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Abstract
The wood-graining effect is a print defect arising from com-

plex aerodynamic interactions within the narrow gap between
printhead and substrate. Unsteady vortical structures, substrate-
induced Couette flows and drop-induced entrainment destabilise
jetting trajectories, leading to wavering and consolidation of
printed tracks. Conventional Reynolds-Averaged Navier–Stokes
(RANS) turbulence models fail to capture these transient dy-
namics, necessitating high-fidelity turbulence modelling. In this
study, large eddy and detached eddy scale resolving turbulence
model driven computation fluid dynamics (CFD) simulations are
combined with a two-way Lagrangian particle tracking frame-
work to resolve the mutual interactions between jetted droplets
and surrounding gas flows. This coupling accounts for shielding,
wake effects, and drop-induced airflow modifications that drive
cross-stream displacement. To connect droplet flight dynamics
with final print quality, a surface film model simulates spreading,
coalescence and redistribution upon impact on the substrate, di-
rectly linking flow-driven instabilities to visible wood-graining
artifacts. The resulting CFD–Lagrangian–film framework pro-
vides a predictive description of wood-graining under realistic
conditions, enabling systematic exploration of nozzle pitch, print
gap and substrate speed. Demonstrated in 600 npi printheads,
the study highlights how high nozzle density magnifies the impact
of small aerodynamic disturbances. By establishing a physics-
based understanding of wood-graining onset and evolution, the
methodology supports the design of next-generation printheads
and airflow control strategies to mitigate aerodynamic instabili-
ties.

Introduction
Inkjet printing relies on the precise deposition of picoliter

scale droplets across a substrate that often moves at high speed
relative to the printhead. Maintaining accurate droplet placement
is critical for industrial applications including high-resolution
graphics, electronics, and functional coatings. However, print
quality is frequently degraded by aerodynamic interactions that
occur within the throw distance separating printhead and sub-
strate.

Under certain operating conditions, these interactions with
air flow induce lateral displacement of droplets, leading to the
so-called wood-graining patterns, characterised by visible band-
ing and striping, that limit achievable resolution and throughput
(see Figs. 1 and 2). An example of wood-graining observed in
a printed sample is shown in Fig. 2, where a characteristic hori-
zontal modulation can be identified across the deposited surface.

Previous studies and reviews have identified strong cou-
pling between ejected droplets and the unsteady airflow within
the print gap, particularly for low-Stokes-number droplets (i.e.,

Figure 1. Schematic illustration of aerodynamic interactions within the

print gap height between the printhead and substrate. Substrate motion

induces shear-driven Couette flow, while droplet ejection and wake recircu-

lation generate unsteady vortical structures that drive lateral displacement

prior to landing and spreading on the moving substrate.

Figure 2. Example of wood-graining observed in a printed sample (throw

distance: 5 mm, jetting frequency: 15 kHz).

droplets with sufficiently small inertia to respond rapidly to the
local airflow) [1]. Under conditions of high jetting frequency
and dense nozzle arrays, interactions between droplet-induced
flow and substrate-driven shear can lead to lateral displacement
of droplets and the appearance of wood-graining.

Experimental investigations confirm the presence of shear-
driven Couette flow arising from substrate motion, which forms
a baseline airflow field within the print gap. Measurements us-
ing hot-wire anemometry and velocity profiling showed a nearly
linear increase in streamwise air velocity between the printhead
and moving web [2], consistent with a Couette flow type shear
layer. Experimental visualisation and probe measurements fur-
ther quantified the print gap airflow and similarly reported near-
linear velocity distributions at modest substrate speeds [3]. These
observations indicate that a significant substrate-driven shear
flow exists even in the absence of strong droplet forcing, and that
this baseline airflow interacts with droplet-induced disturbances
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to modify droplet trajectories and contribute to aerodynamically
driven print quality variations.

More recent work has shown that the flow field becomes
increasingly complex when multiple nozzles operate in parallel
[4]. Experimental visualisation demonstrated that reducing noz-
zle pitch increases the interaction between neighbouring droplet
streams, leading to more pronounced recirculation and larger
placement errors. High-speed imaging revealed the development
of turbulent eddies and, under certain conditions, upstream of
the droplet train, particularly for increased throw distances or
low substrate speeds [4]. These findings suggest that the airflow
cannot be characterised by single-nozzle operation alone, since
much stronger disturbances emerge when larger numbers of noz-
zles fire simultaneously.

Despite these experimentally derived insights, the aerody-
namics of multi-nozzle inkjet is not fully understood. Available
literature focuses on flow visualisation and qualitative measure-
ments, while quantitative characterisation of turbulence intensity,
wake interaction and cross-stream displacement is limited. In
particular, the near-substrate region is experimentally inaccessi-
ble to optical diagnostics, precisely where the highest vorticity
gradients and flow instabilities are expected. Furthermore, while
Couette-type shear flow has been well established, the unsteady
turbulent vortices responsible for wood-graining have not been
resolved in previous numerical studies. Conventional Reynolds-
averaged Navier–Stokes (RANS) turbulence models tend to sup-
press the transient coherent structures that emerge at the nozzle
scale and propagate downstream, thereby limiting their predic-
tive capability.

Consequently, there is currently no numerical framework
that captures the fully coupled interaction between unsteady air
flow, droplet entrainment and surface impact. With industrial
printheads increasingly adopting high nozzle densities often ex-
ceeding several hundred nozzles per inch, the aerodynamic sen-
sitivity to small disturbances continues to grow, highlighting the
need for high-fidelity modelling approaches capable of resolving
these complex multiphysics interactions.

In this study, a scale-resolving large eddy and detached
eddy simulation framework is developed and coupled two-way
to a Lagrangian droplet model in order to resolve the unsteady
aerodynamics responsible for wood-graining. A surface film
model is incorporated to connect droplet flight dynamics with
surface spreading and deposition, providing a fully integrated
description of the wood-grain formation process. This com-
bined CFD–Lagrangian–film approach enables systematic inves-
tigation of nozzle spacing, throw distance and substrate speed,
and establishes a predictive, physics-based foundation for next-
generation printhead design and aerodynamic control strategies.

Numerical Approach
The airflow in the print gap is resolved using high–fidelity

turbulence modelling in order to capture the unsteady vortical
structures associated with wood-graining. The computational
framework combines large eddy and detached eddy simulation
for the gas phase with a two-way coupled Lagrangian representa-
tion of ink droplets. A surface film model is further employed to
describe the spreading and coalescence of droplets upon impact
with the moving substrate. All simulations were performed using
the open-source CFD platform OpenFOAM [5], which provides
an extensible environment for Large Eddy Simulation (LES) or
Detached Eddy Simulation (DES) turbulence modelling together
with Lagrangian particle tracking and surface film capabilities.

LES Turbulence Flow Model
The airflow in the print gap is treated as an incompressible

Newtonian fluid and is described by the filtered Navier–Stokes
equations. An overbar denotes spatial filtering. The filtered con-
tinuity and momentum equations presented in index notation are:
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Here ūi and p̄ are the filtered velocity and pressure, ν is the kine-
matic viscosity, τSGS

i j denotes the deviatoric subgrid–scale (SGS)
stress tensor, and Sp

i represents the momentum exchange source
term with the Lagrangian droplets.

The SGS stress is defined as the deviatoric part of the resid-
ual stress arising from filtering and is modelled using an eddy–
viscosity closure,

τ
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is the resolved strain–rate tensor. The isotropic part of the resid-
ual stress is absorbed into the modified filtered pressure.

LES resolves the energy-containing turbulent structures
while modelling only the smallest subgrid scales, enabling pre-
diction of unsteady turbulent vortices that is suppressed in con-
ventional RANS approaches. In the present configuration, fully
wall-resolved LES would in principle provide the highest fidelity,
but remains prohibitively expensive for the wide range of print
gap and nozzle-array configurations investigated here. A hybrid
RANS–LES approach is therefore adopted as a computationally
efficient alternative.

Most simulations employ a Detached Eddy Simulation
(DES) formulation based on the Spalart–Allmaras (SA) RANS
turbulence model [6] and its delayed-DES and improved-
delayed-DES extensions (DDES and IDDES) [7, 8]. SA–IDDES
automatically blends RANS behaviour in attached near-wall re-
gions with LES behaviour in separated and unsteady flow, us-
ing a shielding function that prevents premature LES activation
close to walls. This allows the dominant, unsteady structures in
the print gap to be resolved at considerably lower cost than wall-
resolved LES.

To provide higher fidelity in selected reference cases, wall-
resolved LES is also employed using the Wall-Adapting Local
Eddy-Viscosity (WALE) subgrid model [9]. WALE derives the
eddy viscosity from invariants of the velocity-gradient tensor, ac-
counting for both strain and rotation, and recovers the correct y3

near-wall damping without dynamic procedures, enabling accu-
rate representation of near-wall vorticity generation and transi-
tional behaviour.

Taken together, the SA–IDDES and WALE closures pro-
vide scale-resolving simulations of the highly unsteady print gap
aerodynamics, including the shear-driven Couette flow from the
moving substrate and the jetting-induced vortices generated by
successive droplet ejection from hundreds to thousands of noz-
zles.
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Lagrangian Particle Modelling
Ink droplets are tracked as Lagrangian particles using the

parcel-based formulation of the OpenFOAM Lagrangian library.
Each parcel represents a number of droplets with identical prop-
erties. A point source description is adopted in which droplets are
treated as spherical and sufficiently small compared with the re-
solved flow scales that deformation of the particles is neglected.

The particle kinematics are governed by the ordinary differ-
ential equations

dxp,i

dt
= up,i, mp

dup,i

dt
= ∑Fi, (5)

where xp,i and up,i denote particle position and velocity respec-
tively, mp is the parcel mass, and the force sum includes drag,
gravity/buoyancy and optionally pressure-gradient and lift con-
tributions.

For the present configuration, the dominant contribution is
aerodynamic drag. The drag coefficient CD is evaluated using the
standard sphereDrag formulation [10] in OpenFOAM, which
combines two established particle-drag models [11, 12]. The par-
ticle drag force can then be described as,

FD,i =CD
πD2

p

8
ρ (u f ,i −up,i)

∣∣u f , j −up, j
∣∣, (6)

where Dp is the particle diameter and ρ is air density. The air
velocity u f ,i is obtained from the resolved flow field interpolated
to the particle position.

Gravity and buoyancy are combined as

FG,i = mp gi

(
1−

ρ f

ρp

)
, (7)

with ρp the particle density. Additional models such as pressure-
gradient and lift forces are available, but only the dominant terms
are activated in the present study.

Two-way momentum coupling is included by accumulating
the equal-and-opposite force exerted by the parcels onto the air
phase, allowing droplet-induced entrainment to influence the re-
solved gas flow. Particle–particle interaction (such as collisions
or coalescence) is not considered, since only two-way coupling
between droplets and air is applied in this study.

Surface Film Modelling
Droplets that reaches the substrate forms a thin surface film

whose evolution is simulated using the surface film model in the
OpenFOAM framework. The approach follows the lubrication–
type formulation originally developed for partially wetted liquid
films [13, 14], where the liquid layer is represented on a dedi-
cated two–dimensional surface mesh coincident with the top sur-
face of the solid boundary representing the substrate and is cou-
pled to both the air and the Lagrangian particle field.

The depth–averaged mass continuity equation is

−∂ρδ

∂ t
+∇s· (ρδ U) = Sρδ , (8)

where ρ is the liquid density, δ the film thickness, U the mean
film velocity, and Sρδ represents the net mass source due to im-
pingement, splashing, evaporation, absorption into the substrate
and film separation.

The corresponding momentum equation is

−∂ρδ U
∂ t

+∇s· (ρδ U U) =−δ ∇s p+SρδU , (9)

where p is the effective pressure acting across the film and SρδU
contains stress contributions tangential to the substrate. The pres-
sure term includes components such as impingement pressure,
splashing pressure, capillary and hydrostatic pressures, and lo-
cal air phase pressure, while the stress term accounts for shear
at the gas and wall interfaces, surface–tension and contact–angle
forces, gravitational body force, and wall–tangential momentum
transfer due to impingement, splashing and separation.

Each source contribution to the mass and momentum bal-
ances is implemented modularly. In the present study, only
droplet–impingement sources and wall–tangential momentum
transfer are activated, enabling the film to form and spread fol-
lowing impingement under isothermal conditions. Processes
such as splashing, evaporation, boiling, and absorption into the
substrate are available within the implemented model, but are
not considered here. The surface film model is therefore used
primarily to determine the impingement locations and spreading
behaviour of droplets affected by aerodynamic effects, providing
a link between the unsteady print gap air flow and the resulting
wood-graining patterns on the print substrate.

High–Fidelity Simulation of Wood–Graining
in Inkjet Printing

Previous studies of surface–mounted bluff bodies with vary-
ing wall proximity [15] demonstrated that near–wall separation,
shear–layer development and recirculation beneath the body are
strongly affected by the gap height. Those investigations exam-
ined several gap–to–length ratios and showed that wall proxim-
ity alters flow separation and reattachment beneath the body and
modifies key features of the downstream wake. These results pro-
vide useful guidance for the present study, in which the print gap
is treated as a parameter that affects the interaction between the
shear flow and the jetted droplets. In the present work, a repre-
sentative industrial print gap of H = 5mm is used in the baseline
cases, while other practical values may also be considered.

Geometry and Computational Domain
Two reference configurations are investigated. In the SA–

IDDES simulations, the substrate is treated as the moving com-
ponent while the printhead remains stationary. In the wall–
resolved LES cases, the inverse representation is used in which
the printhead moves relative to a stationary substrate. In both
formulations the computational mesh remains fixed and the rel-
ative motion is introduced through boundary conditions where
the stationary object and the inlet are assigned the negative of the
imposed motion, thereby ensuring that the same relative kinemat-
ics are obtained without employing a moving reference frame or
mesh deformation.

The computational domain reproduces a representative sec-
tion of a single printhead working in isolation above the moving
substrate. Following the guidelines of [15], the domain dimen-
sions are chosen such that the overall blockage ratio remains be-
low 3%, ensuring that the imposed boundary conditions do not
artificially confine the shear layer and separated structures in the
print gap. A uniform inflow condition is applied at the inlet and
a zero–gradient condition at the outlet, while slip boundary con-
ditions are used on the lateral sides to minimise side–wall con-
finement. No–slip conditions with appropriate wall functions are
prescribed at the printhead and substrate. The mesh is generated
in Gmsh [16, 17] and imported into OpenFOAM. Fig. 3 illustrates
the geometry and boundary specification for the LES configura-
tion, in which the printhead motion is prescribed as a moving
boundary.
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Figure 3. Computational domain showing the printhead surface

(wall head), substrate (wall bottom), and inflow/outflow boundaries. A

moving–wall condition is applied at the substrate, slip is used at the lat-

eral sides, and outlet is treated as zero–gradient. The mesh is generated

using Gmsh.
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Figure 4. Structured hexahedral mesh generated in Gmsh for the LES test

case. The mesh contains approximately 255 million cells with a character-

istic grid spacing of ∆ ≈ 500 µm in the bulk region and refinement within the

5mm print gap.

Mesh Design and Resolution Criteria
A hexahedral mesh is employed and refined in the gap re-

gion to capture the unsteady turbulent vortices associated with
droplet entrainment. The first cell height on both the substrate
and the printhead is selected based on near wall resolution cri-
teria used for hybrid RANS–LES of wall-mounted obstacles. In
particular, y+1 ≲ 1.5 was adopted as a reference following the
guidance in [15], with most cells in the gap having y+ < 1.

In the SA–IDDES configurations, several mesh variants
were assessed with total cell counts between approximately 2–
5 million and near wall resolutions ranging from y+ ≈ 0.75 to
y+ ≈ 15. The resulting flow fields showed only minor differences
in the mean gap flow and in the dominant recirculating structures,
indicating that SA–IDDES can remain robust even when the first
grid point lies within the buffer region or the lower logarithmic
layer. These cost-effective IDDES meshes therefore served as
a test bed for evaluating nozzle array placement, operating con-
ditions and boundary settings prior to the more expensive LES
cases.

For the wall-resolved LES simulations, the mesh was re-
fined such that y+ ≲ 4 along both the printhead and the substrate,
placing the first grid points within the viscous sublayer (see
Fig. 4). The resulting LES meshes contain approximately 255
million hexahedral cells with characteristic spacing ∆ ≈ 500 µm
in the bulk region and strong refinement inside the 5mm print
gap, as illustrated in Fig. 4. This level of resolution is required
to resolve the smaller turbulent structures and droplet-induced
vortices that govern the onset of wood-graining.

printhead

substrate

(a)

A B A B A B

1 2 3 4 5 6No.

p
it
c
h

½
 p

it
c
h

(b)

satellite droplet

release height

main droplet

release height

Figure 5. (a) Injection model for each nozzle, releasing a main and satellite

droplet per jetting event with prescribed initial velocity, volume, and elevation

above the substrate. (b) Staggered nozzle layout (three rows, 1920 injectors)

used as Lagrangian injection sites the simulations.

Operating Conditions and Boundary Conditions
The airflow is treated as incompressible at low Mach num-

ber, with a uniform inlet velocity and ambient pressure at the
outlet. No-slip boundary conditions are assigned on the solid
surfaces, while lateral boundaries use slip conditions. The rel-
ative motion between printhead and substrate is imposed using
the boundary–condition approach described in the Geometry and
Computational Domain subsection.

Droplet ejection is imposed by a set of Lagrangian injec-
tors representing a single printhead. In total, 1920 injectors are
defined, arranged in three staggered rows of 640 nozzles each
(Fig. 5). Each injector introduces a primary and satellite droplet
pair at every jetting event that consists a main droplet 6.0pL and
a satellite droplet of 1.0pL. The main and satellite droplets are
released at different positions within the print gap and with dis-
tinct injection velocities. A uniform jetting frequency of 5kHz is
prescribed for all nozzles, matching a head speed of 0.2125m/s.

Staged LES/DES Simulation Protocol
The simulation procedure follows a staged approach based

on established hybrid RANS–LES practice for separated flows
[15]. The aim is to ensure physically correct turbulence develop-
ment in the print gap, and minimise computational expense prior
to activating droplet and film physics.

Stage 1: Steady RANS initialisation. A steady SA-RANS
solution is computed to establish a converged mean flow includ-
ing Couette shear induced by the moving substrate/printhead.
This avoids starting the LES/DES stage from a quiescent state
and shortens the subsequent flow development period.

Stage 2: Unsteady SA–IDDES or WALE–LES. The tur-
bulence model is then switched to the unsteady SA–IDDES or
WALE–LES and the simulation is performed without the La-
grangian or surface film models until the unsteady flow attains
a statistically steady state. A dimensionless time interval of
t⋆ = tU∞/H is allowed for effects of the steady RANS initialisa-
tion to decay. This procedure follows common practice in hybrid
RANS–LES simulations of separated flows and is analogous to
the start–up approach adopted in [15].

Stage 3: Droplet and film model activation. After the
unsteady flow is fully developed, Lagrangian particle model and
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Figure 6. Simulated surface film thickness fields (top) and correspond-

ing physical print samples (bottom) for staggered (right) and non–staggered

(left) nozzle configurations. The staggered layout weakens coherent aero-

dynamic deflection and reduces the visible wood–grain signature.
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Figure 7. Left–to–right (L2R) lightness variation [18] measured on experi-

mental print samples. Lower values correspond to reduced wood–graining.

The staggered nozzle configuration exhibits consistently lower L2R than the

non–staggered design.

surface film modelling are activated. Unsteady statistics, droplet
trajectories, and surface deposition patterns are collected over an
averaging window sufficient to capture the dominant flow struc-
tures and droplet–induced entrainment.

This staged approach follows the simulation workflow,
where the solution transitions from RANS to LES/DES and fi-
nally to the coupled flow–Lagrangian–film system. The proce-
dure ensures that droplet deflection and surface spreading are
evaluated under fully developed unsteady aerodynamics.

Effect of Nozzle Staggering on Wood–Graining
To examine whether nozzle layout influences the severity

of wood–graining, both staggered and non–staggered nozzle ar-
rangements with the same jetting frequency and droplet volumes
are tested. In both cases the fully developed LES/DES aerody-
namics obtained from the staged procedure were used, and La-
grangian droplets were released from 1920 injectors arranged in
three rows, each injector releasing a main (6.0pL) and a satellite
(1.0pL) droplet with a prescribed jetting velocity.

Fig. 6 compares the resulting surface film thickness fields
and the corresponding experimental printouts. In the non-
staggered configuration, periodic nozzle spacing produces a

more coherent aerodynamic deflection pattern across the print
gap, leading to visibly stronger lateral instabilities of deposited
ink and hence a more pronounced wood–grain texture on the sub-
strate. Introducing a half–pitch stagger between rows disrupts
this periodicity and weakens the spatial coherence of the vortical
structures interacting with the droplets. As a consequence, the
lateral variation of deposited ink is reduced and the grain pattern
becomes less visually perceptible.

The spatial modulation can be quantified using the “left–to–
right” (L2R) lightness variation [18], in which the lightness field
is collapsed into a one–dimensional profile and approximated by
a polynomial fit. The maximum slope of this fitted profile serves
as a scalar measure of low–frequency variation across the print.
Applying this metric to both the simulated surface films and the
experimental print samples shows consistently lower L2R values
for the staggered layout compared with the non–staggered ar-
rangement (Fig. 7), confirming that staggered nozzle placement
is beneficial in mitigating wood–graining under otherwise iden-
tical operating conditions.

As further illustrated in the side–view velocity fields of
Fig. 8, the non-staggered configuration generates pronounced pe-
riodic vortex structures upstream of each jet, whereas the stag-
gered arrangement interrupts this periodicity and reduces coher-
ent lateral forcing on the droplets.

Conclusion
High–fidelity simulations combining LES/DES turbulence

models, Lagrangian particle tracking and surface film modelling
have been developed to investigate the mechanisms governing
wood-graining in inkjet printing. The staged workflow that in-
volves steady RANS initialisation, unsteady LES/DES without
droplets or surface film, and subsequent activation of particle and
film models ensures that droplet impingement and ink spreading
on the substrate occurs after the print gap flow field has fully
developed.

The results confirm that instabilities of droplet trajectories
is primarily driven by unsteady turbulent vortex structures inside
the print gap, rather than by isolated nozzle behaviour. Introduc-
ing staggered nozzle arrangements disrupts the spatial coherence
of these structures and reduces the severity of wood-graining
effects. Simulated surface film patterns and experimental print
samples show consistent L2R behaviour, demonstrating that the
model captures the essential aerodynamic mechanisms responsi-
ble for wood-grain formation.

Beyond physical insight, the integrated
LES/DES–particle–film framework provides a practical design
tool, enabling different nozzle layouts and operating conditions
to be evaluated a priori without expensive prototyping. The
approach therefore offers a scientifically grounded alternative
to optimise printhead arrangement, gap height and operating
parameters before committing to experimental production.

Wall-resolved LES provides the highest fidelity but remains
computationally demanding, particularly for realistic printhead
geometries and industrially relevant Reynolds numbers. Future
work will focus on accelerating the simulations through GPU-
based solvers and hardware-specific optimisation, as well as in-
vestigating alternative turbulence-resolving approaches with re-
duced cost. The present methodology also accommodates ad-
ditional physics such as evaporation, thermal coupling and sub-
strate absorption, which will be incorporated as part of a broader
plan to predict print quality under a wider range of industrial con-
ditions.
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Figure 8. Instantaneous side–view velocity magnitude (colour) overlaid with droplet parcels for non–staggered (top) and staggered (bottom) nozzle arrange-

ments. Air flows from right to left. The non–staggered nozzle printhead case produces stronger periodic vortex structures upstream of each jet, which promote

coherent lateral deflection of droplets, whereas staggering disrupts this periodicity and weakens the large–scale vortex motion.
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