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Abstracts 
 
 
 

The Application of Non-equilibrium Thermodynamics 
to the Energy Analysis of Some Electrochemical Reactors 

 
Yasuhiko Ito 

 
Department of Environmental Systems Science, Faculty of Science and Engineering, 

Doshisha University, Kyotanabe, Kyoto 610-0321, Japan 
E-mail:yasito@mail.doshisha.ac.jp

 
   When it is desired to improve the energy conversion efficiency or the temperature control of 
an electrochemical reactor, it is important to consider the overall energy balance in the reactor. 
For example, if heat is not supplied to electrodes where an endothermic process takes place, a 
drop in temperature may result, which may lead to an increase in cell voltage, or, in molten salt 
electrochemical reactors, even freezing of the electrolyte. Conversely, if heat is not properly 
removed from electrode where exothermic process takes place, a rise in temperature may result. 
This may lead to a breakdown of the cell material or electrolyte vaporization. In order to 
maintain optimum temperature at the electrodes, it is helpful to know the magnitude of the 
reversible heat changes during the operations of the electrochemical reactors. This includes the 
Peltier heat for each electrode. This presentation describes some experimental case studies 
conducted by the author and his collaborators from the above-mentioned aspects. In contrast to 
other work in this field, we deal with the applications of a theory of non-equilibrium 
thermodynamics developed by the group in which Prof.Signe Kjelstrup has played the most 
important role. Examples selected in the presentation include the energy analyses of 
electrochemical reactors for high temperature water electrolysis, molten salt electrolytic 
processes, thermally regenerative fuel cells, and others. 
 
References 
(1) “Non-Equilibrium Thermodynamics of Heterogeneous Systems”, Signe Kjelstrup and Dick 
Bedeaux, World Scientific (2008) 
(2) “Irreversible Thermodynamics: Theory and Applications”, K.S,Fφrland, T. Fφrland and 
S.K.Ratkje, John Wiley & Sons (1988) 
(3) “Energy Analysis of a Steady-State Electrochemical Reactor”, Y.Ito, F.R.Foulkes and 
S.Yoshizawa, J.Electrochem.Soc., 129(9), pp.1936-1943 (1982) 

(4) “Electrode Heat Balance of Electrochemical Cells: Application to Water Electrolysis”, Y.Ito, 
H.Kaiya, S.Yoshizawa, S.K.Ratkje and T. Fφrland, J.Electrochem.Soc., 131 (11), pp.2504-2509 
(1984) 
(5) “The single electrode Peltier heats of Li+/Li, H2/H- and Li+/Pd-Li couples in molten LiCl-
KCl systems”, H.Nakajima, T.Nohira and Y.Ito, Electrochim.Acta, Vol.49, pp.4987-4991 
(2004) 
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Diffusion of butane, heat conduction and thermal diffusion into 
and through a zeolite membrane; a study using non-equilibrium 

molecular dynamics  

Isabella Inzoli1, Signe Kjelstrup1, Dick Bedeaux1, Jean-Marc Simon2

1 Department of Chemistry, Norwegian University of Science and Technology, Trondheim 7491-Norway 

2 Institut Carnot de Bourgogne, UMR- 5209 CNRS- Université de Bourgogne, 9, Av. Savary, 21000 Dijon, 
France, jmsimon@u-bourgogne.fr 

1. Introduction 
Understanding the adsorption and the diffusion of molecules through a porous material is of crucial importance 
in catalytic and separation processes. Experimental  investigations of such transports are very difficult, because 
of the small surface thickness, typically a few nanometers.  
In this work non-equilibrium molecular dynamics simulations have been used to study the simultaneous 
transport of gas and heat into a silicalite membrane. Both transport through the silicalite pores and across the 
external surface are investigated. These transport processes are described by non-equilibrium thermodynamics 
(NET) [1]. NET is a new theory in the context of zeolite transport and a purpose of this work has therefore also 
been to test the usefulness and viability of this theory. 

2. Model and simulation details 
As a model system, we have taken a silicalite-1 crystal, with n-butane as representative of an organic molecule to 
be transported. The silicalite was composed of 36 unit cells ([2 6 3]) and was modelled with a flexible atomic 
model, allowing for stretching and bending of bonds. Butane was described using the united atom model. Both 
crystal and the gas molecules interacted with a truncated and shifted Lennard-Jones potential. 
In order to obtain the transport properties in the crystal, i.e. the inter-diffusion coefficient, the thermal 
conductivity and the heat of transfer, constant temperature gradients and mass fluxes were created in the zeolite 
pores. Specific non-equilibrium molecular dynamics algorithms were developed for the purpose [2]. 
The different surface resistivities, i.e. the resistance to heat transfer, the coupling coefficient and the resistance to 
mass transfer, were instead obtained applying stationary mass and heat fluxes across the external surface of the 
membrane. Details about the simulations can be found elsewhere [3].  

3. Results and discussion 
Transport properties in the zeolite pores 
The inter-diffusion coefficient, the thermal conductivity and the Soret effect, representing mass transfer induced 
by thermal forces, were obtained at different butane concentrations and temperature gradients. 
The coefficients did not depend on the driving forces, demonstrating that the description in terms of non-
equilibrium thermodynamics was sound. 
The inter-diffusion coefficient (D) increased with the butane concentration, see Fig. 1. We found, for 360K and 
for an average concentration of 4 molecules per unit cell, a value of D = 7±1 x 10−8 m2/s, which is well within 
the range of earlier observations of butane in zeolite.  
The thermal conductivity was found to be nearly independent of the amount of adsorbed butane, equal to 1.46 ± 
0.07 W/m K, meaning that heat is conducted almost solely through the crystal lattice in the system.  
The measurable heat of transfer, which gives the impact on the heat flux by the mass flux, was around 10 kJ/mol. 
This value is larger than that of the partial molar enthalpy of the adsorbed butane and, for a typical butane flux of 
some mol/m2s, can lead to sizable heat effects. 
Moreover, with different set of simulations we gave numerical evidence that the total heat of transfer, given by 
the sum of the measurable heat of transfer and the partial molar enthalpy of the adsorbed molecules, is 
independent of the butane concentration but depends on the temperature only, see Fig. 2. This adds a new rout 
for the estimation of the heats of transfer: a variation between the heats of transfer between two concentrations is 
equal to minus the variation of the partial molar enthalpy of the component between the same concentrations. 
Transport resistivities of the external surface 
Three independent coefficients were derived for the whole surface for the first time, namely the resistance to 
heat transfer, the resistance to mass transfer and the coupling coefficient.  
 



 
Fig 2 Heat of transfer q* (triangles) and total heat of transfer Q* (circles) as a 
function of the average concentration for two sets of simulations at different average 
temperatures. 

             Fig. 1 Inter-diffusion coefficient D  
      as a function of the butane concentration  
         at constant temperature (T=360K). 
 
 

  
 Fig 3 Surface resistivity to heat transfer as a function 

of the gas pressure at constant surface temperature. 
Fig 4 Coupling resistivity of the surface as a function 
of the gas pressure at constant surface temperature.  

 
The surface resistivity to heat transfer decreased as the gas pressure or the temperature increased (see Fig. 3), 
while the surface resistivity to mass transfer was rather independent of the temperature and the gas pressure.  
We found a negative coupling resistivity which increased in absolute value with a decrease in the gas pressure, 
see Fig. 4. This coefficient gives the effect of a thermal driving force on the mass flux. The negative value means 
that a positive thermal force hampers a mass flux. In this sense, the coupling coefficient adds to the thermal 
resistance to mass flow.   
The resistivity to heat transfer as well as the coupling coefficient for the surface ware found to be three orders of 
magnitude higher than those obtained for the silicalite pores. 
The surface was further decomposed into a zeolite side and a gas side; the influence of the two sides on the 
determination of the overall surface properties was analyzed. The resistivity to heat transfer was mostly 
determined by the gas side of the surface while the resistivity to mass transfer as well as the value of the 
coupling coefficient was dominated by the zeolite side. 
 
4. Conclusion 
We used molecular dynamics simulation to obtain the transport properties of butane through the pores of a 
silicalite membrane and to get access, for the first time, to the resistivities of heat and mass transport of the 
external surface.  
We showed that the external surface, even on small scales like here, can be regarded as a separate 
thermodynamic system with properties independent of those of the adjacent phases. 
We pointed out the role of the coupling phenomena between heat and mass transport, and the fact that they 
cannot be neglected in the description of adsorption kinetics. 
 
References 
[1] S. Kjelstrup, D. Bedeaux, Non-Equilibrium Thermodynamics of Heterogeneous Systems, World Scientific, 
London, 2007. 
[2]     I. Inzoli, J. M. Simon, S. Kjelstrup and D. Bedeaux, Thermal diffusion and partial molar enthalpy 
variations of n-butane in silicalite-1, Journal of Physical Chemistry B, 112 (2008), pp 14937-14951.  
[3]     I. Inzoli, S. Kjelstrup, D. Bedeaux and J. M. Simon, Transport coefficients of n-butane into and through 
the surface of a silicalite-1 from non-equilibrium molecular dynamics study, Microporous and Mesoporous 
materials, 125 (2009) 112-125.



Reindeer Noses, Fluid Mechanics and Non-Equilibrium 
Thermodynamics 

 
J.G. Pharoah 

 
Queen’s-RMC Fuel Cell Research Centre 

Queen’s University 
Kingston, ON, K7L 3N6, CANADA 

 
 
The reindeer nose is a fascinating system which is critical for the survival of the animal.  As 
such, it is interesting to gain a detailed understanding of how this system provides an 
evolutionary advantage to the reindeer as well as how inspiration can be drawn in order to 
guide the design and operation of engineered systems.  The nose represents an integrated heat 
and moisture exchanger, permitting the animal retain metabolic heat and to prevent undue 
expenditures of energy in rehydrating with snow or ice.  Further, as arterial blood flows heat 
the incoming air and get cooled, the animal has the capacity to redirect the locally cooled 
blood directly to the brain when needed. 
 
In this talk, a simplified engineering model will be presented and analyzed for the heat 
exchange rates as a function of respiration rates.  The operation of this model will be 
discussed in the context of equi-partition of entropy.  Finally, the differences between the 
simplified model and real system will be critically discussed with a particular emphasis on 
how the geometry of the airflow passages can contribute to maximizing transport while 
minimizing losses. 
 
The state of minimum entropy production in optimally controlled 

systems 
 

Eivind Johannessen 
 

StatoilHydro, Trondheim, Norway 
 
Minimization of the entropy production of a process gives valuable insight about the nature of 
energy efficient design and operation. Properties of the state of minimum entropy production 
are discussed1. It is shown when equipartition theorems; equipartition of entropy production 
(EoEP) and equipartition of forces (EoF), are valid. One important assumption is that all 
driving forces in the system can be controlled independently. This is seldom possible in 
reality, but numerical solutions of entropy production minimization problems for industrial 
applications show that EoEP and EoF are good approximations of the minimum, at least for 
some parts of the process. These numerical findings are summarized as a hypothesis. Related 
to this is the “highway in state space”. The highway represents the most energy efficient way 
to travel a long distance in state space. Remarkably, the local entropy production and the 
driving forces are often almost constant along the highway. Chemical reactors, distillation 
columns, heat exchangers and LNG production are used as examples. 
 
Reference:  Johannessen, E.,  The state of minimum entropy production in an optimally 
controlled system, Dr. Ing. Thesis, NTNU, Trondheim, Norway, 2004. 



ION AND WATER TRANSPORT IN NAFION MEMBRANES 
 

Tatsuhiro Okada 
 

Tsukuba Fuel Cell Laboratory, Inc., National Institute of Advanced Industrial Science and 
Technology, Higashi 1-1-1, Central 5-2, Tsukuba, Ibaraki 305-8565, Japan 

 
BACKGROUND 

Over the years the ion conducting polymer electrolytes are becoming of central issue in 
the application of energy and environment fields. Especially in fuel cell applications, the ion 
conductivity and water sorption behaviors in the membranes are important topics that are 
directly related to the high power density of fuel cells. 

Design of new conceptual polymer electrolytes depends on the knowledge of mechanisms 
of equilibrium and transport behaviors of ions and water in the membrane. This paper gives 
such methodology dealing multi-component membrane systems that applies also for a 
solution of various problems, e.g. water management in fuel cell technology. 
 
MULTI-COMPONENT SYSTEMS 

Although H+ is the only transporting ion in fuel cell membranes, researches on mixed 
cation systems offer much more information on molecular interactions in the polymer. This is 
done by electrochemical methods based on irreversible thermodynamic equations. These 
include: streaming potential, ionic transference numbers, impedance measurements, pulsed-
field-gradient spin-echo NMR, ionic mobility in mixed cation systems, etc. Several types of 
cations, alkali and alkaline earth cations, transition metal cations and alkyl ammonium ions in 
Nafion and related membranes are discussed. 
 
GENERAL LAW OF ION AND WATER TRANSPORT 

Ionic size, hydration degree, affinity to sulfonic acid groups are major factors determining 
the mobility of cations in the membrane. Relative size of ions with hydration shell against the 
size of ionic channels should be a model to discuss the ion mobility and polymer structure. 
 
DESIGN OF NEW MEMBRANES 

A strategy of designing low cost membranes as the alternative to the present 
perfluorinated ionomer membranes is presented based on the above results: high ionic site 
density, high water content and modification of channel structures of ion conducting paths. 
These factors contradict each other, and a partially cross-linked polymer chain with 
hydrophilic ion transport paths in phase-separated structures is recommended. 
 
References 
1. K.-D. Kreuer, S. J. Paddison, E. Spohr, M. Schuster, Chem. Rev. 104, 4637 (2004). 
2. K. S. Førland, T. Førland, S. Kjelstrup-Ratkje, Irreversible Thermodynamics: Theory and 

Applications, John Wiley and Sons, New York (1988). 
3. T. Okada, M. Saito, and K. Hayamizu, in P. N. Jiang ed., Electroanalytical Chemistry 

Research Developments, Nova Science Pub. Inc., New York (2007). 



Non-equilibrium studies of “hot” water: from bulk to interfaces 
 

Fernando Bresme
 

Department of Chemistry, Imperial College, SW7 2AZ, London, United Kingdom 
 
Water plays an essential role as solvent where many chemical and biochemical reactions take 
place. The equilibrium behaviour of water and water solutions is well understood from a 
microscopic basis. In comparison there have been few studies dealing with the non-
equilibrium behaviour of water in bulk and at interfaces. The investigation of the water 
response to external fields, particularly thermal gradients, is important to understand 
processes of relevance in chemistry, physics and biology: chemical reactions at surfaces, 
condensation and evaporation in the atmosphere, heating of nanomaterials by external fields,  
energy transfer in biomolecules, …  
 
In this talk I will discuss our recent efforts to understand the microscopic behaviour of bulk 
and interfacial water under thermal gradients. Non-equilibrium molecular dynamics computer 
simulations provide a powerful approach to investigate water under non-equilibrium 
conditions. Using this technique we have recently discovered that bulk water polarizes under 
temperature gradients, generating strong electrostatic fields. This behaviour might be relevant 
to design nanomaterials and to understand biological processes. Moreover, I will discuss 
thermal transport across nanoparticle and bio-nanoparticle (protein) water interfaces, as well 
as its relevance in nanofluids and molecular motors. 
 
F. Bresme, A. Lervik, D. Bedeaux and S. Kjelstrup, Water polarization under thermal 
gradients, Phys. Rev. Lett. 101 (2008) 020602-4. 
 
 
 
 

Thermal fluctuations in Nonequilibrium Thermodynamics 
 

Jose M. Ortiz de Zarate 
 

Complutense University. Madrid, Spain. 
 
In this presentation I show how Nonequilibrium Thermodynamics is not only a theory of 
fluxes, but that it also yields a theory of fluctuations. The fluctuations theory is obtained by 
supplementing the dissipative fluxes with a random thermal noise component and by adopting 
a simple hypothesis for the thermal-noise correlations (fluctuation dissipation theorem). Using 
an  incompressible fluid  subjected to a temperature gradient as an example, one can show 
how fluctuating hydrodynamics can be used to calculate the fluctuations of macroscopically 
relevant quantities: temperature, pressure, etc. This method has the advantage of being readily 
extrapolable to study fluctuations around nonequilibrium steady states, leading to predictions 
that have been verified experimentally. 
 
J.M. Ortiz de Zarate and J.V. Sengers, Hydrodynamic Fluctuations in Fluids and Fluid 
mixtures, Elsevier, Amsterdam, 2006. 



Non-equilibrium Thermodynamics of Interfaces with the Classical 
Density Functional Theory 

 

Joachim Gross, Eivind Johannessen, Dick Bedeaux 
 

Delft University of Technology, Engineering Thermodynamics, The Netherlands 
& Norwegian University of Science and Technology, Dept. of Chemistry, Norway 

 
An interface between a vapor and a liquid phase constitutes a resistance to heat and mass 
transport. The coupled transport resistances can be measured [1], they can be determined from 
molecular simulations [2], or they can be calculated from the van der Waals square gradient 
model [3]. We here express transport resistances of the interface with integral relations [4,5] 
and evaluate these relations with the classical density functional theory (DFT). The DFT 
formalism allows for a description of thermodynamic properties across an interface with good 
quantitative agreement to molecular simulations; and for appropriate expressions of the 
Helmholtz energy also with good agreement to experimental data. 
For pure compounds, the integral relations express the interfacial resistances to heat transport, 
to mass transport and the coupling coefficients of heat and mass transport. Required is thereby 
only the local heat transport resistance rqq(z) and the local enthalpy (of an equilibrium 
interface). The integral relations are derived assuming the local validity of the Gibbs-
Helmholtz relation across the interface. The validity of the integral relations has been verified 
from molecular simulation results [6]. The enthalpy is in our approach taken from a DFT 
formalism. The local heat transport resistance rqq(z) is correlated with two parameters. These 
two parameters turn out to be temperature-independent and all interfacial resistivities can be 
consistently described with good accuracy. 
 
[1] V. K. Badam, V. Kumar, F. Durst, and K. Kumar, Exp. Therm. Fluid Sci. 32, 249, 2007. 

G. Fang and C. A. Ward, Phys. Rev. E 59, 417 1999; D. Bedeaux and S. Kjelstrup, 
Physica A 270, 413 1999. 

[2] J. Ge, S. Kjelstrup, D. Bedeaux, J. M. Simon, and B. Rousseau, Phys. Rev. E 75, 061604 
2007 (and references therein) 

[3]  E. Johannessen and D. Bedeaux, Physica A 330, 354, 2003; D. Bedeaux, E. Johannessen, 
and A. Røsjorde, Physica A 330, 329, 2003; E. Johannessen and D. Bedeaux, Physica A 
330, 354, 2003; E. Johannessen and D. Bedeaux, Physica A 336, 252, 2004 

[4]  E. Johannessen and D. Bedeaux, Physica A 370, 258, 2006 
[5]  K.S. Glavatskiy and D. Bedeaux, Phys. Rev. E 77, 061101, 2008 
[6]  J. M. Simon, D. Bedeaux, S. Kjelstrup, J. Xu, and E. Johannessen, J. Phys. Chem. B 110, 

18528, 2006;  J. Ge, D. Bedeaux, J. M. Simon, and S. Kjelstrup, Physica A 385, 
421,2007_. 



 

Heat exchange at the nanoscale: non-equilibrium Stefan-
Boltzmann law and non-monotonous conductance 

 
J.M. Rubi 

 
Departament de Fisica Fonamental, Facultat de Física, Universitat de Barcelona, 

 Av. Diagonal 647, 08028 Barcelona, Spain. 
 

 
The study of energy transfer mechanisms at the nanoscale has aroused increasing interest due 
to the emergence of the interdisciplinary field of nanoscience where such wide-ranging fields 
as for example solid state physics, nanothermodynamics or electrical engineering coexist. One 
of the basic problems in this field is to determine the energy exchange between two 
nanoparticles at different temperatures. The way in which this energy is transfered depends 
crucially on the distance between the particles. For sufficiently large distances, heat exchange 
proceeds via thermal radiation, through emission or absorption of photons whereas at smaller 
distances Coulomb interaction (near-field radiation) is the dominant mechanism. 
 
We present a theory, which uses mesoscopic non-equilibrium thermodynamics [1] and the 
multipolar expansion of the electrostatic field, to derive a non-equilibrium Stefan-Boltzmann 
law and to describe the exchange of energy between two nanoparticles at different 
temperature for arbitrary small distances. Our analysis performed when the two nanoparticles 
are separated by a few submicrons explains the rapid growth of the conductance observed in 
the simulation. We show that the non-monotonic behavior of the thermal conductance 
between two nanoparticles when they are brought into contact is originated by an intricate 
phase space dynamics resulting from the thermally activated jumping through a rough energy 
landscape. A hierarchy of relaxation times plays the key role in the description of this 
complex phase space behaviour. Our theory enables us to analyze the heat transfer just before 
and at the moment of contact and to explain why heat transport when the particles are 
dispersed may be more efficient than in the case in which the particles are in contact.  
 
 
 
 
[1]. D. Reguera, J. M. Rubi and J. M. G. Vilar, J. Phys. Chem. B 109, 21502 (2005). 
[2]. A. Perez-Madrid, J.M. Rubi and L.C. Lapas, Phys. Rev. B 77, 155417 (2008).  
[3]. A. Perez-Madrid, J.M. Rubi and L.C. Lapas, Phys. Rev. Lett., 103, 048301 (2009) 
 



Verification of Onsager’s reciprocal relations for evaporation and 
condensation using non-equilibrium molecular dynamics 

 
Audun Røsjorde 

 
StatoilHydro, Oslo, Norway 

 
Non-equilibrium molecular dynamics (NEMD) simulations are used to study heat and mass 
transfer across a vapour-liquid interface for a one-component system using a Lennard-Jones 
spline potential. Based on the expression for the entropy production of the system, a set of 
suitable conjugated fluxes and forces is derived for the vapour-liquid interface. These 
equations contain four phenomenological coefficients, so-called Onsager coefficients, which 
are unknown. A widely accepted assumption is the matrix containing the coefficients is 
symmetrical. By carrying out approximately 50 NEMD simulations, this symmetry is verified 
within the accuracy of the calculations. This is the first verification of the Onsager relations 
for transport through a surface using molecular dynamics. The interfacial film transfer 
coefficients are found to be functions of the surface temperature alone. New expressions are 
given for the kinetic theory values of these coefficients which only depend on the surface 
temperature.  
 
J. Xu, S. Kjelstrup, D. Bedeaux, A. Røsjorde and L. Rekvig, Verification of Onsager’s 
Reciprocal Relations for Evaporation and Condensation using Non-equilibrium Molecular 
Dynamics. J. Colloid and Interface Sc. 299 (2006) 452-463 



 
Nature-Inspired Engineering of a Polymer Electrolyte Membrane Fuel Cell 

 
Marc-Olivier Coppens1, Jon Pharoah2, Peter Pfeifer3 and Signe Kjelstrup4

 
Center for Advanced Study, The Norwegian Academy of Science and Letters 

Drammensveien 78, Oslo, Norway 
 

1 Howard P. Isermann Department of Chemical and Biological Engineering, Rensselaer   
Polytechnic Institute, Troy, NY 12180, USA, E-mail: coppens@rpi.edu, Tel +1-518-276-2671 
2 Fuel Cell Research Center, Kingston, Ontario, Canada K7L5L9 
3 Department of Physics and Astronomy, University of Missouri, Columbia, MO 65211, USA. 
4 Department of Chemistry, Norwegian University of Science and Technology, 7491 
Trondheim, Norway 
 
Polymer electrolyte membrane (PEM) fuel cells generate electricity from the electrochemical 
oxidation of hydrogen gas to protons on the anode, and reduction of oxygen gas by protons to 
water on the cathode, with protons moving from anode to cathode through the wetted polymer 
electrolyte (nafion) membrane separating the two. Two major limitations to the widespread 
use of PEM fuel cells are catalyst cost (Pt) and thermodynamic efficiency. We present a new 
fuel cell design that considerably reduces the necessary amount of catalyst and increases 
energy efficiency. We focus especially on the cathode, where reactions are diffusion limited at 
high current densities, and a significant overpotential limits efficiency. 
 
The proposed innovative design draws its inspiration from the self-similar structure of the 
lung: (1) a fractal, branching gas distributor uniformly spreads oxygen to the cathode catalyst, 
conveniently and efficiently bridging a wide range of scales; (2) the catalyst is given a 
hierarchical porous structure, with a uniform distribution of large (micron-sized) pore 
channels to facilitate gas access to and from the nanoporous Pt/C/nafion composite, where the 
reactions occur. This nature-inspired design guarantees an as uniform as possible operation of 
the fuel cell, hereby maximizing energetic and catalytic efficiency per unit volume. We 
demonstrate this analytically on the basis of the second law of thermodynamics and 
constrained optimization of the catalytic yield per unit volume, for a desired power output. 
Considerable impact on cell performance is demonstrated by means of a practical example. 

mailto:coppens@rpi.edu
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