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ABSTRACT

This research introduces a novel wall-stress model called the Spray-Induced Wall Stress (SIWS) model, which considers the effects of spray-
wall impingement and the resulting formation of wall stress within the Lagrangian spray modeling framework. The primary objective of this
paper is to provide a mathematical description of the fundamental physics underlying the model. Subsequently, the proposed model is vali-
dated using existing experimental data. The remainder of the study focuses on the practical application of the model to an ignition assistance
device. Specifically, this device is installed in a compression ignition engine and designed to enhance ignition in aviation-fueled high-altitude
aircraft propulsion systems. The research sheds light on the mechanical impulse caused by the high-speed impact of the spray jet, leading to
the accumulation of mechanical stress on the rigid body of the ignition assistance device. Previous studies on fluid–structure interaction have
only considered the interaction between the gas phase and the solid wall. However, the SIWS model incorporates the additional impact of the
impinging liquid spray jet. Consequently, the simulated stress distribution on the ignition assistance device can be estimated by considering
both the gas-phase-induced term and the spray-induced term simultaneously.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0173360

NOMENCLATURE

AMR Adaptive mesh refinement
ARL Army research laboratory
CHT Conjugate heat transfer

CI Compression ignition
CFD Computational fluid dynamics
FEA Finite element analysis
FSI Fluid–structure interaction

RCM Rapid compression machine
SIWS Spray-Induced Wall Stress Model
Ceff Dynamic conversion efficiency

dAcell Cell surface area facing the wall boundary
d~pij Momentum change between a pair of impinging (i) and

post-impinging (j) parcels
dtCFL Convective flow time scale, CFD time step

dtimpact Characteristics impact time scale

~f net Net force applied by a single parcel impingement
~F cell Net force applied to the cell boundary surface area

~I parcel Impulse from a single parcel impingement
~scell Spray-induced wall stress stored on the boundary cell
�sij Turbulent mean viscous stress tensor
_xk Turbulent mean reaction rate of species, k

I. INTRODUCTION

Direct-injection compression ignition (CI) systems are com-
monly used in the ground transportation sector, and their advantages
in ignition control and energy efficiency make them applicable to the
development of Jet-A fueled piston aircraft engines.1–3 This extends
the benefits of traditional CI engine techniques to the aviation sector.
However, designing aircraft engines for high-altitude conditions
presents a challenge due to the varying oxygen levels at different
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elevations.4–6 Consequently, the ignition characteristics of jet fuels can
change significantly with altitude.

The United States Department of Defense’s Single Fuel Forward
Policy7 requires the dominant usage of jet fuels to reduce the signifi-
cant logistic burden of managing and transporting multiple fuels.
Consequently, aircraft CI engine development is limited to the limited
choice of jet fuels. This poses a challenge as these fuels have low reac-
tivity compared to the high-reactivity hydrocarbon fuels traditionally
used in CI engines. For example, the commonly used aviation jet fuel
F-24 has a low cetane number that ranges from 30 to 52.1,8 The combi-
nation of low reactivity and high-altitude operation can lead to unsta-
ble engine combustion, misfire, knocking, and power loss.9 To address
these issues, an ignition assistance device that actively controls ignition
is preferred.

There are two main types of active ignition control strategies:
mixing control and thermal-energy deposit methods. The mixing con-
trol method focuses on enhancing fuel–air mixing through strategies
like pilot injection10 and multi-mode combustion control.11 The
thermal-energy deposit method involves preheating the mixture, typi-
cally using an ignition assistance device such as a glow plug. In this
method, the electronically powered ignition assistance can create a
preheating ignition source (i.e., thermal boundary layer) in the com-
bustion chamber before the fuel injection and is popularly used in
land-based engine systems for cold-start operations.12–14 This can also
benefit jet-fueled aircraft engines in high-altitude operations. Recent
experimental and numerical studies15–22 have explored the application
of ignition assistance systems in this context, investigating fuel variabil-
ity and optimizing ignition assistance device parameters. Motily and
co-workers22,58 examined the fuel variability using a light-duty CI
engine at increased elevations. Using the high-heating ignition assis-
tance device, the sensitivity of the cetane number was observed to be
reduced. Ryu and his co-workers18–20 have performed experiments
and numerical simulations and characterized the representative igni-
tion modes as a function of the electric power input in the ignition
assistance device. They further exercised a similar test campaign to
optimize the critical ignition assistance device operating parameters by
employing a design of experiment (DoE) method.21,59

Unlike cold-start operations in land-based CI engines, the igni-
tion assistance device in aircraft engines needs to be constantly acti-
vated while the engine is running. Consequently, the device undergoes
intense thermo-mechanical cycling with significant temperature and
pressure variations on its surface. This can lead to mechanical break-
down, corrosion, oxidation, and short circuits. Prior studies23–25 have
focused on durability analyses of ignition assistance devices, identifying
factors contributing to system failure and proposing solutions to
improve durability. The research led by Oprea et al.23 showed durabil-
ity test results on a hot surface of the ignition assistance device for nat-
ural gas direct-injection CI engines. One of their important findings is
that the primary factor contributing to the system failure is the mix of
thermo-mechanical and chemical processes around the hot surface
and the electric circuit’s internal component. Motily24 conducted sev-
eral durability tests to assess the failure modes of the ignition assistance
device equipped with a rapid compression machine (RCM).
Mechanical breakdown of the ignition assistance device was due to
overheating, internal conductor breakdown, surface oxidation associ-
ated with the applied electric circuit voltage, and operational abuse. It
was also found that extreme combustion events inside the combustion

chamber can degrade the durability of the ignition assistance device.
Karpe et al.’s study25 focused on describing the failure phenomena of
the ignition assistance device during the diesel cold-start and follow-
up attempts to extend the system lifespan. They discovered the most
vulnerable component of the ignition assistance device within its heat-
ing coil element and concluded that aluminizing the heating coil can
improve the system’s durability.

The critical components of the ignition assistance device are
exposed to high temperatures and pressures. The device’s hot-
temperature surface is repeatedly impacted by high-speed spray flames.
This extreme thermo-mechanical cycling can accelerate system body
fatigue through impact loading. Such multi-physics phenomena can be
numerically exercised with the aid of fluid–structure interaction (FSI)
analysis, which combines computational fluid dynamics (CFD) and
finite element analysis (FEA), namely, coupled CFD-FEAmethod. The
CFD solver is responsible for describing the thermal-fluid elements
flowing around the ignition assistance device. Then, the FEA solver
can import the transient thermo-mechanical boundary conditions
from the CFD simulations and sequentially solve the governing equa-
tions for thermoelastic solid materials of interest. The FSI analysis has
been widely applied in various engineering applications, such as gas
turbine component design,26–29 cylinder head design,30,31 brake rotor
cooling, and subsequent stress analysis.32–34 These reference studies
characterized the thermo-mechanical stress of the high-temperature
and high-contact-pressure applications.

Recent studies35,36,60 exploited the CFD-FEA coupling workflow
to investigate the impact of high-pressure spray flames on the stress
behavior of ignition assistance device surfaces. The novelty of their
workflow can be acknowledged by the capability of capturing the spa-
tiotemporal boundary conditions on the interface, which is a lacking
feature in the traditional semi-empirical method. A phenomenological
heat-flux model was also employed in their analysis to account for the
self-sustained heating in the ignition assistance device, which could be
an additional source of thermal stress. In the proposed workflow, they
first performed three-dimensional CFD simulations, wherein the igni-
tion assistance device is equipped with the combustion chamber. Then
the transient profile of thermo-mechanical properties on the ignition
assistance device interface was mapped onto a finite element data
structure; thus, it enabled coupled FEA simulations. Their simulation
results capture thermal shock events caused by spray impingement
and subsequent flame sweep around the system body. The spray
impingement and subsequent cooling over a short time span can result
in a rapid thermal stress drop. Such a spray-induced thermal shock
was restricted to the concentrated area of the spray-impinging region.
In contrast, the ignition and flame-induced thermal shock caused a sig-
nificant thermal stress increase over a wide surface area. Hence, they
concluded that the thermal shock event is the dominant process.

Despite the observable spray impact on the wall-stress establish-
ment, to the authors’ best knowledge, none of the studies published to
this date has addressed the spray-wall contact dynamics as a direct
source of wall stress. Most prior studies dealing with the spray-wall
impingement merely focused on the droplet internal flow change dur-
ing the spray-wall contact, and the subsequent outcome such as drop-
let splash and film formation.37–39 Likewise, none of the CFD software
to this date incorporates the mechanical stress formation in the spray-
wall interaction models. For that reason, today’s CFD framework lacks
the direct spray impact in the wall-stress calculation but merely
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incorporates the aerodynamics force,40 which is accompanied by the
spray plume development. Therefore, today’s CFD framework does
not consider the impinging droplet’s mechanical force acting on the
wall. To bridge this gap, this study aims to develop a new capability
within the Lagrangian spray modeling framework that can accommo-
date the source of the wall-stress as a direct outcome of the spray-wall
contact. To achieve this, a Spray-Induced Wall Stress (SIWS) model is
proposed, which accounts for the mechanical impact caused by the
spray on the buildup of wall stress. This new sub-physics model has
been implemented into the CFD solver, CONVERGE.47

It is rare to find benchmarking studies that can quantify the
mechanical force of the single droplet impacting on the solid wall.
Alternatively, prior experimental studies41–46 can provide the inte-
grated momentum flux contributed from an impinging spray jet. They
conducted the pressure transducer measurement to evaluate the rate of
momentum of diesel sprays at the atmospheric conditions. While these
measurements were originally intended to identify the injection-rate
profile of the tested injectors, they can also be viewed as a time integral
of the net force exerted on the wall, representing a source of normal
stress on the impacted wall. It is important to mention that the pro-
posed SIWS model is to mimic the mechanical impacts resulting from
the liquid droplet impingement event. It does not take into account the
thermal diffusion aspect that may become significant in the form of
spray cooling or thermal shock under extreme ambient conditions. To
solely consider the mechanical aspect, therefore, the atmospheric con-
ditions cast by the chosen experiment41 are relevant for the purpose of
the model validation. The test was performed using a configuration
involving a single-hole injector and spray-jet impingement. Leveraging
the functionality of the SIWS model, the remaining sections of the
paper discuss the distribution of spray-induced wall stress on the sur-
face of the ignition assistance device. The quantitative analysis aims to
demonstrate the comparative significance of the spray-jet impact com-
pared to the gas pressure impact in the analysis of wall stress.

II. SPRAY-INDUCED WALL STRESS MODEL: ARL-SIWS
MODEL

The proposed ARL Spray-Induced Wall Stress (ARL-SIWS or
SIWS hereafter) model is designed to account for the formation of wall
stress caused by spray-wall impingement process. This model adopts
the Lagrangian discrete phase approach to simulate a group of liquid
particles impacting the wall. In this methodology, the particles are
represented as computational parcels. The SIWS model has been incor-
porated into the CONVERGE CFD code as a subroutine utilizing a user-
defined function (UDF). This SIWS model keeps track of the changing
properties of the parcels as they hit the wall, i.e., impinging parcels.
Subsequently, the properties of these parcels after impact, i.e., post-
impinging parcels, are then included in the evaluation of wall stress.

The UDF has been integrated into the drop-wall interaction rou-
tine within the CONVERGE code, which encompasses various post-
impingement scenarios, such as rebound, sliding, and splashing.
Subsequently, the routine identifies the type and behavior of the par-
cels after impingement. These post-impinging parcel types include
film parcels and splashed parcels, as shown in Fig. 1. Splashed parcels
move away from the wall and are characterized by their size and veloc-
ity after impingement. To this end, the O’Rourke48 model from the
CONVERGE is employed to determine the characteristics of the post-
impinging parcels. Detailed information regarding the O’Rourke

model’s description can be found in the CONVERGE manual,47 as it
falls outside the scope of this paper.

The SIWS model’s underlying assumption is based on the
momentum transfer between discrete spray parcels and wall boundary
during the impingement incident. The transferred momentum can be
determined by the net change of the momentum retained by the
impinging parcel and the subsequent post-impinging parcel. In this
development routine, net mechanical force (~f net) applied by a single
parcel impingement is assumed to act on the embracing cell’s wall
boundary surface area (dAcell). The wall-impingement event may occur
in a characteristics impact timescale (dtimpact). Thus, the transmitted
impulse to the cell boundary can be formulated as follows:

~I parcel ¼~f net dtimpact: (1)

Indeed, the parcel-wall impingement is a mechanical contact between
the two separate phases and is very instantaneous. Thus, the impact
timescale must be a sub-physics timescale and, generally, smaller than
the convective timescale (dtCFL and CFD time step, dt, hereafter).
Although a precise impact timescale can be formulated based on parti-
cle kinetics theory, the present work substitutes the dtimpact term with
the dt to avoid a computationally intensive time-integration routine.

Note that the impinging parcel is paired with the post-impinging
parcel in the corresponding boundary cell, and the impulse determined
by Eq. (1) equates to momentum change (d~pij) between the pair, i and
j, i.e., parcel identifiers for impinging and post-impinging parcels,
respectively. As such, the net impulse acting on the boundary cell sur-
face over the time step, dt, can be algebraically calculated by an integral
of the momentum change for every pair of the impinging and post-
impinging parcels that can be effective during the CFD time step and
expressed in Eq. (2). As the total force acting on the cell boundary sur-
face is denoted by ~F cell and impact timescale is dt, Eqs. (2) and (3)
derive the wall-stress component effective on the cell boundary surface
area.

In this context, the model utilizes an empirical constant denoted
as Ceff to account for the dynamic conversion efficiency. This factor
takes into consideration the efficiency of converting mechanical energy
and introduces an aspect related to the loss of mechanical energy dur-
ing the impingement event. For example, when a liquid parcel impacts,
some of the mechanical energy it possesses may be dissipated due to
factors such as spray cooling and other mechanisms that lead to energy
loss, especially under extreme ambient conditions. In the present test,
this constant was set to be unity, implying that there is no mechanical
energy loss while transferring the momentum. This assumption holds
well under the specific conditions of atmospheric pressure and low

FIG. 1. Schematic of impinging parcels and post-impinging parcels in the boundary
cell faced to the solid wall.
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temperature condition, which is considered for the model validation
test. However, it is worth noting that in a practical combustion cham-
ber environment, this constant can be adjusted by the user to accom-
modate and address the impact of energy dissipation more flexibly.

~I cell ¼
X

ij

~I parcel; ij ¼
X

ij

dpij; (2)

~I cell ¼~F cell dt; (3)

~scell ¼ Ceff~I cell
dt dAcell

: (4)

III. TEST CONDITIONS AND SIMULATION SETUP

In this section, two distinct test campaigns are employed. The
first test focuses on validating the model using single-hole diesel injec-
tors. The goal is to determine the optimal setup for the CONVERGE
model that yields accurate results across various spray conditions. The
test covers spray configurations that involve freely evolving sprays
without impingement as well as sprays that impinge on walls. Building
upon the insights gained from the first test, the second test incorpo-
rates the combustion chamber domain with the ignition assistance
device. This test includes both non-reacting and reacting sprays to ana-
lyze wall stress.

A. Best practice of CFD model setup

For all the test conditions, three-dimensional Reynolds-Average
Navier–Stokes (3D RANS) simulations were conducted using the
CONVERGE CFD solver. The simulations employed a pressure-
implicit with splitting of operators (PISO) algorithm and a flux-
blending finite volume method. The computational domains were
constructed using a consistent meshing strategy with a base grid scale
of 8mm and a minimum grid scale of 0.125mm. Achieving the mini-
mum grid scale involved applying a 5-level grid refinement that com-
bined adaptive mesh refinement (AMR) with fixed embedding mesh.
This multi-layer grid refinement ensured suitable grid resolution for
capturing the details of the high-speed spray jet plume. The optimal
level of grid refinement was determined through a preliminary mesh-
sensitivity test that compared the spray penetration length to measured
data, as will be discussed in Sec. IV.

In the Lagrangian spray modeling aspect, computational parcels
representing the spray were injected through the nozzle hole into the
domain. To accurately represent the dense spray plume, a total of
512000 parcels were generated sequentially during the injection dura-
tion. The subsequent processes of atomization, evaporation, and wall
interaction were accounted for using the Kelvin–Helmholtz–Rayleigh–
Taylor (KH-RT) model,49 Frossling model,50 and O’Rourke model,48

respectively. The empirical constants required for these spray models
were adopted from the default setup of CONVERGE, which is typically
well-suited for high-pressure diesel injectors. In terms of modeling the
continuum phase mixing, the turbulence closure was achieved using a
gradient transport assumption and introducing turbulence viscosity
based on a standard k-�model.

B. Model validation test

This test aims to ensure the accuracy of the model in capturing
the relevant quantity of wall stress, which depends on the momentum

flux applied to the specific wall component of interest. To validate the
simulation results, they are compared with experiments conducted on
high-pressure diesel injectors that measured the momentum flux using
a pressure transducer downstream of the injector nozzle. Payri et al.41

developed a measuring apparatus specifically for determining the
impingement force of a spray jet. For the present study, the available
test conditions from Payri’s work, which include measurements of
spray length and momentum flux, are employed and summarized in
Table I.

While Payri’s paper41 provided the nominal injection duration
(i.e., injector signal duration), the actual injection duration through the
nozzle hole was not provided. However, their measured momentum
flux profile can be used to determine the actual injection duration and
rate profile for the Lagrangian injector boundary condition. It is
important to note that Payri’s experiment used the term “momentum
flux,” but in recently published papers,43,44 the term “rate of momen-
tum” has been interchangeably used and better reflects the physical
property being targeted. Therefore, the term rate of momentum will be
used throughout this paper.

C. Ignition assistance device setup in a rapid
compression machine (RCM) test

In pursuit of the ignition assistance device wall-stress analysis, 3D
RANS simulations were performed applying the SIWS model. The
purpose of this test is to raise awareness regarding the mechanical
rigidity of the ignition assistance structure. The analysis can be con-
ducted by tracking the concentrated wall stress resulting from the
direct impact of the spray plume and the explosive combustion event.
It is important to highlight that the wall stress within the area of con-
cern cannot be measured, and as a result, there is currently no existing
compatible experimental data. Consequently, a comprehensive valida-
tion of the model in this testing setup is not feasible. Nevertheless, this
test serves to underscore the importance of addressing the real-world
mechanical resilience of the device.

The present RCM test rig with the ignition assistance system has
been thoroughly investigated in the prior experiments18–22 for the mili-
tary purposed small aircraft engine development. Thus, the bench-
marking test employed in this study can represent the practical
aviation engine-like conditions. The ignition assistance device is posi-
tioned longitudinally in the RCM combustor domain, with its end-tip
located 1mm away from the injector axis. This positioning allowed the
vertically evolving spray plume to impact the end-tip. The ignition sys-
tem was installed at two different downstream locations, namely, 11
and 21mm.

The 21mm downstream location was originally designed to pre-
cisely benchmark the prior experiment. This setup was intended to

TABLE I. Test conditions used for the model validation.

Injector ID A B C

Nozzle hole diameter (lm) 112 137 156
Injection pressure (MPa) 30 and 80
Ambient pressure (MPa) 3.5
Ambient air temperature (�C) 25
Injection duration (ms) 2.0
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avoid intense liquid plume impingement on the system device as the
Ryu et al.18 reported the liquid penetration measurement of 21.5mm
from their experiment and simulation tests. The 11mm downstream
location is added to realize the more intense liquid-wall impingement
scenario in the present test. Non-reacting spray and reacting spray are
considered for all tests. For the non-reacting spray test, an inert gas
(N2) was used without activating the electric circuit. For the reacting
spray test, air was filled in the combustion chamber and the ignition
system was activated with the selected electric voltage. The complete
geometric configuration is depicted in Fig. 2, and the dimensions of
the domain and test conditions are specified in Table II.

To conduct the reacting-spray test, two separate CFD simulations
were performed to represent sequential events: (1) activation of the
ignition assistance device and formation of the thermal layer, and (2)
fuel spray and subsequent combustion. Separating these processes is
beneficial because the timescale for diffusion/convection heat transfer
significantly differs from that of high-pressure spray-induced

turbulence and associated chemistry. As a result, a large time step sim-
ulation could be allowed for the first simulation without sacrificing
accuracy. In order to replicate the first event, the electric-circuit-acti-
vated ignition assistance device was modeled to resemble an actual
BERU glow plug utilized in the benchmarking experiment.51

The preheating process in the ignition assistance device was gov-
erned by the heat flux model.35,36 The conjugate heat transfer (CHT)
model was utilized to account for subsequent heat transfer through the
solid materials. The combustion chamber domain was initially filled
with air at a temperature of 800K and a pressure of 3MPa. The simu-
lation was conducted without fuel injection for a duration of 30 s of
physical time to ensure a steady state, representing the formation of
the thermal boundary layer around the ignition assistance device.
Once the ignition assistance device reached a steady-state surface tem-
perature, F-24 jet fuel was injected toward the tip location of the
device, simulating the second event involving fuel spray and subse-
quent combustion. The ignition and combustion events were modeled
using a well-stirred reactor (WSR) combustion model available in
CONVERGE, and the detailed chemistry of the F-24 jet fuel was han-
dled by a recently developed data-driven F-24 Fuel chemistry52 based
on the HyChem approach.53

IV. RESULTS AND DISCUSSION
A. Validation of the employed model

In order to achieve reasonable predictive accuracy within the
Eulerian–Lagrangian framework, it is necessary to test the setup of the
Lagrangian spray model on an appropriate mesh size that can capture
the transient evolution of the spray plume. The following test focuses
on investigating the sensitivity of the predicted spray penetration
length to the grid size. Provided with a base grid scale of 8mm, multi-
ple levels of grid refinement techniques were applied to accurately rep-
resent the observed spray penetration length pattern from
experiments. As illustrated in Fig. 3(a), when using a coarse grid scale
(e.g., 1.0mm), the spray penetration length is under-resolved, leading
to an inadequate representation of momentum exchange between the
liquid spray and the surrounding gas. However, as the grid scale is
refined, the model setup is able to recover the experimentally observed
pattern of spray penetration.

Figure 3(b) displays the difference between the predicted data
and the measured data shown in Fig. 3(a), using the Hausdorf dis-
tance54 as a metric. This metric is used to evaluate the dissimilarity

FIG. 2. Geometrical configuration of the combustion chamber with the BERU glow
plug component and single-hole injector setup.

TABLE II. Dimensions of the combustion chamber, ignition assistance device component, and electric circuit voltage input for the heating element.

Combustion chamber domain Radius I 25.4mm
Depth (D) 26mm

Filled gas temperature (T) 800K
Filled gas pressure (P) 3 MPa

Gas composition (non-reacting/reacting) (vol) N2 (100%)/O2 (23%), N2 (77%)
BERU glow plug Type Co-annular type heat core

Heat core material (composition) Ceramic (SI3N4 54%, MoSI2 46%)
Tip radius I 2.74mm

Tip horizontal location 1mm from the injector axis
Tip vertical location 11mm, 21mm from injector hole

Electric circuit voltage input (V) 7 (reacting case)
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between two datasets and quantifies the distance between two subsets
in a metric space. A higher Hausdorf distance indicates a poorer pre-
diction. In this test, two subsets were created, one from the experimen-
tally observed spray penetration curves in Fig. 3(a) and the other from
the numerically resolved spray penetration curves. Each subset consists
of a two-dimensional array representing spray length vs time. To
remove dimensional bias, both length and time were renormalized,
resulting in a dimensionless value for the Hausdorf distance. The
results show that the refinement level of 5 provides the best accuracy
with the smallest Hausdorf distance among all the tested grid refine-
ment levels. The poorer results observed with finer meshes (e.g., 6 and
7 levels) are attributed to the under-resolved drag force when the grid
size becomes comparable to or smaller than the nozzle diameter
(approximately 0.1mm). This tendency is particularly evident during
the first 0.35ms of the simulation, as depicted in Fig. 3(a). Based on
this analysis, the subsequent test cases utilize a grid refinement level of
5 as the optimal grid resolution.

As listed in Table I, the validation test conditions consist of two
different injection pressures (30 and 80MPa) and three different injec-
tors used for model validation. Employing the best-practiced grid
refinement setup, the following tests encompass two distinct validation
experiments. The first test aims to verify the basic Lagrangian spray
model used. The predictive accuracy is assessed by comparing the
spray penetration length with available experimental data.41 The
results presented in Fig. 4 demonstrate that the employed Lagrangian
model setup, in conjunction with the optimal grid refinement, effec-
tively captures the relevant spray momentum.

The second test aimed to compare the rate of momentum esti-
mated by the SIWS model with the corresponding measurement.41

The test involved an impinging spray configuration with a 5mm
distance of impact. In the experimental setup, a pressure transducer
was used to provide a stagnation wall that was impacted by the
impinging spray and measured the spray impulse. The measured
data represent the rate of momentum and are expressed in units of
force (N). Figure 5 presents a comparison between the CFD simula-
tions and the corresponding measurements. The simulated results

obtained using the SIWS model show good agreement with the
experimental measurements.

In the simulations, the rate of momentum is determined as a
result of the combined impact of gas-phase pressure and spray-
induced impulse. It is worth noting that a high-speed turbulence gas-
jet can coexist with the high-pressure spray jet. It is commonly
observed that there is a significant gas entrainment into the upstream
region of the spray core, where the high-flux liquid jet is present. This
gas entrainment forms a turbulence gas-jet that evolves alongside the
spray jet. Consequently, both the spray jet and the gas jet mechanically
impact the wall simultaneously. To account for this phenomenon, the

FIG. 3. Preliminary grid size sensitivity test: (a) spray tip penetration length comparison between the current CFD setup and the experiment41 and (b) corresponding prediction
accuracy.

FIG. 4. Spray tip penetration length comparison between the current CFD setup
and the experiment.41
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rate of momentum values shown in Fig. 5 are represented as the sum
of the impacts from both the gas-phase pressure and the spray (red
curves), as well as the sole impact of the spray (green curves). Since the
wall must maintain mechanical equilibrium due to the initial gas pres-
sure, the gas-phase pressure impact is expressed as the relative pressure
term relative to the initial chamber pressure of 3.5MPa. It is worth
noting that the gas-jet impact contributes only a marginal value to the

overall rate of momentum. On the other hand, there is a residual gas-
jet inertia present in the simulations after 3ms, which is not observed
in the experiment. However, the SIWS model is able to reasonably pre-
dict the level of the rate of momentum.

In Fig. 6(a), the wall stress induced by the spray-jet is depicted
using contour colors, which represents the output of the SIWS model
prediction. Additionally, Fig. 6(b) illustrates another component of
wall stress caused by the gas-jet impingement, specifically in the form
of gas static pressure applied to the wall. It is interesting to note that
both the spray-jet and gas-jet reach maximum stress levels of approxi-
mately 5–6 times the pressure unit, with the stress levels being an order
of magnitude higher than other measurements. To provide a more
detailed quantification, Fig. 7 displays the time-averaged distribution
of wall stress separately for the gas-jet and spray-jet impacts. Each indi-
vidual measurement point is defined at intervals of 0.3mm in the
cross-spray direction, collecting the wall stress values from neighboring
boundary cells. The light gray dots represent the instantaneous wall-
stress profile at intervals of 0.1ms. In this particular test, the liquid par-
ticles have not undergone complete atomization or evaporation due to
the short impact distance (5mm from the injector nozzle). As a result,
the wall stress induced by the spray-jet outweighs the impact from the
gas-jet by a factor of 2.

Meanwhile, in Fig. 7, it is evident that the gas-jet’s influence (i.e.,
gas phase dynamic pressure) on wall stress cannot be considered insig-
nificant, despite the earlier observation in Fig. 5 suggesting a marginal
level of gas-jet-induced rate of momentum. This disparity arises from
the fundamental difference in the definitions of wall stress and
momentum rate. Wall stress is a localized measure, whereas momen-
tum rate is calculated by integrating pressure (i.e., normal stress) across
the entire wall surface. Consequently, negative pressure regions can be
observed beyond the effective jet-impinging region with a radius of

FIG. 5. Comparison of the rate of momentum between the current CFD setup and
the experiment.41

FIG. 6. (a) Spray-jet-induced and (b) gas-jet-induced wall stress. The test was performed at an injection pressure of 80 MPa using injector A.
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0.75mm in Fig. 7. This occurrence is a result of the counter-flow
impact. Therefore, these negative pressure regions compensate for the
substantial normal stress at the stagnation point (i.e., the impinging
region), resulting in only a minor impact on the momentum rate.

The subsequent analysis examines potential reasons for the dis-
crepancy observed in the rate of momentum curves in Fig. 5. It is
observed that the SIWS model tends to overestimate the quantity as
the size of the injector hole increases, as seen with injector C. This

trend remains consistent even when different droplet splash models
available in CONVERGE, such as the Bai–Gosman model55 and
Kuhnke model,56 were tested in the authors’ preliminary investigations
(which are not included here to avoid redundant discussions).
Therefore, this behavior is likely attributed to the simplified assump-
tion made in the SIWS model. The model lacks the incorporation of
complex physics involved in the deformation and breakup of large-
volume droplets.

In the SIWS model, the mechanical impulse gained by the wall
boundary is perfectly converted from the momentum of the impinging
particles, as expressed in Eq. (3). However, in reality, liquid droplet
impingement may involve irreversible dissipation of mechanical
energy, leading to an increase in droplet surface energy due to splash-
ing and subsequent breakup processes. The extent of this energy dissi-
pation should be influenced by the volumetric scale of the impinging
particles. Additionally, it is possible that a portion of the internal vis-
cous flow energy is converted into thermodynamic internal energy,
and this effect is expected to be more pronounced when the mass of
the impinging particle is higher. However, the SIWS model does not
account for such complex physics at present. In this context, the fol-
lowing discussion explores the impact of droplet size in the vicinity of
the wall boundary.

Figure 8 illustrates the joint probability density function (PDF)
concerning particle velocity and size. The analysis focuses on the veloc-
ity component perpendicular to the wall, with liquid parcels collected
from the boundary cells prior to wall contact and excluding post-

FIG. 7. Time-averaged wall-stress distribution in a cross spray-axis direction. The
time average was taken over the injection duration.

FIG. 8. Joint PDFs of spray particle diameter and velocity using injector A (left) and injector C (right) under two different injection pressure.
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impinging (splashed) parcels. Two different injectors, referred to as
injector A and injector C, are compared to represent particle clouds
with small and large volumes, respectively. Additionally, two injection
pressures of 30 and 80MPa are considered. Given the relatively shal-
low impact distance of 5mm in this test, the region of interest is pri-
marily within the intact core region of the spray jet. This is evident
from the distinct bimodal size distribution observed on the diameter
axis. Each group within the distribution represents child parcels gener-
ated by the KH-RT breakup model,49 as well as parent parcels that
have undergone the spray jet-breakup process within the intact core
region. The shape of the bimodal distribution is solely determined by
the injector type, specifically the size of the injector hole, while the
injection pressure only influences the range of the velocity distribution.

In contrast, the size of the child parcel group is significantly
smaller. This suggests that the flow of the child parcel cloud can be
characterized by a low Stokes number flow, allowing it to be suspended
by the ambient gas flow without making direct contact with the wall.
Consequently, the impulse gained by the wall is primarily attributed to
the impact from the parent parcel cloud. As depicted in Fig. 8, injector
C contributes a substantial volume of parcels to the wall impingement,
indicating a more complex mechanical energy dissipation process.
This complexity, inherent in the actual physics, has not yet been incor-
porated into the SIWS model and is, therefore, a primary factor con-
tributing to the overestimation of the rate of momentum in cases
involving injectors with larger diameters.

The utilization of the Lagrangian-based wall-stress model may
introduce a potential numerical artifact that can have a significant
impact. This artifact becomes evident in the noisy curves observed in
Fig. 5 and the patchy distribution of stress contours displayed in
Fig. 6(a). The cause of these artifacts is the relatively low cloud density
of the injected parcels within the computational domain, which is con-
siderably lower than that of realistic spray clouds encountered in prac-
tical applications with high-pressure injectors.

To address this issue, a parcel number resolution test is con-
ducted, as illustrated in Fig. 9. Different orders of magnitude are
employed to vary the total number of injected parcels, including
51 200, 512 000, and 5 120 000, representing coarse, baseline, and dense
cloud representations, respectively. It is observed that a low number

density leads to a poor representation of the rate of momentum profile,
while the highest number density helps to reduce the noise in the
curve. However, for the sake of computational efficiency, the best prac-
tice test utilizes the baseline parcel number, which strikes a reasonable
balance between accuracy and computational load.

B. Wall-stress test on ignition assistance device:
Non-reacting case

The following discussion highlights an important aspect of using
the SIWS model for analyzing the structural behavior of ignition assis-
tance devices. A non-reacting spray scenario is considered, with an
inert gas environment (specifically nitrogen) and no activation of the
heating element. By employing the SIWS model, it becomes possible to
conduct a meaningful structural analysis of the ignition assistance
device component and quantify the stress levels resulting from the
direct contact of the spray jet with the wall. Additionally, the gas phase
static pressure adjacent to the wall contributes an additional source of
wall stress. Similar to the previous test, a relative pressure field is uti-
lized to assess the wall stress induced by the gas jet, with calculations
performed relative to the initial gas pressure of 3MPa. In this particu-
lar test, the tip of the ignition assistance device’s heating element is
positioned at two different impact distances, namely, 11 and 21mm
downstream of the injector nozzle, denoted as Dimpact. As a result, the
varying levels of spray-jet-induced wall stress can be observed depend-
ing on the impact distance.

Figure 10 displays the normal component of the spray-jet-
induced and gas-jet-induced stresses on the wall component of the
ignition assistance device after 2ms from the start of injection, repre-
senting a steady-state phase. In parallel, a contour depicting the veloc-
ity of the gas jet is provided in a vertical cross section to demonstrate
the formation of the gas jet. In Fig. 10(a), the component of wall stress
caused by the spray jet is depicted. At an impact distance of 11mm,
the wall stress is concentrated within a small region where the impact
occurs, indicating a finite level of stress. However, at a farther down-
stream location (e.g., 21mm), the impacted region widens due to the
radial expansion of the spray plume. Simultaneously, the stress level
diminishes as the momentum of the spray jet decreases further
downstream.

In contrast to the spray-jet-induced stress, the gas-jet-induced
wall stress depicted in Fig. 10(b) is a consistent effect resulting from
the static pressure of the gas phase. As a result, a finite level of wall
stress is observed across the entire body of the ignition assistance
device. The stress level varies from positive to negative values, while
the spray-jet-induced stress only varies from zero to positive values.
The positive stress observed at the impact zone signifies that the gas jet
collides with that particular location, creating a stagnation point. At
this stagnation point, the gas jet’s momentum, or dynamic pressure,
transforms into static pressure, contributing to positive values of nor-
mal stress. Furthermore, owing to the cylindrical shape of the ignition
assistance device, the gas jet circulates around the body, as indicated by
the arrow in Fig. 10(b). This high-velocity flow tangent to the surface
results in a pressure decrease below the ambient pressure, leading to a
continuous presence of negative relative pressure outside the stagna-
tion point.

In Fig. 10, it is worth noting that both the gas-jet-induced and
spray-jet-induced wall stresses reach an order of magnitude of 4 in
their contour-scaled maxima when the impact distance is 11mm.

FIG. 9. Sensitivity of parcel number density on the calculated wall stress
(Pinj¼ 80MPa, Injector C). Injected parcels are 51 200, 512 000, and 5 120 000 for
coarse, baseline, and dense parcel cloud tests.
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This suggests that the spray-induced wall stress can be comparable to
the gas-jet-induced wall stress when the spray impact is intense.
However, at a farther downstream condition, such as an impact dis-
tance of 21mm, the spray-jet-induced wall stress becomes weaker. To
quantify this trend, Fig. 11 illustrates the time-averaged wall stress on
the ignition assistance device in the longitudinal (x) and circumferential

(h) directions. The directional axes are defined with respect to the cylin-
drical component of the ignition assistance device’s heating element, as
depicted in the figure. The time-averaged wall stress component is
divided into the gas-jet impact (red) and the spray-jet impact (green),
calculated over the injection duration of 2.2ms. Each measuring point
represents a 0.1mm spacing, and the wall stress values are collected

FIG. 10. (a) Spray-jet-induced and (b) gas-jet-induced wall stress formation under non-reacting conditions. Two impact distances are employed at 11 and 21mm.
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from neighboring cells. The light gray lines indicate the instantaneous
profiles of wall stress variation at intervals of 0.1ms.

From the results, it is observed that the peak value of the
spray-induced wall stress reaches approximately one-third of the
maximum gas-jet-induced wall stress for the impact distance of
11mm. This indicates a significant contribution from the spray-jet
impact. Conversely, for the farther downstream impact distance of
21mm, the spray-jet impact becomes marginal on the wall stress,
as shown in Fig. 11(b). In the 11mm case, the spray-jet contributes
to a non-zero level of wall stress only within a longitudinally 1mm
range, which is smaller compared to the impact distance of the
21mm case. This is because the spray plume has not expanded
radially enough to cover a broader range in the shallow impact dis-
tance scenario. On the other hand, the gas-jet impact is more spa-
tially extended since the spray-jet is accompanied by the turbulent

gas-jet, creating a broader stagnation point. It is important to note
that the gas-jet generates negative wall stress beyond the stagnation
point. This occurs because the gas-jet continues to flow tangen-
tially along the wall after impingement, as illustrated in Fig. 10(b).
The accelerating flow from the stagnation point leads to a decrease
in static pressure adjacent to the wall. This pressure decrease
becomes more pronounced where the flow encounters a rounded
wall, such as the end-tip of the ignition assistance device and the
sidewall.

These findings imply that the spray-induced wall stress should be
considered in the comprehensive structural analysis. However, this
important engineering aspect has not been previously included in the
studies on structural analysis.35,36 Therefore, future studies incorporat-
ing the analysis of spray-induced wall stress can provide a more essen-
tial understanding for subsequent failure analysis of the system.

FIG. 11. Wall-stress distribution in longitudinal (x) and circumferential (h) directions using two impact distance setups: (a) 11 and (2) 21 mm. Colored lines indicate time-
averaged stress. Light grays indicate instantaneous stress profiles.
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C. Wall-stress test on ignition assistance device:
Reacting case

In this test, the wall-stress analysis is conducted under a reacting
spray condition. For this purpose, the ignition assistance device heat-
ing element is activated by applying a voltage input of 7V to the elec-
tric circuit. As a result, a thermal boundary layer forms around the
ignition assistance device, which modifies the thermal properties of the
mixture to aid in ignition assistance. The maximum temperature on
the wall surface reaches 1400K, which has been validated against
experimental data in a previous study.57 Meanwhile, the boundary
condition of the injector remains the same as in the non-reacting test
case. Therefore, the following discussion provides a comparative analy-
sis of the mechanical stress formation, taking into account the impact
on the hot surface of the device and subsequent combustion.

Figure 12 illustrates the pressure-rise history in the combustion
chamber for two different impact distances: 11 and 21mm. It is evi-
dent that the ignition timing varies significantly with the different
impact distances. The impact distance of 21mm (represented by the
red solid line) results in faster ignition compared to the upstream
impact distance of 11mm (represented by the red dashed line). As a
consequence, the pressure curve associated with the 21mm impact dis-
tance exhibits a slow ramp-up profile, indicative of a moderately
mixing-controlled combustion regime. In contrast, the 11mm impact
distance leads to delayed ignition and an explosive combustion regime
driven by auto-ignition. This distinction can be attributed to the varia-
tion in the location of the thermal boundary layer, which influences
the fuel–air mixing history and thermochemical properties.

Under the same injector boundary condition, the thermal bound-
ary layer established upstream (e.g., 11mm) encounters a richer air–-
fuel mixture and a denser liquid spray jet, creating a low-reactivity
environment. Consequently, the fuel–air mixture travels further down-
stream of the ignition assistance device and spontaneously forms an
ignition pocket when it encounters favorable conditions for auto-
ignition. The flame kernel then grows following the most reactive mix-
ture conditions, particularly the stoichiometric mixture along the
periphery of the spray, as depicted in Fig. 13(a).

On the other hand, the thermal boundary layer established down-
stream (e.g., 21mm) heats a well-mixed fuel vapor and is less influ-
enced by the liquid spray jet. This condition allows for a longer
residence time for mixing, facilitating complete atomization and evap-
oration. As a result, the thermochemical properties of the mixture are
more conducive to combustion within the thermal boundary layer.
Consequently, an ignition pocket forms on the surface of the ignition
assistance device, and the ignition kernel subsequently grows down-
ward, following the most reactive stoichiometric mixture elements, as
illustrated in Fig. 13(b). Since the evolution of the spray jet accompa-
nies the growth of the ignition kernel, this combustion regime can be
characterized as fully mixing-controlled.

The analysis conducted on the non-reacting condition, as shown
in Fig. 10, also applies to the reacting condition. Therefore, Fig. 14
illustrates the time-averaged wall stress on the heating element of the
ignition assistance device in the longitudinal (x) and circumferential
(h) directions. In contrast to the non-reacting case, the wall stresses
induced by the gas jet (represented in red) and the spray jet (repre-
sented in green) are averaged over the injection period prior to igni-
tion, thereby excluding the influence of pressure rise due to
combustion. The red dashed lines represent the separate effects of
combustion-induced wall stress at two different timings, specifically
2.0 and 3.0ms.

The time-averaged wall stress component is separated into the
impacts of the gas jet (red) and the spray jet (green), and it is averaged
over the injection duration of 2.2ms. Comparing Figs. 11 and 14, the
wall stress profiles in both directions remain similar, with the reacting
case showing a slight reduction in peak stress values. This reduction
can be attributed to the presence of the hot thermal boundary layer
formed around the ignition assistance device body. The hot surface
and ambient air promote fuel evaporation, resulting in less liquid spray
jet impinging on the wall. Additionally, the hot ambient air decreases
the density of the surrounding gas, leading to a slight reduction in the
impact of the gas jet on wall stress. Nevertheless, the current results
support the previous claim that the wall stress induced by the spray jet
may be significant when the impact distance is short. After ignition,
the gas pressure in the combustion chamber rapidly increases due to
the exothermic reaction. This elevated gas pressure applies a greater
load to the entire ignition assistance device body, resulting in a quick
growth of wall stress. This trend is represented by the red dashed lines
at two different timings, 2 and 3ms.

Based on the current analysis, it is evident that the spray jet indu-
ces substantial wall stress formation when it impinges on the wall at a
shallow distance. Since the spray jet-induced ambient air entrainment
also contributes to the gas jet, the combined effects of the gas jet and
spray jet-induced wall stress should be considered a major source of
structural fatigue in the system. Moreover, this intense wall stress is
concentrated in a small area at the stagnation point of the jet impinge-
ment, which could lead to system operation failures (such as short cir-
cuits) or mechanical breakdowns. Therefore, the proposed SIWS
model can provide a reasonable estimation of the mechanical load that
should be taken into account during system design.

V. CONCLUSIONS

This study proposed a new wall-stress model, the SIWS model,
which can account for the spray-jet-induced wall stress formation on a
rigid body wall. The proposed model was successfully embedded into a
Lagrangian spray modeling framework. The following paragraphs

FIG. 12. Pressure trace in the combustion chamber (Ignition assistance device
input voltage¼ 7 V).
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summarize key takeaways gained from the numerical simulations and
subsequent data analysis performed in this study.

The SIWS (Spray-Induced Wall Stress) model represents a signif-
icant advancement in understanding the formation of wall stress
caused by spray impact. Previous literature primarily focused on wall
stress resulting from gas pressure, but the SIWS model incorporates
the momentum transfer of spray particles as an additional influential
factor. This impinging spray impulse can generate substantial mechan-
ical stress on the wall. The model assumes a seamless transfer of
momentum from the spray particles to the wall-stress component,
allowing the transmitted momentum to be redefined in terms of stress

units. The successful integration of the SIWS model into the widely
used CONVERGE commercial CFD software enables the estimation
and storage of wall-stress values within the software’s boundary cells.

This study successfully validated the proposed model. The initial
step involved verifying the basic Lagrangian spray model setup against
available data on spray penetrating length. Subsequently, the SIWS
model was integrated into the basic setup. The tested SIWS model
demonstrated accurate prediction of the experimentally measured rate
of momentum (impulse force) across various injector configurations.
However, it is important to note that the simplified physics employed
in the mathematical description may lead to errors when dealing with

FIG. 13. Ignition pocket formation (left) and fully developed spray flame (right) using two impact distance setups: (a) 11 and (2) 21 mm, and ignition assistance device input volt-
age of 7 V.
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larger injector hole sizes, which result in the presence of large liquid
particles. In such scenarios, the proposed model may not adequately
account for the complex physics associated with mechanical energy
and thermal energy dissipation.

The study’s discussion distinguishes between the sources of wall
stress, specifically the gas-jet impact and spray-jet impact. The gas-jet
is formed as a result of the gas entrainment caused by the high-flux
spray jet. Previous literature focused solely on analyzing the impact of
the gas-jet on wall stress, as they lacked the capability to consider the
spray-jet impact. However, the inclusion of the SIWS model in the cur-
rent simulations enabled the analysis of spray-jet impact. The results
demonstrate that both the spray-jet and gas-jet impacts significantly
contribute to the resulting wall stress profile, particularly in scenarios
where the impact distance is relatively shallow.

The SIWS model was employed to analyze the wall stress
characteristics in the ignition enhancement system of aircraft pro-
pulsion systems. Within the combustion chamber, an ignition
assistance device was installed, and the spray jet impinged on the
heating element of the device. Non-reacting and reacting simula-
tions were conducted to examine the behavior. The simulation
results indicate that the wall stress induced by the spray jet can be
as significant as the impact from the gas-jet when the impact dis-
tance is short. This high level of wall stress is concentrated in a
small area of the spray-impinging region. From a structural

analysis perspective, the SIWS model offers an effective solution.
The simulated outcomes emphasize that the high-pressure spray
jet has the potential to generate intense and localized wall stress
accumulation. This, in turn, may lead to fatigue in the solid materi-
als and ultimately result in system failure.
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