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Abstract  The effect of gravity on the electric potential 
generated by the combustion synthesis of zinc sulfide is 
analyzed using the numerical simulation. Recent 
experimental studies on generation of electric voltage during 
combustion synthesis of zinc sulfide (ZnS) have revealed 
high voltage signals (4 V) with duration about 1 s, which are 
much higher than those produced by the gas–solid and 
solid–solid combustion reactions studied previously. These 
data have raised the question about mechanism of such a 
phenomenon. In our previous work we developed a novel 
(distributed) model describing the electric potential 
generation during combustion synthesis of sulfides (CSS) 
that didn't count the effect of gravity. In this paper the 
simulations of heat - mass transfer, charge carriers motion, 
and voltage profiles taking into account the Earth gravity 
effect. The simulations confirms that the gravitation force 
strongly affects the emission of negatively charged sulfur 
ions as well as electrons and has a significant impact on the 
amplitude and temporal evolution of the combustion induced 
voltage. The voltage reduction up to four times has been 
observed numerically in the case when gravity acts in the 
direction coincident to that of the propagating combustion 
wave. Vice versa, the significant acceleration of the 
combustion and the voltage amplification due to the 
advection is simulated when gravity acts in the direction 
opposite to that of the propagating combustion wave.   

Keywords  Combustion Synthesis, Zinc Sulfide Reaction, 
Electrical Field Generation, Charge Carriers 

 

1. Introduction 
Self-propagating High-temperature Synthesis (SHS) can 

be accompanied by various electrical phenomena. High 
temperature gas-solid reactions occurring during SHS 

produce, in some cases, a high concentration of electrical 
charge carriers, which may generate, in turn, various 
electrochemical and physical effects. Electrical fields 
generated by high-temperature chemical reactions have been 
observed in the gas phase surrounding burning titanium, 
zirconium, and iron single particles [1] for the following 
reactions Ti-O2, Zr-O2, Fe-O2, Ti-N2 and Al-Ni inside 
compacted samples [2-6]. Similarly, a voltage difference of 
about 1V was detected during the several SHS of ferrites by 
inserting two electrodes into the sample [7-9]. The 
mechanism yielding these electrical fields has not yet been 
reliably established and this prevents an a-priori estimate of 
the magnitude of this electrical field and its potential impact. 

The experiments have showed [7] that the generated 
voltage (order 1V) is significantly higher than the 
thermoelectric effect at the electrodes, which is of the order 
of mV. Moreover, the voltage attained its maximum value 
well ahead of the time at which the maximum temperature 
was attained. This fact rules out the possibility that thermal 
emission was the major contributor to the observed voltage 
in experiments. The estimates of the electric current due to 
the thermal emission by the Richardson-Dashman equation

)/exp()1( 2
0

_
KTTAkJ e φ−−= , where 

_
k is the electron 

reflection coefficient, φ is the metal or metal oxide work 
function and A = 4πe mek2/h3 (e = electron charge, me = 
electron mass, k = Boltzmann’s constant, h = Plank’s 
constant) predicted thermal emission currents of the order of 
10-2 A/cm2 for the oxidation of Ti at 2000 K. 

Different rates of diffusion of charge carriers across the 
growing oxide shell create an electric double layer. The 
production of positive and negative charge carriers such as 
electron holes, oxygen ions, vacancies, and electrons, either 
at the reaction front and/or the particle surface, is a necessary 
but not sufficient condition for the generation of voltage by 
the reaction. The formation of electric voltage with some 
certain polarity and amplitude depends on the difference 
between the diffusive velocities of charge carriers [4]. The 
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goal of this study was to determine the impact of gravity on 
the electric field generated during Zn–S reactions, on the 
formation of the electric signals, their polarity, amplitude, 
and shape. While experimental determination of the impact 
of reactants’ properties, composition, environment, and 
sample size is important but straightforward, the 
experimental finding of the chemical reaction features that 
determine the amplitude and temporal evolution of the 
electric and magnetic signals is much more intricate. The 
thermally uniform 1D system was investigated first 
numerically [10–13]. The experimental and theoretical 
aspects of combustion synthesis of complex composites are 
studied in [14-19]. The cooperative multiphase processes 
that take place in the course of chemical vapor deposition 
(CVD) as well as in submicron particle synthesis via 
combustion from complex oxides are simulated numerically 
in [17-22]. The micro and macro two level numerical 
technique developed by Markov [20] is generalized in the 
present paper to investigate numerically the complex electro 
and gas dynamic features of the CSS process. The two level 
theoretical approaches for CVD have been proposed 
originally in [23]. 

2. Formulation of the CSS Model 
Structure  

2.1. Microscopic Problem  

On a microscopic scale comparable with the size of a 
growing particle, let us consider the set of   simultaneous 
chemical reactions formulated as follows:  

2 ( / ) 2 ( ) ( )k
k

k S S gas solid h solid H− +⋅ → + + −∆∑ , 

at 

{ }, 2, 4,6,8 ,k n n k N∀ < = ⊂ ,            (1) 

          (2) 

    (3) 

h e nil+ −+ ↔                   (4) 

Where reaction (4) reflects thermal annihilation and 
generation of electron- hole pairs in the solid product (see 
[24]). Here “nil” indicates the product states in which there 
are no defects and its crystalline structure is perfect.  Eqs. 
(1-3) reflect the fact established now experimentally that a 
negatively charged gas is emitted during CSS. The gas phase 
is supposed to contain mainly sulfur ions and electrons 
chemically released by the reaction. It is known [24] that in a 
vapor phase sulfur forms the following neutral and stable 
cyclic compositions: nS , { }2, 4,6,8n = , which are 

destroyed at temperatures higher than 180 C  and 
transformed to linear chain fragments having 

uncompensated bonds and charged respectively. Thus, at 
high temperatures ( 180T C>≅  ) the sulfur vapors 
produced intensively above the boiling point are partially 
ionized and the ionization degree is determined by the ratio 
of the linear chain fragment generation rates to the rate of 
their recombination into the neutral cyclic compositions.  

In the present paper we made computation for simplified 
kinetics as follows: 

      (5) 

 

Figure 1.  Schematic diagram of the Combustion Synthesis of Sulfides 
(CSS).   

The schematic diagram of the sample and gaseous flow in 
CSS is shown in Figure 1. The thermal front propagation 
direction was defined from right to left. 

2.2. Macroscopic Problem  

While the CSS model equations (with the exception of 
kinetics on a microscopic level) are completely similar to 
those in CCSO model [17-18] and strongly different from 
those on a macroscopic level. The reason is that, in addition 
to mass transfer, they describe also transfer of charge carriers: 
ions, cations, electrons, and electron holes. The law of 
conservation of matter in the gas phase leads to the 
expression:  

( ) ( )1g macro
g s gu J

t
χρ

χρ χ →

∂
+∇⋅ = −

∂
       (6) 

The equations for solid densities 
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1
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          (7) 

The equation of impulses in the gas phase (the 
Navier–Stokes equation) is as follows:  
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( )
2

2

1 1
Ma Re

/ 2
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g
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u
uu S p

t

N E N F

χρ
χρ

ε

∂
+∇ ⋅ = − ∇ + ∇⋅

∂

− ∇ + ∇⋅ +

V τ

τ
  (8) 

The viscous tensor is as follows  

( ) ( )22Zn e gas Zn solid+→ +

( ) ( ) ( )2 2S gas Zn solid ZnS solid− ++ →

2 ( ) 2 ( ) ( )S S gas h solid H− +→ + −∆
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The electromagnetic effect is taken into account by the 
relation:  

( )E i kik
E Eε=τ  

Eτ is the part of the stress tensor taking into account the 
tensions provided by electric forces.  
The full momentum equations include the gravity force and 
the porous resistance introduced by a (negative) momentum 
source term in the form:  

 

( )1B gF Gρ χ= −  is the gravity force. 
The electric field, electric current, and electric field stresses 
are as follows:  

E , j= −∇ = − ∇ϕ σ ϕ .  ( )E i kik
= ∇ ∇τ ε ϕ ϕ .  (9) 

Equation for the electric field potential (the Poisson equation) 
is written as: 

0N q∆ + =φφ                 (10) 

Charge density equation:  

( )0 0q N
t

∂
− ∇ ⋅ ∇ =

∂
σ φ           (11) 

Thermal conductivity equation taking into account the effect 
of chemical interaction and Joule dissipation has the form: 

( )1g g jS jS g g
j

macro

T

Tc c c T
t

T Q
Pe

χρ χ ρ χρ

λ

  ∂
+ − + ⋅∇ =  ∂ 

 
∇ ⋅ ∇ + 

 

∑ u

  (12) 

Where   
Zero heat mass fluxes and zero velocities of gas flow in 

the reactor (lateral sample surface) as well as symmetry 
conditions at the reactor axis and initial conditions are 
imposed. Equations (6)–(12) are solved simultaneously with 
the microscopic Equation (5) At the ignition surface the 
prescribed initializing temperature is applied in numerical 
simulation.  

The Frank-Kamenetsky dimensionless variables [25] 
(marked with tilde) are applied for the combustion front 
modeling  
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( )1gp Tρ β= + 

  , 
*

1T T
T

β= +   

The main similarity parameters in combustion modeling 

are as follows * *, PRT c T
E Q

β
β γ= = .  Let us note that 

the Zeldovich Number 
( )0*

2
*

E T T
Z

RT

−
=  is equal to 

*

1

P

Q
Z

c Tγ β
= = . The initial 

temperature is given as 

 

2.3. Estimates of the Gravity Effect 

First, we estimate the Froude number and thermal 
conductivity 

We arrive at Froude number 
2

*

*

gtG
x

=  and temperature 

conductivity coefficient *

* *c
λ
ρ

Ψ =  

Using Frank-Kamenetsky dimensionless variables, we 

obtain 
x
t

Ψ =
2
*

*

. For sulfur at Т=368 К, we find * * 0.1x u = ,  

thus 
2
*

*

0.1x
t

= , * * 2
* *

0.1 0.1,x t
u u

= =  The acceleration

A  of combustion wave  and Froude Number G are as 
follows  

, . 

Our estimates [19] show that * 0.3 30
m
c

u = ÷ . 

Therefore 100 1G ≈ ÷  for slow and fast moving 
combustion fronts, respectively. The estimates [19] allow us 
to use the electro hydrodynamic (EHD) approximation in 
searching solution to the numerical problem. During 
calculation of the Maxwell equations, we also neglected 
displacement currents. This means that we consider 
electrical currents of the limited frequency only.  

3. Results and Discussion  
The low initial electric charge uniformly distributed in 

reactor was prescribed. The results of calculation for plane 
geometry are presented in Figures 1–8. The main parameters 
are as follows 

0.07, 100, 0, 0.2, 0.5R Rβ β α γ χ= = = = =  

Re 10 , 10, 100 , Ma 0.1TPe G= = = =  

( ) ( )Tμ  = ∇ + ∇ − ∇ ⋅  
τ u u u I2

3

( ) , , 1, 2,3i i i i ii
u u iκ κ α ς= − = + =VS

macro chem JQ Q Q= +

* * *

*

/ , / , / ,
/ , 1, 2,3

i i i ix x x t t t u u u
p p p i
= = =
= =



 



0
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, , 1, 2,3i R i R iα α β β= = =  

We consider the results of computation when gravity is the 
co directional to the thermal wave propagation (from the left 
side to the right side) as well as the case of in the anti 
directional gravity. The results of computations are 
compared to those ones neglecting the gravity effect and 
finally between themselves. The results of computation 
presented in Figures 2-8 refer to the given ignition 
temperature at the left side of the sample.  

Figure 2, (a) shows the gravity effect when gravity force is 
co directional to the thermal wave propagation (from the left 
side to the right side) G=100, αR=0, βR=100. The significant 
acceleration of the combustion front is found under 
gravitation Figures 2,(a) and is compared to the 
computation neglecting the gravity Figures 2,(b).  

 
a 

 
b 

Figure 2.  (a) - The gravity effect on temperature distribution along the 
sample at subsequent moments. Gravity is co directional to the thermal 
wave propagation (from the left side to the right side) G=100, αR=0, βR=100;  
(b) - The temperature distribution along the sample at subsequent moments 
with the neglected gravity. 

The calculation of distribution of the velocity of sulfur 
ions, the vapors pressure, temperature and vapors density 
along the sample at t2 and t4 moments where t4>t2 are 
presented in Figure 3,(a-d). These data were obtained at the 
conditions where gravity force is co directional to 
propagating thermal wave at G=100, αR=0, βR=100. It can 
be seen that the velocity of ions decreasing with the time 
Figure 3,(a), and the distribution of temperature along the 
sample shows wave propagation behavior Figure 3,(c). The 

calculation of distribution of the velocity of sulfur ions, the 
vapors pressure, temperature and vapors density along the 
sample at t2 and t4 moments where t4>t2 neglecting the 
gravity are presented in Figure 4,(a-d). It can be seen that 
computation neglecting the gravity force slightly changed 
the graphs.  

 a 

 b 

 c 

 d 

Figure 3.  Gravity force is co directional to propagating thermal wave at 
G=100, αR=0, βR=100. (a) - Distribution of the velocity of sulfur ions along 
the sample at moments (t2, t4); t4>t2; (b) - The vapors pressure along the 
sample at the moments (t2, t4) t2=12, (dashed line), t4=24 (solid line); (c) - 
Distribution of the temperature along the sample at moments (t2, t4); t4>t2; (d) 
- the vapors density along the sample at the moments (t2, t4) t2=12, (dashed 
line), t4=24 (solid line). 

a 
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 b 

 c 

 d 

Figure 4.  Computation neglecting the gravity: (a) - Distribution of the 
sulfur ions velocity along the sample at moments t2, t4); t4>t2; (b) - The 
vapors pressure along the sample at the moments (t2, t4) t2=12 (dashed line), 
t4=24 (solid line); (d) - Distribution of the temperature along the sample at 
moments t2, t4); t4>t2; (c) - The vapors density along the sample at the 
moments (t2, t4) t2=12 (dashed line), t4=24 (solid line) 

Figure 5 shows the distribution of the sulfur ions velocity, 
vapor pressure, temperature, and density along the sample 
axis at time moments t2=12 (dashed) and t4=24 (solid). In 
that case the gravity force acts oppositely to the thermal 
wave propagation G= - 100, αR=0, βR=100. 

Figure 6 illustrates distribution of the electric field 
intensity E and current density J along the sample axis at 
time moments t2=12 (dashed) and t4=24 (solid). Gravity acts 
along with the thermal wave propagation (from the left side 
to the right side) G=100, αR=0, βR=100. 

Figure 7 illustrates distribution the electric field intensity 
E and current density J along the sample axis at time 
moments t2=12, (dashed) and t4=24, (solid). Computation 
neglecting the gravity force is done.  

Figure 8 illustrates distribution the electric field intensity 
along the sample axis at subsequent time moments for the 
computation neglecting the gravity. Figure 8,(b) illustrates 
distribution the electric field intensity along the sample axis 
at subsequent time moments. Gravity force acts oppositely to 
the thermal wave propagation G=-100, αR=0, βR=100. When 

the gravity acts oppositely to the thermal wave propagation, 
the electric field strength is increasing up two times 
compared to the computation neglecting the gravity. Let us 
note the decreasing of electric field up to four times in the 
cases when gravity acts in the direction coincident to 
propagating combustion wave and vice versa for the gravity 
directed oppositely to the front propagation. The data 
showed in Figure 6-8 demonstrated that sulfur ions and 
electrons emanating chemically and the rate of solid transfer 
of the components is strongly limited by their diffusion in 
solids and is rather slow and the motion of sulfur vapors, 
which contain charged ions and electrons proceeds much 
faster, thus forming a vapor cloud charged negatively ahead 
of the combustion front. In that case the gravity significantly 
accelerates the wave propagation due to the advection 
transfer that becomes driving force for charge carriers. The 
numerical results obtained in Figures 6-8 are on the 
boundary between the combustion theory and 
electrochemistry. They allow estimating numerically the 
gravity contribution into the generated voltage and 
concluding which experimental scheme is the most 
preferable for reliable observation of the considered effect 
for possible application. These results may also have a 
contribution for combustion in microgravity as well as to the 
theory of electric sources. Nevertheless, the results are valid 
as an electro hydrodynamic (EHD) approximation and are 
obtained for the generated or applied voltage of the limited 
frequency (below150 GHz) [19]. 

 a 

 b 

 c 
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 d 

Figure 5.  Gravity acts oppositely to thermal wave propagation. G= - 100, 
αR=0, βR=100; (a) - Distribution of the sulfur ions velocity along the sample 
at moments t2, t4); t4>t2; (b) - The vapors pressure along the sample at the 
moments (t2, t4) t2=12 (dashed line), t4=24 (solid line); (c) - Distribution of 
the temperature along the sample at moments t2, t4); t4>t2; (d) - The vapors 
density along the sample at the moments (t2, t4) t2=12 (dashed line), t4=24 
(solid line). 

a 

b 

Figure 6.  Gravity force acts coincidently to the thermal wave propagation 
(from the left side to the right side) G=100, αR=0, βR=100. (a) - Distribution 
of the electric field Intensity (E) along the sample at the moments t2=12, 
(dashed line) and t4=24 (solid line). (b) - The current density distribution 
along the sample at the moments t2=12, (dashed line) and t4=24 (solid line).   

a 

b 

Figure 7.  Computation neglecting the Gravity: (a) - Distribution of the 
electric field Intensity (E) along the sample at the moments t2=12, (dashed 
line) and t4=24 (solid line); (b) - The current density distribution along the 
sample at the moments t2=12, (dashed line) and t4=24 (solid line) 

 

a 

 

b 

Figure 8.  (a) - Computation neglecting the gravity: the distribution the 
electric field intensity along the sample axis at subsequent time moments; (b) 
- Gravity acts oppositely to the thermal wave propagation G= - 100, αR=0, 
βR=100. 

4. Conclusions  
The numerical study performed in this report lead to the 

conclusion that sulfur ions and electrons emanating 
chemically by the CSS and the self propagating high 
temperature front plays a key role in charge transfer through 
the reacting sample. While the rate of solid transfer of the 
components is strongly limited by their diffusion in solids 
and is rather slow and the motion of sulfur vapors, which 
contain charged ions and electrons proceeds much faster, 
thus forming a vapor cloud charged negatively ahead of the 
combustion front. The gravity significantly accelerates the 
combustion process due to the advection transfer that 
becomes more important compared to the diffusion. The 
electric field intensity is lower when the thermal wave 
propagates in the direction of gravity and vice versa when 
gravity acts oppositely to the thermal wave propagation. The 
result can be explained by the strong advection transfer of 
charged species for the acceleration caused by the gravity. 
Hot sulfur ions and electrons form a negatively charged 
gaseous cloud which flows up by advection and warms up 
the green charge zone of the CSS wave accelerating 
combustion and amplifying the electrical field.  
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Nomenclature  

*
exp E

RT
t

k∗

  
 =  reference time scale; 

* * * */( )x t cλ ρ=  reference length scale; 
* S

boilT T=  reference temperature; 

* *, PRT c T
E Q

ββ γ= =  main similarity parameters; 

 dimensionless initial temperature; 

 

* *

* *

/ / ,

/ , /
g g jS jS

jS jS g gc c c c c c
ρ ρ ρ ρ ρ ρ= =

= =

 

 

 

*

1T T
T

β= +   

dimensionless variables marked by tildes; 
Cj   mass fraction of species j, dimensionless;  
Cpk    specific heat capacity of the k-th substance at 
constant pressure, J/(kg K)  
Dj, Dki  diffusivity, m2/s;  
Ei   activation energy for the i-th reaction, J/mol;  
h = cpT  overall enthalpy of the gas mixture, J/kg;  

macro
gjJ , macro

gsJ →  macroscopic material fluxes caused by 
chemical reactions and phase conversions, kg/(s m3);  
Kej(T)  equilibrium constant;  
k   microscopic heat transfer coefficient, J/(m2 s K);  

*x  reference length, (m);  

*

* *c
λ
ρ

Ψ =  temperature conductivity coefficient 

v
T

c xPe
t

2
* * *

* *

ρ
λ

=  Thermal Peclet number;  

u x u xRe
p t

2 2
2 * * * * * * *

* * * *

Ma ,= = =
ρ ρ ρ

μ μ
, Mach and 

Reynolds numbers for gas component; 
2

*

*

gtG
x

=  Froude number; 

electrical field, electrical 

charge, and electrical current dimensionless parameters 

pkC −  specific heat capacity of substance  at constant 
pressure, J/(kg K); 

jD ,  −  diffusivity, m2/s ; 

−  activation energy for reaction , J/mol; 

−  overall enthalpy of the gas mixture, J/kg; 

k −microscopic heat transfer coefficient, J/(m2 s K); 

jM  −   molar mass of   specie j , kg/mol; 

*p   reference pressure, N/m2; 
S
iQ  − thermal effect for surface reaction i, kJ/mol; 
 - universal gas constant, J/(mol K); 

 −  porous 
resistance, kg/(m2 s2)=N/m3; 

 −  time, s; 
−  mesovolume, m3; 

bV  −volume of the  condensed particle, m3; 

−  particle growth, or evaporation, parameter, 

dimensionless; 
χ −  porosity coefficient, dimensionless; 

is the thermal conductivity, J/(m s K); 
'
0µ − reference gas viscosity, kg/(m s)=N s/m2; 

ρ  −  gas density, kg/m3; 
SUBSCRIPTS  

− value at the particle surface; 
* reference values.  
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