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Abstract

Electrohydrodynamic effects can significantly alter transport processes in reacting flows,
even when the plasma is weakly ionized. However, predictive modeling of such
plasma–flame interactions remains challenging due to the multiscale coupling among
charge transport, fluid motion, and chemical kinetics. This study presents a charge-
transport closure model to investigate electrohydrodynamic influences on laminar non-
premixed flames. A two-dimensional computational framework in cylindrical coordinates
is used to simulate plasma-assisted methane–air diffusion flames under weak electric-field
conditions representative of practical combustion environments. To represent plasma–flow
coupling in a computationally feasible yet physically consistent manner, a charge-transport
formulation based on the drift–diffusion approximation is employed. The model solves
transport equations for representative positive and negative charge carriers coupled with
Poisson’s equation for the electric potential to obtain a self-consistent electric field. This
formulation assumes a weakly ionized regime for low-temperature plasma-assisted com-
bustion, in which neutral species dominate the mass and momentum transport, while
ionization chemistry is simplified and charge transport primarily influences the flow
through electrohydrodynamic body forces and Joule heating. Assuming a weak electric
field, the steady flamelet model is applied, in which plasma effects primarily influence
scalar transport and local thermal balance rather than inducing significant bulk ionization
dynamics. The governing equations are discretized using a high-order compact finite-
difference scheme that provides improved resolution of steep gradients in temperature,
species concentration, and space-charge density near thin reaction zones. The canonical lam-
inar flame model configuration was validated using the established laminar methane–air
diffusion flame benchmark, and steady-state spatial profiles of key transport properties
were evaluated. Two-dimensional analysis identified the discharge coupling location as
an important factor. The application of discharge in the fuel-air mixing region leads to a
clear restructuring of the flame. When the discharge is activated, electrohydrodynamic
forcing and ion-driven momentum transfer produce a highly localized, columnar flame
with sharp gradients and a confined reaction zone. Compared with the baseline case, the
plasma-assisted flame localizes the OH-rich reaction zone, confines the high-temperature
region into a narrow column, and enhances downstream H2O formation.

Keywords: electrohydrodynamic; plasma–flame interaction; diffusion flame; flamelet;
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1. Introduction
The accurate prediction of flame dynamics in complex flow configurations remains a

pivotal challenge in the design and optimization of modern combustion systems, including
gas turbines, aero-engine combustors, and next-generation energy conversion devices [1,2].
These systems often operate under conditions in which intricate couplings among fluid
dynamics, detailed chemical kinetics, and electrohydrodynamic effects govern performance,
stability, and emission characteristics. Plasma-assisted approaches have recently gained
attention as active combustion control strategies, which offer a relatively non-intrusive
means to influence flame behavior, extend flammability limits, enhance stabilization, and
reduce pollutant formation [3,4]. Plasma–flame interaction fundamentally involves the
coupling between the applied or self-induced electric field and the limited population of
charged species generated by chemi-ionization within the reaction zone [5,6]. Even at a low
degree of ionization, the drift and diffusion of these charge carriers can generate electrostatic
body forces and localized Joule heating, thereby affecting momentum transport, species
transport, and the distribution of heat release [7,8]. These electrohydrodynamic effects may
subsequently modify local flow structures and scalar gradients, resulting in observable
changes in global flame characteristics, including axial development, stabilization behavior,
and liftoff height in laminar diffusion flames [9,10].

Since simulating complex combustion in detail is computationally demanding, simpli-
fied models have become essential for practical engineering design. The flamelet concept,
originally formalized by Peters [11], has proven particularly powerful for non-premixed
combustion. It decouples the detailed chemical kinetics from the flow field by assuming the
flame structure resembles that of a one-dimensional laminar flame embedded within the
local flow. In this approach, thermo-chemical quantities such as species mass fractions and
temperature become unique functions of a few controlling scalars, typically the mixture
fraction and a reaction progress variable. This flamelet manifold can be pre-computed and
tabulated, offering a substantial reduction in computational expense while retaining a high
degree of chemical accuracy [12,13]. The flamelet/progress-variable (FPV) formulation [14]
has been successfully extended and validated for a wide range of configurations, including
lifted and partially premixed flames [15,16]. The integration of electric field effects into
such a framework introduces additional layers of complexity. The electric field couples
with the flow through the motion of charged particles. Accurate modeling requires not
only a suitable description of the ionization chemistry but also the solution of additional
transport equations for charged species and Poisson’s equation for the electric potential [17].
Early models, such as those by Hu et al. [18], assumed the electric field stayed constant.
This method reduced the feedback of the charge separation on the flow field. More recent
works have introduced two-way coupling. For instance, Yamashita et al. [19] solved the
Gauss law in simulations of a capillary flame, while Belhi et al. [20,21] incorporated de-
tailed ion transport within a direct numerical simulation (DNS) framework. These studies
suggested significant modifications to flame stabilization due to electrostatic forces. How-
ever, resolving the full set of ion species transport equations within a detailed chemistry
framework remains computationally prohibitive for multi-dimensional design studies. Di
Renzo et al. [22] proposed a flamelet progress-variable method tailored for weak electric
fields. These scalars are transported with source terms, and mobilities averaged from the
underlying detailed ionization mechanism, which is pre-processed and stored within the
flamelet manifold. This approach successfully captured the characteristic “diodic” effect,
in which flame response differs between positive and negative voltage polarities, and
demonstrated the critical role of heavy anions in flame stabilization dynamics.

Conversely, plasma-assisted combustion modeling has advanced along several direc-
tions, shaped by the discharge regime, relevant timescales, and primary plasma–flame
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coupling mechanisms [23,24]. Early research demonstrated that hydrocarbon flames are
inherently weakly ionized due to chemi-ionization processes within the reaction zone [25].
The resulting charged species interact with applied electric fields and generate effects
such as charge drift, space-charge phenomena, ionic wind, and Joule heating, even when
overall ionization remains low [26,27]. Recent reviews have highlighted the distinction
between weakly ionized flame behavior and strongly nonequilibrium plasma-discharge
regimes, highlighting the associated modeling challenges [28,29]. Ehn et al. [7] and Nordin-
Bates et al. [8] investigated microwave-assisted turbulent flames using a combined ex-
perimental and LES framework that incorporated detailed plasma–combustion chemistry
while accounting for the effects of the reduced electric field. Their studies demonstrated
that non-equilibrium plasma chemistry, particularly singlet oxygen and electron-driven
reactions, plays a key role in enhancing flame stability and propagation. Extensive re-
search has examined nonequilibrium plasma chemistry for ignition enhancement and
flame stabilization, particularly in pulsed or high-energy discharge environments. In these
scenarios, plasma directly affects combustion chemistry by generating radicals and excited
species and inducing rapid gas heating, necessitating detailed kinetic models that resolve a
broad range of temporal and spatial scales [30–38]. Conversely, under weak electric-field
conditions, plasma primarily affects transport processes rather than fundamentally altering
chemical pathways. Modeling approaches in this regime typically couple reacting-flow
solvers with charged-species transport and electrostatic field calculations, often employing
drift–diffusion formulations to capture electrohydrodynamic effects in laminar premixed
and diffusion flames [39]. In these configurations, steep scalar gradients, thin reaction
zones, and localized electrostatic transport effects demand accurate numerical resolution
but do not warrant the computational expense of fully kinetic plasma descriptions. These
factors motivate the development of reduced-charge-transport closure frameworks that
enable predictive simulation of plasma-assisted laminar diffusion flames with improved
computational efficiency.

Accurately modeling combustion requires high spatial accuracy to capture the varia-
tions in thermodynamic and electrostatic properties. High-order compact finite difference
schemes offer a compelling alternative to traditional second-order methods [40]. These
schemes provide excellent spectral resolution with reduced numerical dissipation, which
is crucial for capturing instabilities [41–43]. Their application to combustion simulations,
however, has been relatively limited. Dobbins and Smooke [44] employed a compact finite
difference scheme for unsteady laminar flame calculations, while more recently, Biazar and
Mehrlatifan [45] applied it to reaction-convection-diffusion equations. In the context of com-
plex flow geometries, high-order methods are particularly valuable. Haque et al. [46] ap-
plied high-order compact finite-difference discretization to flamelet-based scalar transport
in laminar flames, where accurate resolution of steep gradients and transport–chemistry
coupling is essential. Their results showed that the finite difference scheme provides en-
hanced spectral-like accuracy while maintaining numerical stability in the presence of
strong convective acceleration. The compact finite-difference scheme was further applied
to turbulent flame configurations, where it demonstrated improved capability for capturing
multiscale interactions among turbulence, scalar transport, and combustion dynamics
compared to conventional finite-volume methods [47]. These findings highlight the utility
of high-order methods in providing accurate predictions of flame structure and scalar
fields. Nevertheless, their applicability to plasma- or electric-field-assisted laminar dif-
fusion flames remains largely unexplored, particularly under conditions involving sharp
gradients, space-charge effects, and tightly coupled electrohydrodynamic processes.

Reduced-order approaches suitable for weakly ionized laminar diffusion flames re-
main limited, especially for configurations in which electrohydrodynamic effects dominate
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scalar transport. To address this gap, the present work introduces a closure model for
plasma–flame coupling based on a high-order compact finite difference scheme under weak
electric-field conditions. The solver is developed in cylindrical coordinates and solves
the Navier–Stokes equations coupled with transport equations for positive and negative
charged species, along with an electric field solver, and is implemented in Fortran. The
fluid dynamics and scalar transport are solved using a fourth-order accurate compact
finite difference scheme, extending the methodology validated in [46,47] to ensure sharp
resolution of gradients in velocity, species, and electric potential fields. This also included
solving transport equations for two representative charge-density scalars and Poisson’s
equation for the electric potential, with all necessary properties (mobilities, diffusivities,
source terms) derived from the ionization mechanism. In plasma-induced flames, the
solution contains thin layers in temperature, radical concentration, charge density, and
electric potential [48–52]. A lower-order scheme tends to smear these gradients, which
weakens the computed electric body force and alters scalar transport. The compact scheme
reduces dispersive and diffusive truncation errors while retaining a compact stencil, mak-
ing it better suited for resolving the coupled flame and electrostatic structure on feasible
meshes. Combustion chemistry is efficiently incorporated via a steady flamelet/progress-
variable approach, where the thermo-chemical state is retrieved from pre-computed tables
parameterized by mixture fraction and progress variable. The proposed high-order com-
pact finite-difference method offers an efficient approach to understanding plasma–flame
interactions within the conventional steady flamelet framework.

2. Numerical Model
2.1. Finite Difference Scheme
2.1.1. Governing Equations

The non-dimensionalized compressible Navier–Stokes equations are solved using a
fourth-order accurate compact finite difference scheme. The governing equations for mass,
momentum, energy, and mixture fraction are formulated in conservative vector form in
cylindrical coordinates.

∂Q
∂t

+
∂A
∂Z

+
∂B
∂r

+
1
r

C = D + E (1)

Here, Q denotes the state vector defined in Equation (2). The flux vectors A(=E(1))
and B(=E(2)) are given in Equation (3), while the source term vectors C and D are speci-
fied in Equations (4) and (5), respectively [46,47]. The Navier–Stokes equations are non-
dimensionalized using the reference density ρre f , fuel inflow velocity ure f , reference tem-
perature Tre f = 300 K, and channel half height Lre f . Pressure and gravitational acceleration
are scaled by ρre f u2

re f and gLre f /u2
re f , respectively. The Prandtl number (Pr) is set to unity.

In the governing equations, the effect of the electric field on charged species transport is
introduced through electric drift terms that appear in the convective fluxes. These terms
are expressed in non-dimensional form using electric Peclet numbers, where PeP and Pen

denote the electric Péclet numbers for positively and negatively charged species, respec-
tively. Each electric Péclet number is defined as the ratio of the characteristic electric drift
velocity to the reference flow velocity, Pep,n = Kp,n Ere f /ure f . The inclusion of PeP and
Pen allows the model to capture the asymmetric response of positive and negative charge
carriers to the applied electric field in a physically consistent and computationally tractable
manner, which is appropriate for weakly ionized flow conditions.

Q =
[

ρ, ρu, ρv, ρe, ρZ, ρnP, ρnM ]T (2)
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A(i) =



pui

puui + pδ1i − τ1i

pvui + pδ2i − τ2i

ui(ρe + p) + ujτij − qi

puiZ
ρnP(ui + PePEi)

ρnM(ui + PenEi)


(3)

C =



pv
puv − τrz

pv2 − τrr

v(ρe + p)− uτrz − vτrr − qr

r
(

D ∂ρ
∂r

∂Z
∂r + ρ ∂D

∂r
∂Z
∂r + ρD ∂2Z

∂r2 + ρD
r

∂Z
∂r + D ∂ρ

∂z
∂Z
∂z + ρ ∂D

∂z
∂Z
∂z + ρD ∂2Z

∂z2

)
ρP(ui + PePEi) +

(
1

Pep

)
∗
(

ρ
∂2ρ

∂r2 + ∂ρ
∂r

∂Z
∂r

)
ρP(ui + PenEi) +

(
1

Penp

)
∗
(

ρ
∂2ρ

∂r2 + ∂ρ
∂r

∂Z
∂r

)


(4)

D =

[
0, 0, g

(
ρ − ρre f

)
, ug
(

ρ − ρre f

)
,−ρZv

r
, ρwP, ρwM

]T
(5)

E =

[
0, 0,

(
ρ − ρre f

)
E, (q.E) , 0, 0, 0 ]

T
(6)

The source terms ρwP, ρwM represent the net volumetric production of positive and
negative charge carriers due to ionization and recombination processes in the weakly
ionized plasma. The source term is modeled as a function of the reduced electric field
under a quasi-steady approximation.

The variables u and v denote the streamwise (r-direction) and wall-normal (z-direction)
velocity components, respectively. The static pressure is represented by p, ρ denotes
the density, e is the total energy, and Z is the mixture fraction. The total energy e is
defined as the sum of the internal energy (c vT) and the kinetic energy 1/2

(
u2 + v2). The

term ug
(

ρ − ρre f

)
appearing in H arises from the Boussinesq approximation, with the

gravitational acceleration (g) acting in the r-direction [38].
Equations (7) express the stress tensor, with Re and µ being the Reynolds number and

the dynamic viscosity, respectively. The density in the model is evaluated using the ideal
gas law (p = ρRT), where R is the gas constant.

τzz =
2µ

3Re

[
2 ∂u

∂z − ∂v
∂r −

1
r

(
∂w
∂θ + v

)]
, τrr =

2µ
3Re

[
− ∂u

∂z + 2 ∂v
∂r −

1
r

(
∂w
∂θ + v

)]
,

τrz =
µ
Re

[
∂u
∂r + ∂v

∂z

] (7)

The mixture fraction, Z is dependent on the flow velocities (ui), density (ρ), and mass
diffusivity (D). The mass diffusivity for all the species is considered identical (Di = D),
and is derived using the relation between mass and thermal diffusion, i.e., Lewis number
(Le == 1). The mixture fraction ranges from 0 to 1, with 0 being an oxidizer-only flow and
1 being a fuel-only flow.

The wall-normal first derivatives of the Navier–Stokes equations are discretized using
fifth-order accurate upwind- and downwind-biased compact finite difference schemes. The
viscous terms are evaluated with a fourth-order accurate compact finite difference formula-
tion. The resulting tridiagonal systems are solved using the Thomas algorithm. Temporal
integration is performed with a fourth-order Runge–Kutta scheme, where superscripts n
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and n + 1 denote consecutive time levels. Further details of the numerical methodology are
provided in refs. [46,47].

2.1.2. Electric Field Implementation

The electrostatic potential is governed by the axisymmetric Poisson equation in cylin-
drical coordinates (r, z), assuming invariance in the azimuthal direction. Under this
assumption, the governing equation is written as

1
r

∂

∂r

(
r

∂φ

∂r

)
+

∂2φ

∂z2 = −
∆ρe
ε0

(8)

Introduce characteristic scales L, φ, ρ for length, potential, and space charge density,
respectively, and define the dimensionless variables

∼
r = r/L,

∼
z = z/L,

∼
φ = φ/φ0,

∼
ρ = ∆ρe/ρ0 (9)

With these definitions, Equation (1) becomes

1
∼
r

∂

∂
∼
r

(
∼
r

∂
∼
φ

∂
∼
r

)
+

∂2∼φ

∂
∼
z

2 = −λ
∼
ρ (10)

where the dimensionless parameter

λ =
ρ0L2

ε0φ0
(11)

Here, the relative permittivity ε0 = 8.854 × 10−12 F/m, the reference voltage,
φ0 = 1000, and L is the characteristic length. The parameter λ represents the relative
scaling between the charge density and the electric potential in the non-dimensional Pois-
son equation. It determines the strength of the space-charge term compared to the geometric
diffusion of the potential field.

The dimensionless Poisson equation is discretized on a uniform structured grid in
the (r, z) plane. Second-order central finite differences are employed for both the radial
and axial diffusion terms. The cylindrical geometry is accounted for explicitly in the radial
discretization through the 1/r dependence, resulting in asymmetric coefficients for the
neighboring radial nodes.

ri = i ∆z , i = 0, . . . , Nr − 1

zi = j ∆z , j = 0, . . . , Nz − 1

φi,j ≈ φ
(
ri, zj

)
ρi,j ≈ ρ

(
ri, zj

)
A standard second order finite difference approximation of equation at an interior

grid point (i, j) (2 ≤ i ≤ Nr −1, 2 ≤ j ≤ Nz −1) yields,

Ar
+φi+1,j + Ar

−φi−1,j + Az
(
φi,j+1 +φi,j−1

)
− A0φi,j = −ρi,j (12)

where the (dimensionless) coefficients are

Ar
+ =

1
∆r2 +

1
2ri∆r

, Ar
− =

1
∆r2 − 1

2ri∆r
, Az =

1
∆z2 , A0 =

2
∆r2 +

2
∆z2 (13)
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Rearranging for φi,j, gives the Gauss—Seidel update formula

φi,j
GS =

(
Ar

+φi+1,j + Ar
−φi−1,j + Az

(
φi,j+1 +φi,j−1

)
− ρi,j

)
A0

(14)

At each interior grid point, the discretized equation couples the potential at the current
node to its four nearest neighbors. The resulting algebraic equation preserves second-order
accuracy and reflects the geometric effects inherent to cylindrical coordinates. The discrete
form is rearranged to yield a pointwise update expression for the electric potential, which
is subsequently used in the iterative solution procedure.

The resulting system of linear algebraic equations is solved using a Gauss–Seidel-
based successive over-relaxation (SOR) method. The potential is updated sequentially at
all interior grid points, while Dirichlet boundary conditions are enforced by prescribing
zero potential along all domain boundaries. Convergence is assessed by monitoring the
maximum absolute change in the potential field between successive iterations. The iterative
process is terminated once the residual falls below a prescribed tolerance.

2.2. Boundary Conditions

Figure 1 illustrates the burner configuration, computational domain, and mesh used
in this study. The burner configuration, based on previous experimental studies in the
literature [53] for laminar diffusion flame, along with the applied boundary conditions, is
shown in Figure 1a,b. The computational grid is non-uniform, with clustering near the
walls to better capture steep gradients and boundary-layer effects, as illustrated in Figure 1c.

 

Figure 1. (a) Schematic of the burner configuration following the experimental description of the
canonical laminar diffusion flame reported in the literature [53]. (b) Computational domain and
boundary conditions used in the 2D model, including no-slip walls, grounded boundaries, and
specified inflow/outflow conditions. (c) Non-uniform mesh distribution with grid clustering near
the walls to better resolve steep gradients and boundary-layer effects.
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The co-flow combustor geometry is based on the experimental investigations of McE-
nally and Pfefferle [53]. The inner diameter of the fuel inlet (z = 1) is 11.1 mm, which is
surrounded by a 0.8 mm thick wall, followed by a concentric annular air inlet (z = 0) of
95.2 mm outer diameter and 3.4 mm thick outer wall. The combustion chamber has a
diameter (D) of 102 mm and a length (L) of 200 mm. Fuel and air inlet mass flow rates
are specified as 3.608 × 10−6 and 8.65 × 10−4 kg/s, respectively, at 300 K. A no-slip wall
is considered for the combustor wall. Inflow (Riemann invariants-based non-reflecting
condition) and outflow (characteristics-based) conditions are selected for the inlets and
outlet, where the reference profiles are prepared using 1D NS equations (Equation (15)).

∂p
∂x

= µ
∂2u∗

∂y2 ,
∂p
∂y

= 0 and k
∂2T
∂y2 + µ

(
∂u∗

∂y

)2
= 0 (15)

The developed model solves the cylindrical NS equation, which provides the flexibility
to conduct numerical studies on both a 2D planar body and a cylindrical computational
domain [44]. Adopting the code to solve for 2D planner domain requires setting the radii
to be infinitely long. This minimizes the influence of azimuthal components (θ).

The electric potential is governed by Poisson’s equation, and the charge carriers are
described using reduced transport equations. The neutral thermo-chemical state is not
obtained by solving individual species equations; instead, the only neutral combustion
scalar transported in the CFD domain is the mixture fraction, Z. Dirichlet boundary con-
ditions were applied to the electric potential and the ground electrode ϕ = V and ϕ = 0
respectively. For other boundary conditions, Neumann boundary conditions, ∂ϕ/∂n = 0,
were applied. For the transported mixture fraction, the inlet conditions are prescribed a
Z = 1 at the fuel inlet, and Z = 0 at the oxidizer inlet. And at impermeable solid walls and
outlet conditions given by ∂Z/∂n = 0 and ∂Z/∂x = 0, respectively.

2.3. Discretization

The governing equations are discretized using a high-order compact finite-difference
framework, as discussed in the earlier study [46,47]. The plasma discharge is modeled
using a drift–diffusion approximation for positive and negative charge transport, as well
as with the Poisson equation for the electric field. The numerical solver, implemented in
Fortran, employs a fifth-order scheme for convective transport and a fourth-order scheme
for viscous diffusion, which improves the resolution of steep gradients typical of reacting
flows. Time discretization is performed using a fourth-order Runge–Kutta method, which
has been shown to improve numerical stability and convergence compared to simpler
explicit schemes [46]. The present high-order compact finite difference framework is
developed for laminar, weakly ionized diffusion flames characterized by steep scalar and
electrostatic gradients. The method is particularly suitable for resolving thin reaction zones
and charge-density layers with high spatial accuracy.

2.4. Reaction Kinetics

The reaction kinetics in the present study are based on the GRI-type methane–air
mechanism, implemented within a steady-flamelet framework to describe a diffusion
flame. A limited set of additional reactions relevant to methane flame ionization and
charge formation is incorporated. The electron-impact cross-section data and plasma-
assisted methane oxidation chemistry are available in the literature from Song et al. and
Tennyson et al. [54–56]. Detailed plasma reaction kinetics are not included in the flamelet
model, and the plasma effects are represented through a reduced charge-transport formu-
lation under weak electric-field conditions. The source terms for positive and negative
ion production are included in the main CFD solver to account for charge generation
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and transport. Hence, the model resolves electrohydrodynamic interactions, while strong
nonequilibrium discharge physics are not considered. In addition, the steady flamelet
assumption (Section 2.5) limits the model’s applicability to regimes where the flame struc-
ture is primarily determined by mixture-fraction variations, and it does not capture highly
unsteady or strongly turbulent combustion dynamics.

2.5. Flamelet Model

The flame dynamics are evaluated using a steady flamelet approach formulated based
on a counterflow diffusion flame (Figure 2). In this formulation, the CFD solver transports
the mixture fraction z, and the thermochemical quantities required during the solution
procedure are obtained from a flamelet table generated from one-dimensional counterflow
diffusion-flame calculations in Cantera. The flamelet table is parameterized by mixture
fraction over 0 ≤ z ≤ 1 and stores temperature, density, species mass fractions, and required
transport properties. During the CFD simulation, these quantities are obtained by linear
interpolation in mixture fraction space. For post-processing of selected thermochemical
fields, a β-PDF reconstruction is applied to smooth and interpret species distributions from
the tabulated flamelet manifold. A separate transport equation for the mixture-fraction vari-
ance was not solved. Instead, the variance Z′′ is calculated in the code algebraically from
the local resolved mixture-fraction field. Specifically, it is evaluated based on the deviation
of the local mixture-fraction value from its spatially averaged value within the computa-
tional domain. The β-PDF is then constructed from the local mean mixture fraction and the
prescribed variance, and post-processed quantities such as temperature and species mass
fractions are obtained by integration over the flamelet manifold. The details of the flamelet
equations and β-PDF integrations are available in the references [11–13,46,47]. The flamelet
library is generated using Cantera with a one-dimensional counterflow diffusion flame
configuration. The chemical kinetics are described using the GRI-Mech 3.0 mechanism
for methane-air combustion. This mechanism includes only neutral species and does not
account for ionized species or plasma reactions. Consequently, the generated flamelet table
does not contain charged species or electron-related source terms. The present formulation
assumes that the applied electric field affects the flow through macroscopic coupling and
does not resolve detailed plasma chemistry or ion transport.

 

Figure 2. Schematic of the counter-flow diffusion flame used in flamelet generation.
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3. Results and Discussion
3.1. Mesh Convergence Analysis

A grid independence study was performed to verify that the numerical solution is
independent of mesh resolution and to identify a mesh that provides an appropriate balance
between accuracy and computational expense. Four structured meshes were tested for the
two-dimensional axisymmetric computational domain: Mesh 1 with 10,368 cells (144 × 72),
Mesh 2 with 41,472 cells (288 × 144), Mesh 3 with 165,888 cells (576 × 288), and Mesh 4
with 663,552 cells (1152 × 576).

Figure 3 presents the axial distributions of temperature and mixture fraction predicted
using the four mesh resolutions. Clear deviations are observed for Mesh 1 in both profiles,
which indicates that the coarsest grid is not sufficient to resolve the main transport and
flame structure accurately. For the temperature field, the results from Mesh 2, Mesh 3, and
Mesh 4 are in close agreement over the full axial distance, including the rapid rise region,
the peak temperature zone, and the downstream decay. For the mixture fraction profile,
Mesh 2 shows noticeable improvement over Mesh 1 and follows the same overall trend as
the finer meshes, while Mesh 3 and Mesh 4 exhibit only minor additional changes. These
results show that the solution becomes weakly sensitive to further grid refinement beyond
Mesh 2, particularly for the temperature distribution, which is the main parameter of
interest in the present study. Although Mesh 3 and Mesh 4 provide slightly finer resolution
in the mixture fraction field, the improvement is limited relative to the substantial increase
in cell count and computational cost. On this basis, Mesh 2 was selected for all simulations,
since it provides accurate predictions with efficient use of computational resources.

 

Figure 3. Comparison of axial temperature (a) and mixture fraction (b) distributions for the two-
dimensional non-premixed laminar methane–air flame obtained with four mesh resolutions.

3.2. Model Validation

The present model predictions are compared with both the experimental measure-
ments and the numerical results of Smooke et al. [57], as shown in Figures 4 and 5 for the
baseline case. Figure 4 compares radial temperature profiles at axial locations z = 1 cm and
z = 1.5 cm, plotted along the radial direction from the centerline (r = 0). The comparison is
conducted at the same Reynolds number, with identical fuel and air inlet diameters and
volumetric flow rates for the laminar diffusion flame. The burner consists of a 12 mm
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diameter vertical fuel tube, with the oxidizer flowing through the annular region between
this tube and a 102 mm diameter concentric outer tube. The inlet conditions follow those
reported in the literature, with the oxidizer (air) supplied at 40,000 cm3/min and the fuel
consisting of methane (240 cm3/min).

Figure 4. Radial temperature profiles at axial locations (a) z = 1 cm and (b) z = 1.5 cm for a laminar
methane-air coflow diffusion flame: comparison of present model predictions with experimental data
and Smooke et al. [57] simulations.

Figure 5. Comparison of two-dimensional temperature distributions: (a) present model and
(b) Smooke et al. [57], showing radial–axial variation and peak flame structure.
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The flame configuration consists of a confined, axisymmetric co-flow system at atmo-
spheric pressure, where a central methane jet issues into an annular air stream. Based on the
fuel inlet conditions, the flow remains in the laminar regime, with a characteristic fuel-jet
Reynolds number of Re ≈ 25 defined based on the fuel jet diameter and inlet velocity.
At both axial positions, the model captures the overall radial distribution of temperature,
including the increase from the centerline toward the flame zone and the peak temperature
location in the reaction region. However, some deviations are observed compared to the
experimental results. The present model slightly underpredicts the peak temperature
and shows a smoother radial gradient compared to the measurements. The deviation is
more pronounced on the fuel-rich side near the centerline, where temperatures are lower
than the experimental data. This trend is consistent with previous numerical studies,
where centerline temperatures are often underpredicted due to boundary conditions and
transport–chemistry coupling. Additionally, simulations reported in the literature [57]
included detailed transport modeling and finite-rate chemical kinetics, which may explain
the improved agreement with experimental peak values. Therefore, the observed differ-
ences are likely due to the use of a steady-flamelet formulation in the present model, which
provides computational efficiency but may not fully capture the sharp gradients resolved
by simulations with detailed transport and finite-rate chemistry.

In addition to comparing temperature, the spatial temperature contours in Figure 5
also compare the present model with the study of Smooke et al. [57]. The predicted flame
shows the typical elongated diffusion flame shape, with a clear high-temperature core and
a gradual drop in temperature both outward and upward. The peak temperature location,
flame height, and spreading are consistent with the results of Smooke et al. This match
suggests that the solver captures the main effects of convective transport, molecular diffu-
sion, and chemical heat release that shape the thermal structure of laminar non-premixed
flames. However, the model validation presented in this study is limited to baseline cases
without an applied electric field. This validation confirms the accuracy of the flow solver
and flamelet-progress variable approach. The electric field is incorporated through addi-
tional coupling terms, and its implementation is based on established electrohydrodynamic
formulations. However, no direct validation against experimental data on electric-field or
plasma effects is performed in the present work. Therefore, the results under electric-field
conditions should be interpreted as a first-order assessment of the electrohydrodynamic
influence on the flame, rather than as a fully validated prediction of plasma-assisted com-
bustion. The parametric study of weak electric-field plasma effects was conducted using
the experimental configuration reported by McEnally and Pfefferle [53], which had been
validated [46].

3.3. Flow Field Analysis

Figure 6 presents the spatial distribution of normalized electric potential, along with
the radial and axial electric field components predicted by the drift–diffusion solver for
the baseline laminar diffusion flame. The electric potential changes smoothly across the
domain, but sharper gradients appear near the burner exit, where space-charge density is
highest. These local distortions are caused by the buildup of charged species in the thin
reaction zones, which create weak but noticeable electric-field structures.
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Figure 6. Spatial distribution of normalized electric potential and electric field components (radial
Er and axial Ez) obtained from the drift–diffusion formulation under plasma discharge conditions.
The normalized potential (nV) is scaled by a reference voltage of 1000 V, while Er and Ez are
normalized accordingly.

The radial electric field component, Er, remains relatively weak across the domain
and is predominantly localized near the flame base and within the shear layer due to
the applied high voltage in this region. This pattern matches the predominantly axisym-
metric charge distribution imposed by the boundary conditions and shows that radial
electrohydrodynamic forces are confined to narrow regions with strong charge-density
gradients. On the other hand, the axial electric field component, Ez, varies more near
the electrode and flame stabilization region, where the potential gradients are strongest.
The direction and strength of the axial field depend on the boundary potential and how
charge carriers are redistributed, as predicted by the drift–diffusion model. These results
show that even under weakly ionized conditions, the interaction between electric potential
gradients and charge motion creates local electric-field structures that can affect momentum
transport and mixing in the downstream flame. The stronger axial electric field suggests
that electrohydrodynamic effects mainly change the axial flow, while radial effects are
less important and stay close to the reaction zone. Figures 7–12 present a comparative
visualization of the baseline case (left side of each panel, discharge off, i.e., no plasma
forcing) and the plasma-forced case (right side of each panel, discharge on) for tempera-
ture, mixture fraction (Z), OH radical distribution, and H2O mass fraction. These results
correspond to the burner configuration used in the experimental study of McEnally and
Pfefferle [53] and the numerical study of Haque et al. [46]. The burner consists of a central
fuel jet (inner diameter ≈ 11.1 mm) surrounded by a concentric annular air stream within
a 102 mm diameter, 200 mm long combustion chamber. Fuel and air mass flow rates
are 3.61 × 10−6 kg/s and 8.65 × 10−4 kg/s, respectively, with inlet conditions specified at
300 K.
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Figure 7. Influence of electric-field-induced transport on diffusion flame structure predicted using a
high-order scheme. The dimensionless velocity Vavg is normalized to the air-jet velocity (49 m/s) [46].

 

Figure 8. Contours of Temperature (T) in the r–x plane comparing the baseline case without plasma
forcing (left) and the plasma-forced case (right). Plasma forcing significantly modifies the spatial
distribution of temperature, leading to a narrow, columnar high-temperature region with enhanced
axial persistence.
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Figure 9. Mixture fraction contours in the r–z plane for baseline (discharge off) and plasma-forced
(discharge on) cases, highlighting plasma-induced modifications to flame structure and axial temper-
ature distribution.

Figure 10. Contours of OH mass fraction in the r–x plane comparing the baseline case without plasma
forcing (left) and the plasma-forced case (right). Plasma forcing significantly modifies the spatial
distribution and persistence of OH radicals, indicating enhanced and sustained chemical activity
near the jet core and along the axial direction.
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Figure 11. Contours of H2O mass fraction in the r–z plane for the baseline (discharge off) and plasma-
forced (discharge on) cases, illustrating the effect of plasma forcing on product species distribution
and axial flame structure.

 

Figure 12. Radial profiles at selected axial locations under plasma-off and plasma-on conditions:
(a) normalized velocity; (b) temperature.

Figure 7 compares the spatial distribution of the velocity magnitude in the flame region
between cases with and without plasma discharge. In the baseline condition (discharge off),
the flow field exhibits a relatively diffusive profile, characterized by gradual jet spreading
and a progressive reduction in peak velocity as the flow progresses downstream. The high-
velocity core remains confined near the centerline in the upstream region, while further
downstream the contours indicate enhanced radial diffusion and momentum loss due to
viscous effects and entrainment of the surrounding coflow. When the plasma discharge is
activated, noticeable modifications in the flow structure emerge. The velocity field shows
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localized regions of higher magnitude, particularly in the mid- and downstream sections
of the domain. These regions correspond to zones where the electric field interacts with
the flow field and generates electrohydrodynamic forcing that introduces additional axial
momentum into the flow. As a result, the decay of velocity along the streamwise direction
is reduced, and the flow maintains stronger convective transport over a larger portion of
the flame length.

Plasma forcing significantly modifies the jet topology, leading to enhanced flow lo-
calization and the formation of structured high-velocity regions. Unlike the baseline case,
the discharge introduces pronounced flow focusing and spatial non-uniformity driven by
electrohydrodynamic forces. This indicates that, even under weakly ionized conditions,
the plasma acts not only as a momentum enhancement mechanism but also as a driver
of flow reorganization at the local scale. The strengthened convective motion observed
in the discharge case is consistent with trends in the scalar fields discussed in the follow-
ing section, including the downstream extension of the high-temperature region and the
sustained presence of reactive intermediates. These coupled effects suggest that electrohy-
drodynamic forcing influences flame transport processes by altering residence time, mixing
characteristics, and the spatial structure of the reaction zone in laminar diffusion flames.

In addition, the temperature field exhibits a pronounced transition from a relatively
broad distribution in the baseline case to a narrow, columnar structure under plasma forcing
(Figure 8). This indicates reduced radial spreading and enhanced axial persistence of the
high-temperature region. Such behavior is consistent with the previously observed flow
acceleration (Figure 7), where electrohydrodynamic forcing enhances convective transport
along the jet axis. As a result, thermal energy is more effectively advected downstream,
leading to sustained high temperatures and a more localized reaction zone. These coupled
effects suggest that plasma forcing not only adds energy through Joule heating but also
redistributes it by modifying the convective transport processes within the flame.

The influence of plasma forcing on scalar transport is evident from the mixture fraction
(z) contours (Figure 9). Without plasma forcing, the z field shows a relatively diffusive axial
decay with limited radial spreading, reflecting mixing dominated by the underlying flow
field. In contrast, the plasma-forced case exhibits a redistribution of Z near the core region,
with altered gradients and enhanced axial dispersion. This formation indicates that plasma
forcing modifies scalar transport by altering the mixture-fraction distribution and gradient
structure via electrohydrodynamic body forces. The observed changes in scalar distribution
are attributed to electrohydrodynamic body forces that modify convective transport.

In the absence of the electric field (baseline case), the OH contours exhibit a relatively
broad reaction zone originating near the jet base and extending downstream with gradual
radial spreading (Figure 10). This behavior is characteristic of a diffusion-controlled flame,
where the reaction zone is governed by thermal and molecular transport processes. The
OH concentration gradually decreases along the axial direction, indicating a reduction in
reaction intensity as reactants are consumed and mixing with the surrounding oxidizer
increases. With plasma forcing, the OH field undergoes a pronounced transformation
in both spatial distribution and persistence. The reaction zone becomes highly localized,
forming a narrow, columnar structure with strong confinement near the centerline and
significantly reduced radial spreading. In addition, the OH-rich region persists farther
downstream compared to the baseline case. This formation indicates that plasma forcing
enhances radical production and sustains active chemistry over an extended axial region.
The observed localization and persistence are consistent with plasma-assisted pathways
that promote the generation of reactive species and reinforce the reaction zone beyond
what is achieved through purely thermal processes.
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The H2O contours illustrate the combined effect of plasma forcing on product for-
mation and transport (Figure 11). In the baseline scenario, H2O accumulates gradually
downstream of the reaction zone, resulting in a broad spatial distribution due to diffusion
and mixing. When plasma forcing is applied, the H2O-rich region becomes more confined
and extends further along the axial direction, which aligns with the localized temperature
and OH concentration fields. This observation demonstrates that enhanced convective
transport and sustained reaction activity promote increased product formation and persis-
tence downstream. These findings indicate that plasma forcing affects not only local heat
release and radical production but also alters scalar transport, producing a more localized
and extended product distribution along the jet axis.

Figure 12 presents radial profiles of velocity and temperature at selected axial locations
for both plasma-off and plasma-on cases, and illustrates the influence of plasma forcing on
the flow and thermal fields. The velocity profiles show a clear double-peak structure, which
originates from the shear layers between the central fuel jet and the surrounding co-flow. In
the absence of plasma, the velocity magnitude decreases progressively with axial distance.
This behavior results from viscous diffusion and flow development, which redistribute
momentum and produce a flatter profile downstream. When plasma is applied, the velocity
field changes significantly. Higher velocity levels are sustained, especially at downstream
locations. This behavior is driven by the electrohydrodynamic body force generated by
the electric field, which accelerates the flow in regions of charge accumulation, primarily
along the shear layers and reaction zone. As a result, the natural decay of velocity is
partially suppressed, and momentum is maintained farther downstream. This modification
of the velocity field directly impacts transport processes. The enhanced flow strengthens
convective transport of heat and species, which supports the extension of the reaction zone
and sustains chemical activity downstream. Near the inlet, the effect of plasma remains
limited because the flow is controlled by the inlet boundary conditions. However, its
influence becomes increasingly pronounced with axial distance as electrohydrodynamic
effects accumulate.

The temperature profiles show a clear transition in flame structure under plasma
forcing. In the baseline case, the temperature rises from the ambient level and remains
relatively broad in the radial direction, indicating a distributed reaction zone governed by
mixing and diffusion. As the flow develops downstream, the thermal field spreads further,
reflecting gradual heat release over a wider region. With plasma forcing, the temperature
profiles become much more localized, exhibiting sharper peaks and steeper radial gradients.
A pronounced double-peak structure appears, indicating that the strongest heat release
is concentrated within the shear-layer reaction zones, while the centerline remains com-
paratively cooler. This behavior is consistent with plasma-induced electrohydrodynamic
transport, which modifies mixing and convective transport and confines the reaction zone
to a narrower region. Farther downstream, the plasma-forced case continues to maintain
a more localized thermal structure with reduced radial spreading, indicating sustained
reaction activity and stronger thermal confinement compared to the baseline case.

4. Conclusions
A high-order numerical framework was developed to investigate plasma-assisted

transport phenomena in laminar methane–air diffusion flames under weak electric-field
conditions. The charge-transport closure model enables computationally efficient represen-
tation of plasma–flow–chemistry coupling in a weakly ionized reacting environment. The
transport equations for positive and negative charges were solved using the drift–diffusion
approximation and coupled with Poisson’s equation to obtain a self-consistent electric
field. This reduced formulation allows plasma effects to influence the reacting flow primar-
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ily through electrohydrodynamic body forces and Joule heating. A high-order compact
finite-difference scheme combined with explicit Runge–Kutta time integration is used to ac-
curately capture sharp gradients in temperature, mixture fraction, and space-charge density
near thin reaction zones. The baseline laminar diffusion flame was validated against the
canonical Smooke laminar methane–air diffusion flame in terms of temperature–mixture
fraction behavior and major reactive scalar distributions. Plasma-assisted simulations
indicated that even in weakly ionized regimes typical of low-temperature plasma-assisted
combustion, charge transport produces measurable electrohydrodynamic modifications
of the reacting flow. The plasma-induced electric field enhances downstream convective
transport by partially counteracting viscous momentum decay, thereby extending the high-
temperature region and prolonging the OH-rich reaction zone. Increased downstream H2O
accumulation further demonstrates that plasma-induced transport alters the local thermal
balance and the evolution of the reactive scalar.

The proposed model is well-suited for resolving laminar flame structures and weakly
ionized plasma–flow interactions under moderate electric-field conditions. Owing to the
high resolution provided by the compact finite-difference formulation, the method can
effectively capture strong spatial gradients in velocity, temperature, and species fields.
This capability makes the approach particularly useful for parametric investigations of
electric-field effects on flame structure and transport in simplified configurations. How-
ever, the present formulation is restricted to structured meshes and its applicability to
complex geometries, strong plasma forcing, and highly nonequilibrium discharge condi-
tions remains to be fully established. The model is developed for weakly ionized, laminar,
two-dimensional diffusion flames and does not incorporate detailed plasma chemistry or
strongly nonequilibrium discharge physics. Combustion is represented through a steady
flamelet approach, which limits its direct applicability to highly unsteady or turbulence-
dominated regimes. Furthermore, validation is currently limited to baseline cases without
electric-field forcing; therefore, the plasma-assisted predictions should be interpreted as
indicative rather than fully validated. Additional simplifications are introduced in the treat-
ment of species transport and electrostatic boundary conditions, and the electric potential
equation is discretized using a lower-order scheme compared to the high-order flow solver.
Accordingly, the results should be interpreted in light of these assumptions, particularly
when applying the model to more realistic or complex plasma–combustion scenarios.
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Nomenclature

A, B Flux vectors in r and z directions
C, D Source term vectors
C Model constant for mixture fraction variance
D Combustor diameter, m
Di Inner diameter of fuel inlet, m
e Total energy per unit mass, J kg−1
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E Electric field, V m−1

f Body force per unit volume, N m−3

Fr Froude number
H Energy flux term
L Combustor length, m
N Number of grid points in flamelet table
p Pressure, Pa
Pep Electric Péclet number for positive charge
Pen Electric Péclet number for negative charge
Q State vector of conserved variables
Re Reynolds number
R Gas constant, J kg−1 K−1

r Radial coordinate, m
T Temperature, K
u Velocity in radial direction, m s−1

v Velocity in axial direction, m s−1

vair Air inlet velocity, m s−1

vfuel Fuel inlet velocity, m s−1

x Axial coordinate, m
Z Mixture fraction
Z′′2 Mixture fraction variance
Greek Symbols
α Thermal diffusivity, m2 s−1

λ Scaling parameter in Poisson equation
µ Dynamic viscosity, kg m−1 s−1

ρ Density, kg m−3

φ Electric potential, V
ω Relaxation factor in SOR method
Subscripts
ref Reference condition
i, j Grid indices in r and z directions
in Inlet condition
out Outlet condition
n Time level
n + 1 Next time level
Abbreviations
CFD Computational Fluid Dynamics
EHD Electrohydrodynamics
FPV Flamelet Progress Variable
PDF Probability Density Function
SOR Successive Over-Relaxation
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