (ratio of nonlinear terms to Coriolis force) ∼ 10)< in our simulation, which shows the 

coriolis force is dominant over nonlinear terms.  As the system evolves in time the nonlinear terms in the 

governing equation participate in energy transfer between modes in Fourier-space. This leads to inverse 

cascade of energy and the formation of columnar structures for the system. Figure 19 (a,b,c) show the 

density plots of  the horizontal cross-section of the flow at @ = ;. These figures demonstrate the formation 

of strong vertical columns.  

 
Figure 19: For the rapidly rotating decaying turbulence on ABCD grid: (a,b,c) show the velocity vector plot superposed with 

the density plot of z component of vorticity for the horizontal cross-section at E = F at t = 49, 98 and 148. 

 

2. Parallel Shell Model Solver and a Novel Hybrid Code to compute Structure 

Function 
Shubhadeep Sadhukhaan (Ph.D Student) 

We developed a parallel shell model solver, which was run in the High-Performance Computing 

facility of IIT Kanpur. We systematically scaled the code with variable number of processors and computed 

the efficiency of the code. We also benchmarked our code with known results.  

We computed the energy spectrum and observed Kolmogorov’s scaling, with constant energy flux 

in the inertial range of turbulent fluid. We achieved Reynolds number ≈ 3 × 10J. We computed structure 
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function and the universal scaling laws and then compared the results with available experimental data and 

She-Leveque proposed fit.  

  

Figure 20: (Left) Strong scaling of Shell Model solver, and  (Right) kinetic energy spectrum obtained from the shell model 

solver. 

 

We also developed a hybrid-parallel code to compute the structure function from the direct numerical 

simulation data. We conducted some test runs of this code on HPC2013.  

 

3. Parallel Finite Difference Solver with Geometric Multigrid Method  
Roshan John Samuel (Ph.D Student) 

Finite difference (FD) methods are a versatile set of tools to simulate fluid flow problems with 

diverse boundary conditions. The Aether Partial Differential Equations (PDE) solver has been developed 

to exploit this property of FD schemes. Moreover, an MPI parallelized geometric multi-grid library has also 

been developed complimentarily to solve the pressure Poisson equation when computing solutions to 

Navier-Stokes Equations (NSEs) with Aether. The solver, written in C++, is open-source and structured in 

such a manner as to be easily extensible to new PDEs, using intuitively defined vector and scalar field 

classes with associated vector calculus operations like divergence, gradient, etc. 

 

The solver also uses grids with non-uniform node spacing to provide high resolution of flow 

features in regions with large gradients. Finally, both 2D and 3D simulations can be performed with a switch 

of compile-time flags. The solver has been used to simulate the problem of 3D lid-driven cavity (LDC) to 

test no-slip boundary conditions, and also 3D Taylor-Green vortices for periodic boundary conditions. 

Figure 21 shows the cross-sectional profiles of pressure, x-velocity and z-velocity for the LDC problem 

computed with the developed solver. 
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Figure 21: Cross sectional profiles of z-velocity (left), pressure (middle) and x-velocity (right) for 3D lid-driven cavity 

simulation run at Re=800 over KKD grid. 

 

Presently, the solver is in a phase of testing and profiling, for which the HPC cluster of IIT-Kanpur 

has proved to be an invaluable resource. Any parallel code has to be tested to run efficiently over multiple 

cores and the mini queue of HPC-2013 with its short waiting time is indispensable for this task. Moreover, 

open source profiling tools like Scalsaca and Score-P (which was locally installed on HPC-2013 by user) 

has also been used to accurately analyse the performance of the solver. 

 

Graduated Students: 
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Name Title of the thesis 
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Combustion 

R. N. V. Krishna 
Deepak 

N-H...N hydrogen bonds in proteins and biological significance 
of non-covalent interactions: Computational studies 

Namsani Sadanandam Force field development and prediction of thermal conductivity 
of nanocomposites 

Anitha Kommu 
 

“Removal of Heavy Metal ions and Organic Pollutants from 
Industrial Wastewater using Nanomaterials” 

Sulay Saha Design of Interfacial Structures for Elctrocatalytic and 
Optoelectronic Applications 

Deepak Ojha Theoretical studies of vibrational echo spectroscopy of aqueous 

solutions from first principles simulations 

Abhijit Kayal Effects of hydrophobic confinement and surfaces on the structure, 

dynamics and spectral properties of water through classical and 

an initio simulations 
Sushma Yadav Anisotropic solvation structure and dynamics of oxyanions in 

aqueous solutions and their passage through nanopores: The 

cases of nitrate, nitrite and carbonate ions and their salts with 

metal ions in water 
Bikramjit Sharma AB Initio molecular dynamics investigation of polyoxyanions and 

a gamma-amino acid in water 

Paramita Ghosh Epitaxial growth of silicon and germanium on 2X1 
reconstructed silicon (001) surface: A kinetic Monte Carlo study 

Manjusha Chugh Adsorbate interactions on GaN(0001) surface and their effects 
on growing surface morphologies: A density functional theory 
and kinetic Monte Carlo based study 
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Sudhir Kumar Sahoo Development of CPMD/GULP QM/MM Interface for Modelling 
Solids 

Sooraj Kunnikuruvan Density Functional Theory and Microkinetic Modeling of 
Chemical Reactions with Applications to Aerospace Industry, 
Biofuel Production, and Synthetic Organic Chemistry 

Shalini Awasthi Efficient Exploration of High Dimensional Free Energy 
Landscapes: Novel Methods and Applications 

Sarvesh Kumar Pandey Quantification of Aromaticity and Hydrogen Bond Strength 
Based on Interaction Coordinates: A New Approach (Thesis 
Submitted) 

Pritam Mondal Flexible Cyclic Bisporphyrins: Versatile Molecular Containers 
for Recognition, Switching and Catalysis 

Gaurav Saxena  
 

Three-dimensional Turbulent Flow and Heat Transfer 
Characteristic of Two-dimensional and Three-dimensional 
Twisted Turbine Blade.  

Sachidananda Behera Simulation of Turbulent Flow of an Elevated Jet in Crossflow. 

Basheer A Khan Turbulent Flow & Heat Transfer over a Protruded Heat Source 
in Electronic Circuit Board. 

Abdullah Y Usmani Pulsatile Flow Hemodynamics In Deformed Vasculature: An 
Experimental Study 

R.M. Raghavendra Multiscale simulation of microstructures 

Anando Gopal 
Chatterjee 

Spectral Simulation of Thermal and Hydrodynamic Turbulence 
for Extreme Resolutions 

Abhishek Kumar Energy Spectra and Fluxes of Buoyancy-Driven Turbulent Flows 
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Graduated M. Tech/M.Sc: 

 
Mayank Verma 

 
Numerical Simulation of Supersonic Flow in Rocket Nozzles 

Rupesh K Sinha Numerical Investigation of Combustion Characteristics in Rocket 
Engines 

Ahilan K Numerical Study of Axial Interaction of Compressible Vortex ring with 
cylinder 

Jithin M Lattice Boltzmann Simulation of Flow through Expanding 
Channel 

Shashwat Saxena Aerodynamic shape optimization using semi-discrete and space-time 
methods 

K. Siddhartha Koushik Computational Analysis of Flow over a Circular Cylinder with Trip 

Ayantika Das Finite element simulation of flow in a Y-intake of a supersonic aircraft 

Abhishek H. Iyer Biological significance of non-covalent interactions involving aromatic 
amino acids: Fluoride channels as a case study 

Joydeep Datta Hybrid Monte-Carlo and Molecular Dynamic simulations of nickel 
rich Ni-Fe alloys 

Arnab Chakraborty Surface Stress and Surface Reconstructions: An Ab-initio study on the 
Si(001) surface 

Shivam Patel In vitro Investigation of the Effect of Aorto-iliac Bifurcation and Iliac 
Stenosis on Flow Dynamics inside an Abdominal Aortic Aneurysm 

Aman Rusia Parallel Algorithms in Simulation of Methane Recovery from Hydrate 
Reservoirs 

Pradeep Chauhan Effect of Mesh Movement on Simulation of Flow in a Bulge 
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List of Projects:  
 

S. 
No Title Funding agency 

Amount 
(Lacs) 

1. Three-dimensional transient analysis of 
side load for current and future booster 
nozzles during start-up and shut down 

Indian Space Research 
Organization-IITK Space 
Technology Cell 

40.91 

2. CFD-CAA simulation of flow-acoustic 
coupling in a half-dump combustor 

Science and Engineering Research 
Board (SERB), Department of 
Science and Technology, India  

11.55 

3. Control of Transition in Dual-Bell Nozzle 
using film cooling 

Indian Space Research 
Organization-IITK Space 
Technology Cell 

25.08 

4. Off-design Engine modeling of aero 
engines 

Defense Materials Research 
Laboratory, India  

45.0 

5 Numerical Simulation Of Instabilities in 
Y-duct Intakes 

Aeronautical Research & 
Development Board (AR&DB) 

32.25 

6 J C Bose Fellowship (Science & Engineering Research 
Board) SERB, DST 

68.00 

7 Aerodynamic Shape Optimization of 
unsteady flows 

Aeronautical Research & 
Development Board (AR&DB) 

18.51 

8 Formate/Nitrite transport channel family: 
Evolution, selectivity and transport 
mechanism using computational approach 

Department of Biotechnology, 
Government of India 

37.40 

9 Utilization of carbon dioxide for propene 
production 

Science and Engineering Research 
Board (SERB), Department of 
Science and Technology, India 

4.00 

10 Nucleation on Nanostructured Surfaces 
Computer Simulation Studies 

Department of Science and 
Technology, Govt of India 

14.98 

11 Molecular Simulation of Nanoparticle 
Mediated Self-Assembly of Polymeric 
Micro Gels 

Science and Engineering Research 
Board (SERB), Department of 
Science and Technology, India 

19.20 

12 Molecular Modelling and Novel 
Nanoporous Structure To be Used in Gas 
Adsrption and Gas Separation 

Science and Engineering Research 
Board (SERB), Department of 
Science and Technology, India 

19.20 

13 Modelling validation and application of 
ligand coated soft materials for adsorptive 
separation of Gd3+ and UO2

2+ ions 

Board of Research in Nuclear 
Science, Govt of India 

49.16 

14 Alligned Carbon Nanotubes as Porous 
Material for Selective Carbon-Dioxide 
Adsorption and Desorption: Effect of 
Pressure and Charge 

Ministry of Earth Science, Govt of 
India 

41.05 

15 Adsorption and desorption behaviour of 
nanoparticles on polymeric surface 

Council of Scientific & Industrial 
Research, Govt of India 

11.82 

16 Boron Nitride Based Adsorbent for 
removal of Arsenic from aqueous streams 

Department of Science and 
Technology, Govt of India 

42.60 
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17 Wetting Behaviour of fluids in presence 
of large particles on surface 

Science and Engineering Research 
Board (SERB), Department of 
Science and Technology, India 

59.37 

18 Climbing with support: Scaling volcano 
in electrocatalytic oxygen-evolution, 
chlorine-evolution and CO2 reduction 
reactions 

Science and Engineering Research 
Board (SERB), Department of 
Science and Technology, India 

78.73 

19 Integrating Lithium Oxychloride Based 
Solid State Electrolytes with Carbon 
Encapsulated Si/Ge Anodes and NMC 
Cathodes for Advanced Lithium Ion 
Batteries 

Indian Space Research 
Organization 

23.50 

20 Investigations on Hybrid-Sulfur cycle for 
solar thermochemical hydrogen 
generation 

Bhabha Atomic Research Centre 4.00 

21 Si/Ge nanowire anodes and non-native 
nanostructured cathodes for advanced Li 
ion batteries 

Indian Space Research 
Organization 

18.00 

22 Computational study of the role of elastic 
anisotropy, surface stress and 
compositional seggregation in Ge-Si 
coherent heteroepitaxial growth 

Science and Engineering Research 
Board (SERB), Department of 
Science and Technology, India 

27.28 

23 Computational analysis of stress states in 
Gallium Nitride based systems and 
devices 

Extramural Research and Industrial 
Property Rights, DRDO, Govt of 
India 

42.36 

24 Mechanism Of Antibiotic Resistance By 
Class-C Beta Lactamase and NDM-1 

DBT 31.00 

25 Computational Studies of Plasma Treated 
Polymers 

BOEING 18.00 

26 Investigation Into The Thermo-Oxidative 
And Mechanical Response Of 
Commercial Polyimide Resins And 
Polyimide Nano-Composites For 
Aerospace Application 

BOEING 253.00 

27 The study of aromaticity, anomeric effect 
and bond path in QTAIM using 
interaction coordinates and anharmonicity 
analysis 

Department of Science and 
Technology, Govt of India 

21.40 

28 Porphyrin Dimers as Model of Di-heme 
Proteins: Inorganic and Bioinorganic 
Perspectives and Consequences of Heme-
Heme Interactions 

Science and Engineering Research 
Board (SERB), Department of 
Science and Technology, India 

84.00 

29 Modeling Diheme Enzyme MauG: 
Understanding Nature’s Design, 
Structure-Function Correlation and 
Application  

Science and Engineering Research 
Board (SERB), Department of 
Science and Technology, India 

74.00 

30 Probing Molecular Chirality by dimeric 
metalloporphyrin hosts: Transfer, Control 

CSIR, Govt. of India 18.00 
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and Rationalization using Exciton 
Coupled Circular Dichroism 

31 Three-Dimensional Simulation of Rotating 
Ribbed-Duct 

GTRE, Bangalore 85.00 

32 Development of pressurized dual 
fluidized bed gasifier for high-ash Indian 
coal.  

IMPRINT (MHRD) 400.00 

33 Decentralized power generation using 
micro gas turbines 

IMPRINT (MHRD, Ministry of 
Power) 

400.00 

34 Multiple Mapping Conditioning Method 
for Lifted Jet Diffusion Flames 

IITK Research Initiation Grant 25.00 

35 Mixing and Autoignition of Dimethyl 
Ether Jets in a Preheated Turbulent 
Coflowing Air Stream 

SERB Early Career Research 
Award 

50.00 

36 Numerical simulations of liquid-sheet 
breakup in gas-centered swirl coaxial 
atomizers 

ISRO – IITK Space Technology 
Cell 

22.22 

37 Numerical investigation of a kerosene-
fuelled scramjet combustor using RANS 
based flamelet model 

ISRO – IITK Space Technology 
Cell 

10.13 

38 Computational study of the role of elastic 
anisotropy, surface stress and 
compositional seggregation in Ge-Si 
coherent heteroepitaxial growth.  

Science and Engineering Research 
Board, DST. 

29.50 

39 Two Dimensional Materials for Nanoscale 
Flexible Electronics: a Computational 
Study 

Science and Engineering Research 
Board (SERB), Department of 
Science and Technology, India 

25.58 

40 Atomistic simulation and compact 
modeling of alternate channel materials 
for nanoscale devices 

Nanomission, DST 70.00 

41 Investigation of Energy Spectrum and 
Heat Convection 

Science and Engineering Research 
Board (SERB), Department of 
Science and Technology, India 

 

42 Reversals of a large scale field on a 
turbulent background 

Indo-French Centre for the 
Promotion of Advanced Research 
(IFCPAR) 

 

43 Investigation of Stratified Turbulence and 
Its applications to Planetary Atmospheres 

Planetary Science And Exploration 
Program (PLANEX) 

 

44 Helicity Effects in MHD, Rotating and 
Convective Turbulence 

DST & Russian Federation 
(DSTRSF) 
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List of Publication 
1. Investigation of Mixing Characteristics in Strut Injectors Using Model Decomposition, R 

Soni, A De, Physics of Fluids, 2018, 30, 016108.  
2. Pore-Scale Simulation of Shear Thinning Fluid Flow Using Lattice Boltzmann Method, M 

Jithin, N Kumar, A De, M K Das, Transport in Porous Media, 2018, 121, 753-782.  
3. Investigation of NOx in pilot stabilized methane-air diffusion flames using finite-rate and 

infinitely-fast chemistry based combustion models, R Saini, S Prakash, A De, R Yadav, 
Thermal Science and Engineering Progress, 2018, 5, 144-157. 

4. Simulation of coupled heat and mass transport with reaction in PEM fuel cell cathode using 
lattice Boltzmann method, M Jithin, S Siddharth, M K Das, A De, Thermal Science and 
Engineering Progress, 2017, 4, 85-96. 

5. Assessment of soot formation models in lifted ethylene/air turbulent diffusion flame, R 
Saini, A De, Thermal Science and Engineering Progress, 2017, 3, 49-61. 

6. Investigation of Flow Structures in a Turbulent Separating Flow using Hybrid RANS-LES 
Model, G Kumar, A De, H. Gopalan, International Journal for Numerical Methods for 
heat and Fluid Flow, 2017, 27(7), 1-22. 

7. Numerical Predictions of Soot Formation in Kerosene/air Jet Diffusion Flame, R Saini, A 
De, Journal of Aerospace Sciences and Technologies, 2017, 69(2), 294-303. 

8. Numerical Simulation of Supersonic Separating-Reattaching Flow through RANS, RK 
Soni, N Arya, A De, Journal of Physics: Conference Series, 2017, 822, 012037. 

9. Characterization of turbulent supersonic flow over a backward facing step through POD, 
RK Soni, N Arya, A De, AIAA Journal, 2017, 55(5), 1511-1529. 

10. Investigation of strut-ramp injector in a Scramjet combustor: effect of strut geometry, fuel 
and jet diameter on mixing characteristics, RK Soni, A De. Journal of Mechanical Sci-
ence and Technology, 2017, 31(3), 1169-1179. 

11. Numerical Study of Supersonic Flow Past a Cylindrical Afterbody, P Das, A De, Journal 
of Aerospace Sciences and Technologies, 2017, 69(1), 25-35. 

12. Flow in a planar convergent–divergent nozzle, VMK Kotteda and S Mittal, Shock 
Waves, 27(3), 441-455, 2017. 

13. Numerical simulation of vortex induced vibration of cylinders with flexible splitter plates, 
M Furquan, TR Sahu and S Mittal, Journal of Physics: Conference Series 822 (1), 012078, 
2017. 

14. Flow-induced vibration of a cylinder with rigid splitter plate, Y Jaiswal, TR Sahu, M Fur-
quan and S Mittal, 7th Conference on Bluff Body Wakes and Vortex-Induced Vibrations, 
Marseille, France, 2018. 

15. FSI simulation using a membrane model: inflation of balloons and flow past sails, M Fur-
quan and S Mittal, IUTAM Symposium on Critical flow dynamics involving moving/de-
formable structures with design applications, Santorini, Greece, 2018. 

16. Flow induced vibrations of a bluff body with splitter plate and on elastic support, M. Fur-
quan, TR Sahu and S Mittal, IACM 19th International Conference on Finite Elements in 
Flow Problems (FEF-2017), Rome, Italy, 2017. 

17. The intermittent nature of the laminar separation bubble on a cylinder in uniform flow,G 
Chopra and S Mittal, Computers & Fluids, 142, 118-127, 2017. 
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18. Numerical simulations of flow past a circular cylinder,G Chopra and S Mittal, Journal of 
Physics: Conference Series, 822(1), 012019, 2017. 

19. A new regime of multiple states in free vibration of a cylinder at low Re, Navrose and S 
Mittal, Journal of Fluids and Structures, 68, 310-321, 2017. 

20. Local and Bi-global Linear Stability Analysis of Parallel Shear Flows, S Mittal  and A 
Dwivedi, Computer Modeling In Engineering & Sciences, 113(2), 219-237, 2017. 

21. The critical mass phenomenon in vortex-induced vibration at low Re, Navrose and S Mittal, 
Journal of Fluid Mechanics, 820, 159-186, 2017.  

22. Lock-in in forced vibration of a circular cylinder, S Kumar, Navrose, and S Mittal, Physics 
of Fluids, 28(11), 113605, 2017. 

23. A Study on the Far Wake of Elliptic Cylinders, S Sen and S Mittal, Computer Modeling In 
Engineering & Sciences, 113(1), 35-55, 2017. 

24. Intermittency of laminar separation bubble on a sphere during drag crisis, R Deshpande, 
V Kanti, A Desai and S Mittal, Journal of Fluid Mechanics, 812, 815-840, 2017. 

25.  Comment on “Experimental investigation of Taylor vortex photocatalytic reactor for wa-
ter purification", S Mittal and TE Tezduyar, Chemical Engineering Science, 2017. 

26. dbSWEET: An Integrated resource for SWEET superfamily to understand, analyze and 
predict the function of sugar transporters in prokaryotes and eukaryotes, A. Gupta, R. 
Sankararamakrishnan, Journal of Molecular Biology (2018) doi.org/10.1016/j.jmb. 
2018.04.013 

27. Imidazole nitrogens of two histidine residues participating in N-H...N hydrogen bonds in 
protein structures: Structural bioinformatics approach combined with quantum chemical 
calculations, A. H. Iyer, R. N. V. Krishna Deepak, R. Sankararamakrishnan, Journal of 
Physical Chemistry B, 122, 1205-1212 (2018) 

28. Anion-selective formate/nitrite transport channels: Taxonomic distribution, phylogenetic 
analysis and subfamily-specific conservation pattern in prokaryotes, M. Mukherjee, M. 
Vajpai, R. Sankararamakrishnan, BMC Genomics, 18, Art. No. 560 (2017) 

29. Comparison of metal-binding strength between methionine and cysteine residues: 
Implications for the design of metal-binding motifs in proteins, R. N. V. Krishna Deepak, 
B. Chandrakar, R. Sankararamakrishnan, Biophysical Chemistry, 224, 33-39 (2017). 

30. Binding affinity of pro-apoptotic BH3 peptides for the anti-apoptotic Mcl-1 and A1 
proteins: Molecular dynamics simulations of Mcl-1 and A1 in complex with six different 
BH3 peptides, V. Modi, R. Sankararamakrishnan,  Journal of Molecular Graphics and 
Modelling, 73, 115-128 (2017). 

31. A potential descriptor for the CO2 hydrogenation to CH4 over Al2O3 supported Ni and Ni-
based alloy catalysts, K Ray, G Deo, Applied Catalysis B: Environmental, 218, 525-537, 
2017. 

32. DFT investigation into the experimentally observed influence of oxide support in the ODH 
of propane over supported vanadia catalysts, AS Sandupatla, SC Nayak, C Sivananda, G 
Deo, Catalysis Today, accepted for publication, 2018. 

33. Nucleation of Aqueous Salt Solutions on Solid Surfaces, AK Metya, JK Singh, The Journal 
of Physical Chemistry C, 2018. 

34. Extraction of Gd3+ and UO22+ Ions Using Polystyrene Grafted Dibenzo Crown Ether 
(DB18C6) with Octanol and Nitrobenzene: A Molecular Dynamics Study, P Sappidi, S 
Namsani, SM Ali, JK Singh, The Journal of Physical Chemistry B 122 (3), 1334-1344,
 2018. 
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35. Enhancement of Thermal Energy Transport Across the Gold-Graphene Interface Using 
Nanoscale Defects: A Molecular Dynamics Study, S Namsani, JK Singh, The Journal of 
Physical Chemistry C, 2018 

36. Removal of Pb (II) Ion Using PAMAM Dendrimer Grafted Graphene and Graphene Oxide 
Surfaces: A Molecular Dynamics Study, A Kommu, V Velachi, MNDS Cordeiro, JK Singh, 
The Journal of Physical Chemistry A 121 (48), 9320-9329, 2017. 

37. Removal of arsenic ions using hexagonal boron nitride and graphene nanosheets: a 
molecular dynamics study, R Srivastava, A Kommu, N Sinha, JK Singh, Molecular 
Simulation 43 (13-16), 985-996, 2017. 

38. Effect of nanoparticles on vapour-liquid surface tension of water: A molecular dynamics 
study, N Sinha, JK Singh, Journal of Molecular Liquids 246, 244-250, 2017. 

39. Thermal conductivity of thermoelectric material β-Cu2Se: Implications on phonon thermal 
transport, S Namsani, S Auluck, JK Singh, Applied Physics Letters 111 (16), 163903, 
2017. 

40. An interaction potential to study the thermal structure evolution of a thermoelectric 
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Chemistry 38 (25), 2161-2170, 2017. 

41. A coarse-grain molecular dynamics study of oil–water interfaces in the presence of silica 
nanoparticles and nonionic surfactants, P Katiyar, JK Singh, The Journal of Chemical 
Physics 146 (20), 204702, 2017. 
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43. A grand canonical Monte Carlo study of SO2 capture using functionalized bilayer 
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