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We calculate transport properties of a reacting mixture of F and F2 from results of non-

equilibrium molecular dynamics simulations. The reaction investigated is controlled by thermal

diffusion and is close to local chemical equilibrium. The simulations show that a formulation of

the transport problem in terms of classical non-equilibrium thermodynamics theory is sound. The

chemical reaction has a large effect on the magnitude and temperature dependence of the thermal

conductivity and the interdiffusion coefficient. The increase in the thermal conductivity in the

presence of the chemical reaction, can be understood as a response to an imposed temperature

gradient, which reduces the entropy production. The heat of transfer for the Soret stationary state

was more than 100 kJ mol�1, meaning that the Dufour and Soret effects are non-negligible in

reacting mixtures. This sheds new light on the transport properties of reacting mixtures.

1. Introduction

Transport properties have been widely studied by computer

simulations with the aim of understanding the underlying

molecular mechanisms or avoiding costly and dangerous

experiments.1 Various computing techniques have been

used,2–4 and we may now say that molecular dynamics simula-

tions are not only able to explain and generate trends, but to a

large extent also to predict accurate transport properties, at

least for pure components and mixtures. This opens up the

perspective that also more sophisticated mixtures, like those

including a chemical reaction, may be better understood by

this technique.

We have recently investigated a chemical reaction in a

temperature gradient5 using boundary driven non-equilibrium

molecular dynamics simulations (NEMD). NEMD is made to

mimic an experimental situation. As a model for the chemical

reaction we took

2F ! F2 ð1Þ

which, according to Stillinger and Weber6 can be satisfactorily

modeled by a mechanical analogue (2- and 3-body potentials).

In order for the reaction to occur, a collision of three particles

was needed.

The study of such systems is important for at least two

reasons. In the first place, one would like to confirm that there

is a sound basis for the relevant transport equations. In the

second place, one would like to learn about the specific

transport coefficients, how they vary, and how they can be

used in practical contexts; for instance in chemical reactor

engineering, or in flame modeling. In such modelling, trans-

port properties for reacting mixtures are central.7 Also the

understanding of dynamic structures may benefit from such a

study. The aim of the present work is thus to calculate

transport properties of a mixture where a chemical reaction

takes place in a temperature gradient, and to contribute to the

understanding of the nature of such systems, drawing on

NEMD simulation results obtained already.5

The outline of the paper is as follows: we describe the system

and present the fundamental problems that will be investigated

(section 2) and give its governing equations (section 3). A full

analytical solution can be found for stationary states near

chemical equilibrium (section 3.3). This solution is equivalent

to the one presented by de Groot and Mazur,8 but is given in

terms of more commonly used variables and fluxes. The

solution can be simplified when the system is everywhere in

chemical equilibrium (section 3.3). The details of the NEMD

simulations were given before,5 and are therefore only

reviewed briefly here (section 4), before we present the results

in section 5. A discussion (section 6) and conclusion (section 7)

follow.

2. A reaction in a temperature gradient

We give first a qualitative description of the system,5 before

the governing equations are derived. A thousand particles,

reacting according to eqn (1), were put inside a box, with an

overall density, cF + 2cF2
= 11 271 mol m�3. For the

temperatures considered the fluid is supercritical at this rela-

tively high density.6 An overall temperature gradient was

applied to the x-direction of the box, the maximum value

being around 6.6 � 1011 K m�1 (see Fig. 1). The temperature

gradient led to variations in density and mole fractions, see

Fig. 2. There was no net mass flux through the system in the

states considered. We observed a flux of fluorine atoms to the

cold side, while fluorine molecules were transported to the hot

side. Both fluxes were functions of position. An example

of these component fluxes, giving zero mass flux, is shown in
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Fig. 3. The fluxes are in the direction suggested by the mole-

fraction distribution in Fig. 2. The system therefore responds

to the imposed boundary conditions by setting up the compo-

nent fluxes. This is unlike the situation with two non-reacting

components in a temperature gradient9–11 where the compo-

nent fluxes are zero in the stationary state. By setting up the

varying component fluxes, we shall see that the reacting system

increases its overall conductance of heat. The total heat flux

becomes somewhat larger than the measurable heat flux. The

non-equilibrium system has a dynamic structure, maintained

by energy supply from the outside.

Several questions are of interest. How can we characterise

and understand the dynamic structure? Can it be understood

from the system’s entropy production? Is it an example of

Prigogine’s dissipative structures12? The reaction is very

exothermic, and according to Le Chatelier’s principle, the

equilibrium in such a reaction is shifted to the right (more

molecules) at low temperatures. One may wonder to which

degree the observed distribution in the temperature gradient is

a consequence of such a shift alone. We shall see that the shift

of the reaction may offer much, but not all of the explanation

for the mole fraction distributions in Fig. 2. The dynamic

structure explains the cause of the shift.

In our first study,5 we mentioned that the reaction was

diffusion controlled, but is it controlled by thermal diffusion or

interdiffusion? The thermal force is the origin of all transport

processes, but does this force alone explain the non-zero

component fluxes? We shall see in this paper that precise

answers can be given also to these questions. The reaction is

controlled by thermal diffusion, and the dynamic structure can

be seen as a response to the boundary conditions.

We shall also add evidence to the hypothesis that the

assumption of local equilibrium, the basic assumption in

non-equilibrium thermodynamics, is reliable.13–15 We have

earlier shown5 that the system was nearly Maxwellian in its

component velocity distributions. In order to have local

equilibrium, this is of vital importance. We shall see now that

the basis for a thermodynamic analysis can be further

strengthened by showing that the small shifts in the Maxwel-

lians are directly proportional to the temperature gradient.

According to kinetic theory, the Maxwell distribution for the

x-component of the velocity of component k in layer l is:

f 0k;lðvxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mk

2pkBTl

r
exp �

mkðvx � hvxik;lÞ
2

2kBTl

 !
ð2Þ

Here kB is Boltzmann’s constant, mk is the mass of the particle

in question, vx is the x-component of the particle’s velocity,

hvxik,l is the average velocity of particles of component k in

layer l and Tl is the temperature in layer l calculated from the

average kinetic energy. The Maxwell distributions in the

y- and the z-directions are similar. With a temperature

gradient in the x-direction, kinetic theory uses a perturbation

in this direction,8 setting:

fk;lðvxÞ ¼ f 0k;lðvxÞð1þ fk;lÞ ð3Þ

where fk,l is a function of (vx � hvxik,l), the temperature and

composition of the layer, and is proportional to the tempera-

ture gradient in the layer:

fk;l ¼ �Ak;l
@T

@x

� �
l

ð4Þ

Fig. 1 Temperature profiles for Cases 4 (circles), 6 (triangles) and

8 (squares), at cF + 2cF2
= 11 271 mol m�3. The symbols represent

values in the layers in the MD box. The thickness of the layers is about

0.65 Å.

Fig. 2 Mole fraction profiles for Case 6, at cF + 2cF2
= 11 271 mol

m�3. The symbols represent values in the layers in the MD box.

Fig. 3 Molar flux profiles of F and F2 for Case 4, at cF + 2cF2
=

11 271 mol m�3. The symbols represent values in the layers in the MD

box.
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We shall confirm this property. As explained by Ross and

Mazur, this gives a sound basis for a description of the system

within the context of classical non-equilibrium thermo-

dynamics.8,16 We shall also calculate the transport properties

as functions of temperature. These coefficients are relevant for

modelling chemical reactions in a temperature gradient, i.e. in

a flame.7

3. Governing equations

We reported earlier5 that the system was in local thermo-

dynamic equilibrium; and that it was also close to chemical

equilibrium. We found that the unidirectional rates of the

reaction were nearly the same in the center of the box, meaning

that the distance to chemical equilibrium was small there.

Away from the center, a larger deviation was seen. After a

presentation of the entropy production (subsection 3.1), we

shall therefore proceed to give equations for the system near,

but not at chemical equilibrium (subsection 3.2). Coefficients

that can be related to experiments are then developed

(subsections 3.3 and 3.4).

3.1. The entropy production

The system is one-dimensional, since the temperature gradient

is in the x-direction only. We shall describe the system in its

stationary state only. The mass balances of the two compo-

nents then satisfy

@

@x
JF2
¼ � 1

2

@

@x
JF ¼ r ð5Þ

Here JF2
and JF are the molar fluxes of the molecules and

atoms, respectively, and r is the reaction rate in eqn (1). With

no net mass flux through the system, we obtain

JF ¼ �2JF2
ð6Þ

In the absence of external forces, the energy balance is

@

@x
Jq ¼ 0 ð7Þ

where Jq is the total heat flux. The total heat flux is equal to the

measurable heat flux, J0q, plus the enthalpies carried along

with the components, HF2
and HF. With eqn (6) we obtain

Jq ¼ J 0q þ JF2
HF2
þ JFHF ¼ J 0q þ JF2

DrH ð8Þ

where DrH is the enthalpy of reaction, DrH = HF2
� 2HF. We

write the entropy production, s, for transport of heat and two

components with a chemical reaction8 in different ways

depending on the purpose. For calculation purposes it is con-

venient to use the constant total heat flux as a variable, giving:

s ¼ Jq
@

@x

1

T

� �
� JF2

@

@x

DrG

T

� �
� r

DrG

T
ð9Þ

Here T is the temperature. The reaction Gibbs energy is

DrG ¼ mF2
� 2mF

This form shall be used to find an analytical solution to the

general transport problem. In order to explain real experi-

ments, one will need the equivalent form of the entropy

production, which uses the measurable heat flux as a variable:

s ¼ J 0q
@

@x

1

T

� �
� 1

T
JF2

@

@x
ðDrGÞT �r

DrG

T
ð10Þ

Subscript T on the central term means that the derivative

should be taken at constant temperature. With local chemical

equilibrium, the entropy production reduces to a one flux-one

force expression. We introduce DrG= 0 in eqn (9) and obtain:

s ¼ Jq
@

@x

1

T

� �
ð11Þ

We shall use this simplification as a reference for the more

general case.

3.2. Transport properties near local chemical equilibrium

When the system is close to, but not at chemical equilibrium it

is possible to find an analytical solution to the flux equations

given by the entropy production. Such a solution was also

presented by de Groot and Mazur;8 but not in terms of

commonly used variables. We return therefore to eqn (9).

The first two flux-force products are products of vectors, and

the last product contains a scalar flux and force. There is no

coupling of the vectorial forces to the scalar reaction

Gibbs energy (the Curie principle). As flux equations in the

system, we thus have the reaction rate which does not couple

to any other flux, and the heat and mass fluxes which are

coupled.

The reaction rate was earlier found5 to obey the law of mass

action:

r ¼ kfc
2
F � kbcF2

ð12Þ

where ck are molar densities of the components, and kf and

kb are rate constants. In equilibrium we therefore have kfc
2
F,eq

= kbcF2,eq
, where the subscript eq denote the equilibrium

value. We assume that the activity coefficients are constant

for the range of concentrations considered in the simulations.

This gives

mk ¼ m0k þ RT ln
ck

c0k
¼ mk;eq þ RT ln

ck

ck;eq
ð13Þ

It follows from eqns (12) and (13) that the reaction rate can be

written as

r ¼ kfc
2
Fð1� eDrG=RT Þ ð14Þ

In chemical equilibrium we have DrGeq = 0.

We introduce dck � ck � ck,eq for both components. When

the reaction is near chemical equilibrium, the reaction rate

becomes

r ¼ �kfc2F;eq
dcF2
cF2 ;eq
� 2 dcF

cF;eq

� �
¼ �

kfc
2
F;eq

R

DrG

T
ð15Þ

to linear order.

The coupled fluxes of heat and mass are from eqn (9):

d

dx

1

T
¼ RqqJq þ RqmJF2

� d

dx

DrG

T
¼ RmqJq þ RmmJF2

ð16Þ
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or, in the inverse form:

Jq ¼ Lqq
d

dx

1

T
þ Lqm �

d

dx

DrG

T

� �

JF2
¼ Lmq

d

dx

1

T
þ Lmm �

d

dx

DrG

T

� � ð17Þ

The R and L-coefficient matrices are both symmetric accord-

ing to Onsager. Taking the derivative of eqn (16) using eqns (5)

and (7), we obtain:

d2

dx2
1

T
¼ Rqm

@

@x
JF2
¼ Rqmr

� d2

dx2
DrG

T
¼ Rmm

@

@x
JF2
¼ Rmmr

ð18Þ

By substituting eqn (15) valid close to chemical equilibrium

into eqn (18), we have

d2

dx2
1

T
¼ �Rqm

kfc
2
F;eq

R

DrG

T

� d2

dx2
DrG

T
¼ �Rmm

kfc
2
F;eq

R

DrG

T

ð19Þ

When the rate constant and the resistivities are constants,

these equations can be solved. Boundary conditions for the

solution are the temperatures and the zero value of the

component fluxes at the ends (x = 0, 2l) and the middle

(x = l) of the box. In the solution it is convenient to introduce

the characteristic length d over which an atom can diffuse

relative to other particles before it reacts

d �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R

Rmmkfc
2
F;eq

s
ð20Þ

This is the so called penetration depth. The solution is for

0 r x r l:

1

TðxÞ ¼ AD þ BDxþ CD sinh
2x� l

2d

� �

DrGðxÞ
TðxÞ ¼ �

Rmm

Rqm
CD sinh

2x� l

2d

� � ð21Þ

For the fluxes and the reaction rate this gives

Jq ¼ LqqBD

JF2
¼ LmqBD þ

1

Rqmd
CD cosh

2x� l

2d

� �

r ¼ 1

Rqmd2
CD sinh

2x� l

2d

� � ð22Þ

Using T(0) = TH, T(l) = TL and JF2
(0) = JF2

(l) = 0, we find

AD ¼
1

TH
þ CD sinh

l

2d

BD ¼ �
CD

LmqRqmd
cosh

l

2d

CD ¼
1

TL
� 1

TH

� �
LmqRqm

LmqRqm sinh
l
2d
� l

d
cosh l

2d

ð23Þ

AD, BD and CD depend only on two parameters d and LmqRqm.

The solution for the other half of the box, l r x r 2l is the

mirror image of the solution between 0 r x r l.

In order to see how the reaction contributes to the heat

transport across the system, we calculate Jq in the limit that

there is no reaction (d - N) and in the limit that the reaction

is in equilibrium (d - 0)

Jqðd !1Þ ¼
1

lRqq

1

TðlÞ �
1

Tð0Þ

� �

¼ 1

l
Lqq �

L2
qm

Lmm

 !
1

TðlÞ �
1

Tð0Þ

� �

Jqðd ! 0Þ ¼Lqq

l

1

TðlÞ �
1

Tð0Þ

� �
ð24Þ

This shows that the effective thermal conductivity of

the system increases when the reaction takes place, as

Lqq � L2
qm/Lmm o Lqq. The reason is the coupling coefficient

Lqm. We shall see below that it can be linked to the reaction

enthalpy.

3.3. The description using the measurable heat flux

With the alternative choice for the entropy production,

eqn (10), the chemical reaction rate is the same as above, but

the set of vectorial force-flux relations changes to:

@

@x

1

T

� �
¼ rqqJ

0
q þ rqmJF2

� 1

T

@

@x
ðDrGÞT ¼ rmqJ

0
q þ rmmJF2

ð25Þ

where the reaction Gibbs energy at constant temperature is

defined by

@

@x
ðDrGÞT ¼ DrS

@

@x
T ¼ DrH

T

@

@x
T

¼ �TDrH
@

@x

1

T

� �
ð26Þ

The r-coefficient matrix of resistivities is also symmetric

according to Onsager. We shall determine these coefficients

as well as more convenient combinations of them. In order to

do so, we rewrite the measurable heat flux, using eqn (25)

J 0q ¼ �
1

T2rqq

@

@x
T � rqm

rqq
JF2
¼ �lJ

@

@x
T þ q�JF2

ð27Þ

and define the thermal conductivity lJ at zero component flux:

lJ � �
J 0q

@T=@x

� �
JF2¼0

¼ 1

T2rqq
ð28Þ

and the heat of transfer:

q� � J 0q
JF2

� �
rT¼0

¼ � rmq

rqq
ð29Þ

The remaining independent coefficient is rmm.

One cannot speak of a Soret equilibrium in the traditional

sense in this system. In the traditional sense there is a balance

of a chemical and a thermal force in Soret equilibrium, and the

component fluxes are zero. Here the component fluxes are
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non-zero (see Fig. 3) (but the total mass flux is still zero). One

must rather speak of a Soret stationary state.

In the limiting case of local chemical equilibrium matters

simplify considerably.17 When DrG(x) = 0 everywhere in the

system, there is only one independent flux and force in the

entropy production eqn (11). They are related by

Jq ¼
1

Rqq

@

@x

1

T

� �
¼ � 1

RqqT2

@

@x
T ¼ �l @

@x
T ð30Þ

where the thermal conductivity is now given by l = 1/RqqT
2.

All other coefficients in the r-resistivity matrix above,

must now be linearly dependent on this coefficient. We

can see this by introducing the measurable heat flux, eqn (8)

in eqn (30):

@

@x

1

T

� �
¼ RqqJq ¼ RqqJ

0
q þ RqqDrHJF2

ð31Þ

By comparing to eqn (25a), we find that

rqq ¼ Rqq and rqm ¼ RqqDrH ð32Þ

It follows that l = lJ. Using eqns (26) and (31), we further-

more have

� 1

T

@

@x
ðDrGÞT ¼ DrH

@

@x

1

T

� �
¼ RqqDrHJq

¼ RqqDrHJ 0q þ Rqq ðDrHÞ2 JF2

ð33Þ

By comparing with eqn (25b), we find that

rmq ¼ RqqDrH ¼ rqm and rmm ¼ Rqq ðDrHÞ2 ð34Þ

The heat of transfer is then obtained using eqn (29):

q� ¼ J 0q
JF2

� �
rT¼0

¼ � rqm

rqq
¼ �DrH ð35Þ

The heat of transfer is now simply equal to minus the

reaction enthalpy.17 The ratio of fluxes is a ratio of zeros in

the limit of a zero temperature gradient. This ratio is finite,

however, as shown. In this paper we will establish that the

system is not in local chemical equilibrium, only near enough to

use eqn (15).

3.4. Relations between sets of coefficients

Changing the set of variables leads to changes in the coeffi-

cients. One set can be derived from another, because the

entropy production is invariant. Knowing the Rij of eqn (16)

from the preceding section, we can calculate the rij co-

efficients of eqn (25). The relation between the two resistivity

matrices is

rqq ¼ Rqq; rqm ¼ rmq ¼ Rqm þ RqqDrH

rmm ¼ Rmm þ 2RqmDrH þ Rqq ðDrHÞ2
ð36Þ

From the values of rij we compute the conductivity matrix lij.

Inverting eqn (25) gives

J 0q ¼lqq
d

dx

1

T

� �
� lqm

1

T

d

dx
ðDrGÞT

¼lqq
d

dx

1

T

� �
� lqm

r
TrF

@mF2

@cF2

d

dx
cF2

JF2
¼lmq

d

dx

1

T

� �
� lmm

1

T

d

dx
ðDrGÞT

¼lmq
d

dx

1

T

� �
� lmm

r
TrF

@mF2

@cF2

d

dx
cF2

ð37Þ

Here r is the total mass density and rF is the mass density of

the F atoms. In the second equality we have used Gibbs–Du-

hem’s equation. By comparing these relations to

J 0q ¼ �lG
dT

dx
� q�D

d

dx
cF2

JF2
¼ � rFq

�D

rT
@mF2

@cF2

� ��1
dT

dx
�D

d

dx
cF2

ð38Þ

and using eqn (36), we can finally identify the common

transport coefficients, the thermal conductivity lG at zero

variation in DrG, the interdiffusion coefficient in the two-

component mixture, D, and the heat of transfer, in terms of

the conductivities lij (or rij) and Lij (or Rij). We obtain

lG ¼
lqq

T2
¼ 1

T2
ðLqq � 2LqmDrH þ Lmm ðDrHÞ2Þ

D ¼ lmm
r

TrF

@mF2

@cF2

¼ Lmm
r

TrF

@mF2

@cF2

q� ¼ lqm

lmm
¼ � rqm

rqq
¼ �Rqm

Rqq
� DrH ¼

Lqm

Lmm
� DrH

ð39Þ

We see that the thermal conductivity has, in addition to Lqq,

contributions from the reaction via thermal diffusion

(�2LqmDrH) and from diffusion (Lmm(DrH)2). While the last

term is always positive, the first term is found to be negative.

According to eqn (24), the presence of the reaction increases

the thermal conductivity, meaning that the last term domi-

nates the first.

The coefficient for interdiffusion, D, is determined by the

mass conductivity lmm = Lmm, cf. eqn (17). The heat of transfer

reduces to �DrH, in the limit that the reaction is in chemical

equilibrium. This was the value given by eqn (35).17 Away

from chemical equilibrium, there is an additional term in the

expression for the heat of transfer, which can be related to

the thermal diffusion. Each coefficient can be determined

from experiments or computer simulations according to their

definition.

4. NEMD simulations

The details of the system and the NEMD simulations were

described earlier.5 We repeat the essentials here.
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4.1. The system

The system had initially 1000 fluorine atoms in a non-cubic

box, called the MD box, with lengths Ly = Lz = Lx/2. The

box size (in m3) was determined by the overall density, LxLyLz

= 1000/(cF + 2cF2
)/NA, where NA is Avogadro’s number and

the overall density cF + 2cF2
was 11 271 mol m�3. In the

x-direction, the MD box was divided into 128 equal planar

layers with a thickness of about 0.65 Å.

The reaction model was given by Stillinger and Weber.6 The

potential is a combined 2- and 3-body potential, see also our

previous paper.5 Basic units were the diameter of the fluorine

atom, s0 = 1.214 Å, its potential energy depth e0 = 2.659 �
10�19 J and its particle mass,m0 = 3.155� 10�26 kg. A default

adjustment for un-bonded atoms was set using a distance

cutoff criterion rc = 1.7s0.
5 A pair of atoms was defined as

a molecule when the pair had a separation distance equal or

less than rc.

4.2. Simulation conditions

Periodic boundary conditions were applied in all directions.11

The ’heat exchange’ (HEX) algorithm was used to obtain the

temperature profile:10 The ’hot’ layers 1–4 and 125–128, at the

ends of the box, were thermostated to a high temperature, TH,

and the ’cold’ layers 61–68, in the center of the box, were

thermostated to a low temperature, TL. The layers in the hot

and cold regions in the MD box are shown in Fig. 4. The figure

also displays a 3-dimensional snapshot of 1000 fluorine parti-

cles in the MD box. The NEIGHBOUR3 algorithm,5 that

makes a neighborhood list of 3-body interactions, gave a

saving of more than 50% in the computation time.

Different temperature gradients were applied across the MD

box as described earlier.9,10,18 Stationary states were obtained

after about 106 time steps. All NEMD simulations were

performed over 107 time steps. We omitted the first 2 � 106

time steps, which showed transient effects. A time step length

of 0.41817 fs was used.

All NEMD simulations were performed at constant overall

density (cF + 2cF2
= 11 271 mol m�3), varying the tempera-

ture gradient up to 6.6 � 1011 K m�1. The temperatures at the

boundaries are listed in Table 1. Case 1 had the smallest

imposed temperature gradient, 1.1 � 1011 K m�1, while

case 8 had the largest imposed temperature gradient,

6.6 � 1011 K m�1. Case numbers refer to runs documented

earlier.5

For stationary states the time averaged temperature, pres-

sure and density were found to be symmetric relative to the

center of the box, while the fluxes were antisymmetric. We

were therefore able to use the appropriate averages for pairs of

layers that were mirror symmetric around the center of the

MD box. The molar flux of component k in layer l is:

Jk;l ¼
1

NAVL

X
i2l;i2componentk

vi ð40Þ

Here vi is the velocity of particle i. The volume of each layer is

VL = V/128. The total molar flux in layer l is then given by

J l ¼
X
k

Jk;l : ð41Þ

The total heat flux in layer l is

Jq;l ¼
1

VL

X
i2l

vi
3

2
miv

2
i þ Fi þ pl �

kBTNl

VL

� �
ð42Þ

where Fi is the potential energy of particle i, pl is the hydro-

static pressure in layer l and Nl = SkNk,l is the total number of

particles in layer l.

Fi ¼
1

2

X
j pair with i

u2ðrijÞ þ
X

jok triplet with i

hðrij ; rik; yiÞ: ð43Þ

Here u2 is the 2-body potential, assigned half to each atom

of the pair ij and the 3-body potential is composed by the

h-functions, i.e. a sum of three terms, hi, hj and hk, which are

assigned to particles i, j and k, respectively.5

From the virial theorem, the hydrostatic pressure pl in layer

l is:

pl ¼
kBTNl

VL
� 1

3VL

X
i2l

� 1

2

X
j pair with i

@u2ðrijÞ
@rij

rijþ
X

jok triplet with i

@hi
@rij

rijþ
@hi
@rik

rikþ
@hi
@rjk

rjk

� �" #

ð44Þ

In this expression we have used that the hydrostatic pressure is

scalar. This made it possible to replace the usual tensorial

expression13 by its trace divided by 3. The kinetic contribution

then gives kBTNl/VL. Like in eqn (43), we assign half of the

force due to the pair ij to particle i and the other half to

particle j in the expression for the pair interaction. The

interaction energy due to a triplet is the sum of three terms,

hi, hj and hk (see ref. 5). In eqn (44) we have assigned the force

due to hi to particle i, those to hj to particle j and those to hk to

particle k.

The molar enthalpy of the mixture of F and F2 in layer l is

Hl ¼ NA
1

Nl

X
i2l

Fi þ
plVL

Nl
þ 3

2
kBT

 !
ð45Þ

By allocating contributions to Hl from F or F2, we found

estimates for the partial molar enthalpies and the reaction

enthalpy. We discuss the estimates in section 5.

Fig. 4 A snapshot of the MD box with 1000 fluorine atoms, partially

reacted to molecules. The box has dimensions Ly/Lx = Lz/Lx = 1/2.
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4.3. Calculation procedures

Six NEMD simulations from our previous paper5 (Cases 1,

4–8) were used as input for the calculations. The correctness of

these data were discussed earlier.5 We found, for instance, that

the total heat flux and the pressure, cf. eqns (42) and (44) were

constant. Their values are given in Table 1.

We estimated the reaction enthalpy DrHl =HF2l
� 2HF,l for

each layer (each temperature and pressure) using estimates of

the contributions to Hl from F and F2. With knowledge of the

particle flux, the total heat flux and the reaction enthalpy we

estimated the measurable heat flux in all layers using eqn (8).

Examples of temperature profiles, mole fraction profiles,

and component fluxes obtained from the NEMD simulations

were shown in Fig. 1–3. Such profiles were used to find

transport coefficients. In this section we describe the calcula-

tion procedure we used.

Using eqn (21a) we were able to obtain the coefficients AD,

BD, CD and d by fitting the analytical solution to the computa-

tional results. From the values of these coefficients we next

obtained the penetration depth d and LmqRqm. The fit of the

temperature profile was very good: The value of T(x) differed

from the analytical solution only close to x= 0 and x= l, due

to the presence of the thermostats. Using the total heat flux,

eqn (22a) and the value of BD, we could furthermore fit Lqq.

The results for d, LmqRqm and Lqq refer to the average tem-

perature of the system they were derived for. The temperature

dependence of the coefficients was found in this manner.

The reason that the temperature profile between 0 and l is

antisymmetric around l/2 is that the RqmJF2
contribution to the

inverse temperature gradient in eqn (16) is small compared to

RqqJq. We shall come back to this point below. By comparing

Fig. 3 for the F2 flux with the analytical solution given by eqn

(22b), we see that the data and the analytical solution do not

agree with each other. These data were therefore not used in

the fitting procedure.

We determined Rmm using eqn (20), which gives

Rmm ¼
R

kfd2c2F;eq
ð46Þ

In this equation d and cF,eq are already known at the tem-

perature in the centre of the half box, at x = l/2, see our first

paper5 for the values of cF,eq. We determined kf using the

forward reaction rate

rf ¼ kfc
2
F ð47Þ

from the NEMD simulations. The NEMD values of rf from

layers 15 to 50 were practically constant with a scatter, in the

order of 20%. We obtained the values of rf in x = l/2 by

averaging over all the layers. Using eqn (46) then gave us Rmm

at the temperature in x = l/2.

It follows from eqns (14) and (47) that

DrGðlÞ
RTðlÞ ¼ ln 1� rðlÞ

rf

� �
ð48Þ

For rf we used the constant value obtained above for all the

layers and r we found from the F2 flux using eqn (5). The

values of DrG(l)/RT(l) make it possible to judge how close the

system is to chemical equilibrium in each layer.

5. Results

5.1. Local thermodynamic equilibrium and local chemical

equilibrium

The velocity distributions in this system are nearly Maxwel-

lian, see also ref. 5. This statement is now quantified by the

results shown in Fig. 5. The figure shows how the velocity

distributions were shifted in temperature gradients. The dif-

ference between the observed distribution and the Maxwellian

distribution, fk,l, as defined by eqn (3) is shown for two

temperature gradients in Fig. 5. Subfigure 5c gives results for

the atom and subfigure 5d gives results for the molecule. The

parameter Ak,l of eqn (4) was determined from these plots. We

see in subfigures a and b in Fig. 5 that Ak,l is identical for both

gradients for both the atom and the molecule. The value of Ak,l

varies across the box, however; i.e. with the temperature and

composition. The system can thus be regarded as being in local

thermodynamic equilibrium; i.e. any layer in the box can be

described by standard thermodynamic equations.

In the previous paper, we argued that the chemical reaction

was close to chemical equilibrium. This statement can now be

quantified by Fig. 6. The figure shows that DrG/RT { 1 in all

layers and in all cases. In the layers that are not thermostated

the value is very small. It rapidly increases in the thermostated

layers to an absolute value of no more than 0.03, which is still

much smaller than one. The data are scattered, but we con-

clude that they confirm the prediction of eqn (21). The data

also confirm that a linear relation between the rate and the

driving force is obeyed in all the layers. The component fluxes

are not symmetric around x = l/2, however, see Fig. 3. We

shall return to the reason for this in the discussion.

5.2. The total heat flux and its contributions

Fig. 7 shows the total heat flux and the measurable heat flux

for case 8. The measurable heat flux was around 5% smaller

than the total heat flux, and varied slightly across the MD box,

meaning that net enthalpy is moving to the cold side of the

box.

The difference in the total heat flux and the measurable heat

flux is due to the reaction enthalpy. The reaction enthalpy is

shown in Fig. 8. A large negative value is found, which is

normal for a strongly exothermic reaction. The value changes

with temperature as expected. The supercritical fluid is non-

ideal, so the molar enthalpies will certainly deviate from the

partial molar enthalpies. We consider therefore this figure as

an estimate for the reaction enthalpy. The slope for each set of

Table 1 Temperatures at the boundaries, TH and TL, and in the
center T(l/2), total heat flux and pressure in the studied cases. The case
numbering refer to that of our previous paper

Sim. no. TH/kK TL/kK T(l/2)/kK Jq/10
8 � kJ m�2 s�1 p/103 bar

1 5.8 4.8 5.2 0.64 5.03
4 7.7 5.8 6.7 1.59 6.32
5 9.6 7.7 8.6 1.91 8.14
6 11.6 7.7 9.5 4.03 8.91
7 15.4 11.6 13.3 5.03 12.56
8 19.3 13.5 16.2 8.49 15.20
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simulations gives a negative reaction heat capacity. The value

is surprisingly independent of pressure, cf. Table 1. In the

calculation of the resistivities rij and the conductivities lij
below, we use this estimate of the reaction enthalpy.

5.3. Transport coefficients

The transport properties of the reacting system are shown in

Tables 2–4 and Fig. 9–13. The results for Rij and rij are given in

Table 2, while Table 3 lists the corresponding results for the

conductivity coefficients Lij and lij. Finally, Table 4 shows the

common transport properties lG, lJ, D, q*, �DrH. The

quantities which are necessary to determine the coefficient

Rmm, i.e. cF, cF,eq, kf and the length d, are shown in Table 5.

The fitted penetration depth d has been checked to be larger

than the mean free path of the same case, as we expected. All

these quantities listed in Tables 2 and 5 are referred to the

temperature at x = l/2, T(l/2).

Fig. 9 shows the thermal resistivity, Rqq = rqq, from eqn (31)

(circles) and from fitting the analytical solution to the tem-

perature profile (squares). The two methods gave within a few

percent the same results. This shows that the RqmJF2
contribu-

tion in eqn (16) is at most a few percent of the RqqJq
contribution. Using the values of Rqm, Rqq given in Table 2,

the heat fluxes from Table 1 and the F2 flux (see Fig. 3 for case

4) this was verified. The values of the other coefficients were

found using the procedure described in the previous section.

Fig. 10 shows results for the thermal conductivities lG and

lJ. Results from simple kinetic theory for a mixture are also

shown for comparison. In all cases the values of lG are larger

Fig. 6 DrG/RT in the MD box for all cases.

Fig. 5 The parameter Ak,l (figures a and b) and fk,l (figures c and d) for the atom and molecule calculated from two rT, Case 6 and Case 8, in

layer no. 35.

Fig. 7 The total heat flux Jq (squares) and measurable heat flux J0q
(triangles) in the chemical reaction (Case 8), at cF + 2cF2

= 11 271

mol m�3. The symbols represent values in the layers in MD box.
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than the values of lJ, within a difference of up to 40% for low

temperatures. The order of magnitude of the results is that

predicted by kinetic theory, however. The results for the

diffusion coefficient D are shown in the Fig. 11. The value of

D varies around a constant, 0.24 � 10�5 m2 s�1. We demon-

strate that also this coefficient has the same order of magni-

tude as that obtained from simple kinetic theory.

6. Discussion

6.1. Local thermodynamic equilibrium. Nearness to local

chemical equilibrium

In our first article,5 we concluded from the small shift in the

Maxwell velocity distributions that the system was always in

local thermodynamic equilibrium; meaning that all normal

thermodynamic relations were valid. Fig. 5 shows that the shift

in the velocity distribution was proportional to the tempera-

ture gradient everywhere, with a proportionality coefficient

Ak,l. The coefficient was the same for both particles, and it

varied with composition and temperature. This property is an

important characteristic of the Maxwell distribution for a non-

equilibrium state in kinetic theory, and was crucial in the

analysis of transport and chemical reactions by Ross and

Mazur.8,16 The fact that we can confirm this property, gives

a statistical basis for the use of non-equilibrium thermo-

dynamics in a reacting mixture.

In the first article we stated that the reaction was near local

chemical equilibrium for many conditions in the MD box. In

the present work, we assumed nearness to equilibrium and

found analytical solutions for the temperature gradient, the

reaction rate and the mass fluxes. The shape of the simulated

temperature profile in Fig. 1 was such that it fitted well to the

analytical solution obtained for the temperature profile under

these conditions. From the values obtained for DrG/RT (Fig.

6) we were able to conclude that the reaction rate was linear in

the driving force in every layer for all cases considered. The

data also confirmed the prediction of the analytical solutions.

The criterion DrG { RT is often used as a criterion for being

close to chemical equilibrium, for instance in biology. We can

conclude that our system is very near, but not at chemical

equilibrium.

Somewhat surprisingly the component fluxes were not quite

as symmetric around x = l/2 as one would expect on the basis

of the analytical solution. One reason for this can be the

thermostat procedure. In the thermostated layers the tempera-

ture is reset at the temperature of the thermostat every 10 time

steps in the integration of the equations of motion. This brings

the thermostated layers out of local equilibrium. As the

reaction is relatively quick in these layers, it delivers or takes

away energy, counteracting the action of the thermostats.

How far the thermostated layers are away from local equili-

brium depends on their temperature. As this temperature is

different in the two thermostats, the strict symmetry suggested

by the analytical solution can be broken for DrG/RT and the

component fluxes.

Fig. 8 The local reaction enthalpy as a function of the temperature at

the same location (Cases 1, 4–8), at cF + 2cF2
= 11 271 mol m�3. The

symbols represent values in the layers in MD box.

Table 2 Resistivity coefficients, Rij and rij

Case T(l/2)/kK
Rqq = rqq/10

�8

� m W�1 K�1
Rqm = Rmq/10

�3

� m s mol�1 K�1
Rmm/10

3 � J m s
mol�2 K�1

rqm = rmq/10
�2 � m s

mol�1 K�1
rmm/10

3 � J m s
mol�2 K�1

1 5.2 10.13 0.80 2.96 �1.36 4.78
4 6.7 4.34 2.18 2.34 �0.52 2.84
5 8.6 2.29 1.56 2.93 �0.31 3.26
6 9.5 1.77 1.51 2.75 �0.24 2.96
7 13.3 0.76 0.76 3.84 �0.15 4.06
8 16.2 0.39 0.82 3.61 �0.05 3.51

Table 3 Conductivity coefficients, Lij and lij

Case T (l/2)/kK
Lqq/10

7

� W K m�1
Lqm =
Lmq/mol K m�1 s�1

Lmm = lmm/10
�4

� mol2 K m�1 s�1 J�1
lqq/10

7

� W K m�1
lqm =
lmq/mol K m�1 s�1

1 5.2 0.99 �2.7 3.39 1.60 45.5
4 6.7 2.42 �22.5 4.49 2.94 53.4
5 8.6 4.53 �24.0 3.54 5.03 48.3
6 9.5 5.95 �32.7 3.81 6.39 52.6
7 13.3 13.41 �26.5 2.66 14.15 51.9
8 16.2 26.98 �61.5 2.91 26.25 40.5
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6.2. A chemical reaction controlled by thermal diffusion

The nearness to chemical equilibrium allowed us to calculate

properties of the chemical reaction, for instance, the penetra-

tion depth d. This parameter expresses the average length a

molecule diffuses before it reacts, around 4 Å in the present

investigation. It was obtained from the temperature and the

gradient of the temperature in x = l/2. Taking this distance

constant one obtains a satisfactory fit of the whole tempera-

ture profile in the layers between the thermostats. The mean

free path can be calculated to be between 3 and 6 Å for the

molecule. Uncertainties considered, these lengths are the same,

and indicate that particles can hardly collide with one another

before a new molecule is formed. It is likely that almost all

collisions leads to a reaction in a fast reaction like ours,

meaning that equilibrium is established (almost) immediately,

when the reaction mixture is perturbed. This may then be seen

as typical of diffusion controlled reactions. Clearly, also

microscopic reversibility holds.

The non-zero component fluxes that characterize the sta-

tionary state of the system are not constant across the system.

This is a true indication that the reaction plays a role. The

divergences of the fluxes give a non-zero value for the reaction

rate, the reaction can thus be seen as a sink or source for

components. Is it the reaction that defines the flux divergence,

or is it vice versa, the diffusion that determines the reaction

rate? The two phenomena are not directly coupled, so one

should be able to establish a cause-effect relationship. The

value of d compared to the mean free path and the results for

DrG, indicates that the latter explanation is most probable.

So, if the reaction is controlled by diffusion, the next

question to ask is what kind of diffusion; normal interdiffusion

or thermal diffusion? The question can be answered by looking

at the contributions to the mass flux, JF2
. Clearly, the values of

the coefficients, in combination with the forces, indicate that

the thermal diffusion term is by far the most important

contribution to the flux. We therefore conclude that the

reaction is controlled by thermal diffusion. Thermal diffusion

coefficients are normally at least one order of magnitude

smaller that ordinary diffusion coefficients, but this is not the

case here (see section 6.4.2).

Fig. 9 The thermal resistivity Rqq = rqq from eqn (32) (circles) and

from fitting the analytical solution to the temperature profile (squares),

at cF + 2cF2
= 11 271 mol m�3.

Fig. 10 The thermal conductivities lG (squares) and lJ (circles), at cF
+ 2cF2

= 11 271 mol m�3. The dotted curve is from kinetic theory.

Fig. 11 The diffusion coefficient, of F2 in the presence of a chemical

reaction, at cF + 2cF2
= 11 271 mol m�3. The dotted curve is from

kinetic theory.

Fig. 12 The resistivity coefficients rqm, at cF + 2cF2
= 11 271 mol m�3.
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6.3. A dissipative structure

The system was found to respond to an applied temperature

gradient by setting up fluxes of heat and of components. The

nonzero component fluxes shown in Fig. 3 appear as futile

cycling of mass. Clearly, energy is needed to maintain the

dissipation represented by this transport. One interesting

question is therefore why the transport occurs. What is

governing it, and why is it preferred to other stationary states?

We may speak of a system with a dynamic structure, or a

dissipative structure maintained by energy supply from the

outside. It is then natural to examine the system’s entropy

production, also for practical purposes.19

The dynamic properties of the system are governed by the

system’s entropy production. Prigogine showed that a globally

linear system has a stationary state that is characterised by

minimum entropy production.12 This situation does not apply

here, in particular because the reaction rate is not a linear

function of TH � TL. The system is stationary, but the fluxes

are not a linear function of the driving force across the whole

box. The flux is a linear function of the forces in any volume

element, however, with a coefficient that depends on the state

variables.

We can, however, conclude from an interesting limiting

case. In that case the reaction is in complete chemical equili-

brium, and the temperature gradient becomes constant. The

total heat flux is constant by definition, and the entropy

production will then be constant through the box. We can

then show that the entropy production becomes smaller in the

presence of component interdiffusion, than in the absence of

such interdiffusion. This is so because the total heat flux is

larger than the measurable heat flux see Fig. 7. We are then in

a situation that the dynamic structure of the reacting mixture

in a temperature gradient is compatible with minimum

entropy production.

Let us make the hypothesis that this remains true, also when

the chemical reaction deviates from equilibrium, as is the case

here. The system sets up thermal interdiffusion because there is

a gain that compensates for the extra energy needed to cycle

the components. The obvious gain is a facilitated transfer of

heat. Eqns (24) show that the total heat flux was enhanced in

the presence of the chemical reaction. Also de Groot and

Mazur8 observed this. Eqns (36) give explicit contributions to

the conductivities from the enthalpy of reaction, meaning that

there is an increase in the overall thermal conductivity of the

system. This means that the entropy production of the system

with thermal interdiffusion of components is smaller in the

present simulated system than in a hypothetical system with-

out such movement of components and the corresponding

reaction. In other words, the system responds to the given

boundary conditions by seeking a dynamic state (dissipative

structure) with a low entropy production, most probably as

low as possible. The distribution of components is a conse-

quence of this rather than of a shift in the chemical equilibrium

according to Chatelier’s principle.

6.4. Transport properties

All transport coefficients in Tables 1 and 3 refer to the

temperature at x = l/2. The cases represent different tempera-

tures, so the temperature function could be plotted in

Fig. 9–13.

6.4.1. The thermal conductivity and the interdiffusion coeffi-

cient. According to the theoretical sections a thermal conduc-

tivity can be defined for two different conditions. On the one

hand eqn (38a) defines the thermal conductivity lG in the

absence of a concentration gradient, but in the presence of a

chemical reaction. Definition (28), on the other hand, gives

lJ = 1/(T2rqq) 1/(T2Rqq) for zero component flow, i.e. also

absence of a chemical reaction. The results in Fig. 10 must be

seen on this background.

The thermal conductivities were plotted as a function of T.

We see that lJ and lG both increase with temperature. It is

reassuring that kinetic theory gives a value of the same order

of magnitude as we find for lJ (no chemical reaction). Our

fluid is like a dense gas. The most interesting feature is that lG
was up to 40% larger than lJ. Clearly the chemical reaction

has a large impact on the thermal conductivity. The system

conducts clearly better, when a chemical reaction is allowed.

This may have an impact on how chemical reactions are now

modelled in nonisothermal systems.

The interdiffusion coefficient for the reacting mixture is

presented in Fig. 11. An important characteristic of D in the

present system is its temperature independence. The order of

magnitude of the coefficient is the same as that predicted by

the kinetic theory, andD was proportional to the pressure (not

shown), but other mechanisms are involved in heat transfer

when a reaction is present. In kinetic theory the diffusion

coefficient is proportional to the temperature to the power

of 3/2.20

6.4.2. The heat of transfer near and at chemical equilibrium.

In order to understand the heat of transfer in the system, q*, it

is again useful to consider the hypothetical case, when the

reaction is in complete equilibrium. In this case, we showed

that the heat of transfer is equal to minus of the reaction

enthalpy (cf. eqn (36)) and ref. 17.

The heat of transfer, calculated from eqn (39c) and shown in

Table 4, was therefore compared to the enthalpy of the

Fig. 13 The heat of transfer (squares) and �DrH (circles), at

cF + 2cF2
= 11 271 mol m�3.
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reaction in Fig. 13. The heat of transfer, shown by squares in

the figure, varies between 120 and 200 kJ mol�1. The negative

enthalpy of reaction, �DrH, was always larger in magnitude;

varying between 140 and 350 kJ mol�1. The discrepancy

between the two numbers was largest at the higher tempera-

tures. The heat of transfer has not only thermodynamic

contributions, there are also contributions from the transport

coefficients, cf. eqn (39c).

The heat of transfer is a very large number, compared to

heats of transfers that are typical for binary mixtures that do

not react. This may cast doubt on the assumption that is used

in flame modeling (see i.e. ref. 7 and 21); that the Dufour effect

is negligible. Our results indicate that neglect of q* may lead to

errors in the heat as well as the mass flux.

The corresponding results for the coupling coefficient rqm,

plotted in Fig. 12, gives a smoother variation with temperature

than q*. Both values may be useful for improved thermo-

dynamic modeling of chemical reactions. It is interesting to see

that the square of this coefficient approaches the order of

magnitude of the product of the main coefficients in Table 2, as

the temperature decreases. The impact of the chemical reac-

tion the thermal diffusion, is therefore larger the lower is the

temperature, as evident also from Fig. 13.

6.4.3. The Onsager coefficients. Two sets of Onsager resis-

tivity coefficients were calculated, one using the total heat flux

and the fluorine flux as variables, the other with the measur-

able heat flux and the fluorine flux as variables. The inverse

coefficients were also determined, before the more commonly

known transport coefficients were found.

One may question the need to present also the Onsager

coefficients. These are used here as intermediate values, from

which we find the more commonly known coefficients. We

claim that they are required for establishing well defined

conditions for their measurement and calculation in this

complex system. By starting with the entropy production,

unique definitions can be obtained, and the relations between

the coefficients can be given, like the Onsager relations.

7. Conclusions

We have derived transport properties for a chemical reaction

in a temperature gradient. Their values can be explained by a

reaction which is limited by thermal diffusion. This limitation

brings the reaction into a regime, where all flux-force relations

in a volume element of the system are linear, while the system

on a global scale is far from equilibrium. The driving forces

and fluxes vary largely across the box. The statistical basis for

use of nonequilibrium thermodynanamics theory is found to

be everywhere sound, in spite of the large gradients. When

exposed to a temperature gradient, the system responds by

increasing the thermal conductivity and reducing its entropy

production. This property supports the hypothesis that the

stationary system, which is far from global equilibrium, has

minimum entropy production. It satisfies Prigogine’s principle

of minimum entropy production, which he was able to prove

generally for stationary states close to global equilibrium.12

Onsager coefficients are well suited to capture the difference

between the presence and absence of the chemical reaction,

and we suggest that these coefficients should be used system-

atically to define transport coefficients of reacting mixtures.

Symbols

ck Molar density of component k/mol m�3

ck,eq Molar density of component k in equilibrium/

mol m�3

c0k Standard molar density of component k/mol m�3

D Interdiffusion coefficient in the reacting mixture/

m2 s�1

f0k Maxwell-Boltzmann velocity distribution of

component k

fk Maxwell-Boltzmann velocity distribution of

component k, in a DT gradient

DrG Reaction Gibbs energy/J mol�1

Hk Partial molar enthalpy of component k/Jmol�1

Table 4 Thermal conductivity l, interdiffusion coefficient D and heat of transfer q*

Case 1 T (l/2)/kK
lG (eqn
(39a))/W m�1 K�1

lJ (eqn
(28a))/W m�1 K�1

D (eqn
(39b))/10�5 � m2 s�1

q* (eqn
(29))/kJ mol�1 �DrH/kJ mol�1

1 5.2 0.58 0.41 0.20 130 140
4 6.7 0.67 0.50 0.27 120 170
5 8.6 0.68 0.59 0.23 140 210
6 9.5 0.71 0.56 0.25 140 220
7 13.3 0.80 0.75 0.19 200 300
8 16.2 1.01 0.94 0.22 140 350

Table 5 Molar density of F, forward reaction rate constant and the fitted length d

Case T(l/2)/kK kf/10
7 � m3 mol�1 s�1 cF/mol m�3 cF,eq/mol m�3 d/Å

1 5.2 1.45 5589 5515 2.5
4 6.7 0.49 6488 6517 4.1
5 8.6 0.36 7259 7287 3.8
6 9.5 0.32 7429 7513 4.1
7 13.3 0.27 8052 8104 3.5
8 16.2 0.21 8282 8361 4.0
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(continued )

DrH Reaction enthalpy/J mol�1

hi h-function assigned to particle i, J

Jq
0 Measurable heat flux/J m�2 s�1

Jq Total heat flux/J m�2 s�1

Jk Molar mass flux of component k/mol m�2 s�1

kB Boltzmann’s constant

kf Forward reaction rate constant/m3 mol�1 s�1

Lij Conductivity coefficient of the reacting mixture, at

chemical equilibrium.

lij Conductivity coefficient of the reacting mixture.

La Length of the MD box in the direction of a,m
m0 Particle mass of F atom/kg

N number of total particles

NA Avogadro’s number

p Pressure, pascal

q* The heat of transfer of the reacting mixture/J mol�1

Rij Resistivity coefficient of the reacting mixture, at

chemical equilibrium.

rij Resistivity coefficient of the reacting mixture.

r Reaction rate, mol m�3 s�1

rc Cutodistance for bonded fluorine molecule/m

rf Forward reaction rate/mol m�3 s�1

rij Distance between particle i and particle j, m

Sk Entropy of component k/J mol�1 K�1

DrS Reaction entropy/J mol�1 K�1

T Temperature, K

u2 2-body potential, J

vk Velocity of component k/m s�1

yk Molar fraction of component k/mol m�3

mk Chemical potential of component k/J mol�1

mk
0 Standard chemical potential of component k/J mol�1

Drmeq Reaction chemical potential in equilibrium/J mol�1

s Entropy production rate/W K�1 m�3

s0 Diameter of F atom, m

e0 Potential energy depth, J

l Thermal conductivity of the reacting mixure/

W m�1 k�1

Fi Total potential energy of particle i, J

Fk Pertubation factor for Maxwell distribution of

component k

(continued )

r Total mass density of the system/kg m�3

rk Mass density of component k/kg m�3
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