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RESUME

La combustion de I’hydrogene reste limitée industriellement en raison du risque de retour de
flamme en configurations prémélangées. Les flammes de diffusion constituent une alternative
plus siire, au détriment des émissions. Le concept de micromélange, basé sur I'injection de
micro-jets en écoulement transverse, vise a améliorer le mélange tout en limitant la formation
d’oxydes d’azote. Bien que les jets en écoulement transverse soient largement étudiés, les
réseaux de multiples micro-jets restent principalement limités a des géométries simples, telles
que quelques jets disposés cote a cote ou I'un derriere I'autre. Dans ce contexte, cette étude
analyse le mélange d’un alignement d’une ligne de huit jets en écoulement transverse, en
faisant varier I’angle d’alignement entre ’écoulement et la ligne de jets. Quatre angles sont
considérés (30°, 45°, 60° et 90°), ce dernier servant de référence. Des jets d'un diameétre
de 0,7 mm injectent de I’hélium, d’une faible densité pour approcher le comportement de
I'hydrogene, dans un écoulement transverse de vitesse Us = 1.2 m/s (Ree = 4060). Les
expériences couvrent des rapports de vitesse R = 6 a 13.5, un rapport de densité constant
S = 0.14, des rapports de quantité de mouvement J = 5 a 25 et des nombres de Reynolds
de jet Rej = 42 a 96.

Les résultats montrent que le rapport de flux de quantité de mouvement J et I'angle de la
ligne de jets gouvernent fortement la dynamique jet—écoulement transversal. L’augmentation
de J et la diminution de I'angle renforcent la pénétration des jets et déplacent progressive-
ment le régime dominant d’'un comportement de type refroidissement par jet mural vers un
mélange plus intense, tout en entrainant la dégradation progressive des grandes structures
cohérentes en turbulence a plus petite échelle. La pénétration des jets suit la loi d’échelle
attendue en Rd, mais I’angle du réseau introduit un effet de bouclier : des angles plus faibles
réduisent 'obstacle frontal pour 1’écoulement transversal, ce qui conduit a une pénétration
plus profonde et a des interactions jet—jet plus marquées. Les caractéristiques du mélange
résultent de ces interactions et la paire de vortex contrarotatifs (CVP). Cette derniere domine
le mélange dans le champ lointain, tandis que le mélange proche est retardé par la persistance
du coeur des jets marquée pour des J élevés et des angles faibles. En conséquence, la dilu-
tion dans le champ lointain est améliorée pour les faibles angles, avec des concentrations plus
faibles et une homogénéité spatiale plus uniforme. L’analyse temporelle montre également
que les faibles angles suppriment les instabilités périodiques de la couche de cisaillement,
conduisant a un mélange plus stable dans le temps, tandis que la CVP reste temporellement

stable et favorise un mélange.
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ABSTRACT

Hydrogen combustion remains limited in industrial applications due to the risk of flashback in
premixed configurations. Diffusion flames offer a safer alternative, at the expense of mixing
quality and emissions. The micromix concept, based on the injection of micro-jets in a
transverse crossflow, aims to enhance local mixing while limiting nitrogen oxides formation.
Although jets in crossflow have been extensively studied, networks of multiple micro-jets
remain mostly limited to simple geometries, such as a few jets arranged side-by-side or one
behind the other. In this context, the present study analyzes the mixing of a linear array of
eight jets in a transverse crossflow, varying the alignment angle between the crossflow and
the array of jets. Four angles are considered (307, 45°, 60°, and 90°), the latter serving as the
reference. Jets 0.7 mm in diameter inject helium, used as a hydrogen proxy, into a transverse
flow of air at a velocity Us = 1.2 m/s (Res = 4060). The experiments cover velocity ratios
R = 6 to 13.5, a constant density ratio S = 0.14, momentum flux ratios J = 5 to 25, and jet
Reynolds numbers Rej = 42 to 96.

The results show that both the momentum flux ratio J and the array angle strongly govern the
jet—crossflow dynamics. Increasing J and lowering the array angle enhances jet penetration
and shifts the dominant regime from attached cooling-type jets to strong jet—crossflow mixing,
while progressively breaking down large coherent structures into smaller-scale turbulence. Jet
penetration follows the expected Rd scaling, but the array angle introduces a shielding effect:
lower angles reduce the frontal blockage to the crossflow, resulting in deeper penetration and
stronger jet—jet interactions. Mixing characteristics depend on the interplay between these
interactions and the counter-rotating vortex pair (CVP). The latter dominated the mixing
in the far field, while the near mixing is delayed by a strong potential core at high J and low
array angles. Ultimately, the dilution reached is better for lower angles in the far field, with a
lower concentration and more uniform spatial homogeneity. Temporal analysis further shows
that low array angles suppress periodic shear-layer instabilities, leading to more temporally

stable mixing behavior while CVP is time stable, improving the mixing.
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CHAPTER 1 INTRODUCTION

1.1 Energy consumption and global emissions

In 2024, 87% of the global demand for energy is still met by fossil fuels such as coal, oil, and
natural gas [1]. These energy sources have historically enabled rapid industrial expansion and
improvements in living standards, owing to their high energy density and the ease of storage.
However, their combustion releases large amounts of Carbon Dioxide (§0the dominant
greenhouse gas, responsible for nearly 79% of anthropogenic global emissions, followed by
Methane (CH;) (19%) and Nitrous Oxide (N,O) (4%) [2]. The World Meteorological Orga-
nization (WMO), through its Global Atmosphere Watch (GAW) scienti ¢ program, reported
that CO, concentrations have continued to rise in recent years, with average growth rates of
1 2 ppm per year, as shown in Fig. 1.1 [3]. In addition to Cg fossil fuel combustion also pro-
duces substantial amounts of Nitrogen Oxides (NQ, N,O, Sulfur Oxides (SQ), Unburned
Hydrocarbons (UHC), such as Cl and particulate matter. All of these contribute to air
pollution and have signi cant impacts on human health, ecosystems and the economy, with a
relative cost of 6% to the world Gross Domestic Product (GDP) [4]. Notably, the social costs
of the main greenhouse gases have been calculated per tonne emitted into the atmosphere,
amounting to US$185 for CQ, US$2,000 for CH, and US$65,000 for BO in 2020 [5 7].
The power generation sector, dominated by fossil-fuel power plants, is a major contributor:
gas- red plants remain central in the global electricity mix, with gas turbines widely used
for both baseload and peaking power due to their exibility and e ciency [8]. Recognizing
these environmental impacts, international regulations have set reduction targets, such as
the Goteborg Protocol, which requires a 42% reduction in NOand 58% reduction in SQ
emissions by 2035 relative to 2005 levels [9].

Following this dynamic, a transition towards cleaner power generation is essential. Hydrogen
(H») has emerged as a promising alternative to fossil fuels for gas turbines, as its combustion
does not produce CQ. However, the so-called hydrogen economy must be carefully evaluated,
depending on the method of hydrogen production. In 2021, only 0.04% of the total hydrogen
used was produced via water electrolysis using renewable energy, while 83% was derived from
fossil fuels [10, 11].



Figure 1.1 Growth rate of the annual global mean atmospheric CQcalculated from WMO
GAW network observations for 1985 2023, with permission [3]

1.2 Hydrogen application in industrial gas turbines

Beyond production and supply considerations, the integration of hydrogen into industrial gas
turbines raises signi cant challenges regarding combustion dynamics, pollutant formation,
and system stability.

1.2.1 Gas turbine operation and combustor concepts

Modern stationary gas turbines, whether aeroderivative (gas turbines initially developped for
aircraft jet engine propulsion and adapted for industrial and power-generation use) or heavy-
duty industrial machines, are based on the same thermodynamic principle. A schematic
representation is presented in Fig. 1.2. Compressed air is rst delivered by a multi-stage
compressor, then mixed with fuel and burnt in the combustion chamber. The resulting
high-temperature gases expand through the turbine, where part of their energy is redirected
through the shaft to drive the compressor. The remaining energy released by the combustion
is converted either into mechanical power, as in turboshafts and turboprops, or into thrust by
accelerating the exhaust gases, as in turbojets and turbofans for aeronautical applications.

Continuous improvements have shaped gas turbine design over the decades, including ad-



Figure 1.2 Schematic representation of a gas turbine, adapted from Wikimedia Commons,
CCBY 4.0

vanced airfoil aerodynamics, multi-stage high-pressure compressors and turbines, cooling
technologies, and cycle innovations such as gas pre-heating or reheating. Nevertheless, the
combustion chamber remains the most critical component, both for performance and for
compliance with emission regulations. To meet these requirements, various combustor archi-
tectures have been developed: Dry Low Emission (DLE) systems relying on lean premixing,
Wet Low Emission (WLE) concepts based on water or steam injection, sequential (two-stage)
combustion, such as Rich-Quench-Lean (RQL) staging, for reduced pollutant formation and
improved performance [12]. Each of these strategies aims at shaping the temperature distri-
bution, since this parameter largely dictates the level of NOformed during combustion.

1.2.2 Pollutant formation

Pollutants formation in gas turbines is primarily governed by ame temperature and by the
spatial and time distribution of the fuel air mixture. Incomplete combustion occurring in
fuel-rich regions can lead to the formation of Carbon Monoxide (CO) and unburned fuel
when hydrocarbons are used. NQOemissions arise primarily from the thermal (Zeldovich)
mechanism, which involves the dissociation of the strong triple bond of molecular nitrogen
at high temperatures [12]. Consequently, localized hot spots or near-stoichiometric regions
play a decisive role in increasing NOproduction. This explains why premixed combustors
operated with lean mixtures, which promote a more homogeneous temperature eld, generally
lead to lower NQ, emissions. In contrast, non-premixed con gurations tend to produce locally



rich zones and higher temperature gradients, which are associated with increased pollutant
formation [12].

Alternative approaches aim at reducing the e ective ame temperature or the residence time
of gases in high-temperature regions. For instance, WLE systems inject water or steam to
absorb heat and lower the peak temperature of the ame. Sequential or staged combustors
split the combustion process into multiple steps separated by intermediate cooling, which re-
duces the residence time during which the gases remain at high temperature and consequently
limits NO, formation.

1.2.3 Hydrogen versus natural gas combustion characteristics

H, exhibits combustion characteristics that di er strongly from methane and other hydro-
carbons traditionally used in gas turbines. Its lower volumetric energy densitg;1MJ/m * for
hydrogen compared to abouB5MJ/m ° for natural gas atP =1 atmand T =0 C [14], im-
plies that signi cantly larger storage volumes and higher compression pressures are required
to store equivalent amounts of energy. This limitation complicates storage and transport,
thereby making stationary power generation a more practical application than transportation
for H, usage [15]. Furthermore, its wide ammability range 4:1  75% vol. for hydrogen
with air vs. 5:3 15% for methane with air at Standard Temperature and Pressure (STP)

T = 298K and P = 1 atm [16]) and high laminar ame speed &1m/s vs. 0:4m/s for
methane at stoichiometric conditions [13]) render hydrogen ames more prone to ashback,
(i:e: the upstream propagation of the ame into the premixing section when the local ow ve-
locity falls below the ame speed) and thermo-acoustic instabilitiesi:g: self-excited pressure
oscillations resulting from constructive coupling between unsteady heat release and acoustic
waves in the combustion chamber) especially in premixed combustors [12]. Hydrogen also
has a low ignition energy and high di usivity, which on one hand facilitates rapid mixing
and ignition, but on the other hand makes the ame more susceptible to uncontrolled igni-

Table 1.1 Comparison of key combustion properties of hydrogen and methane [13]

Properties Hydrogen (H ;) | Methane (CH ,)
Lower heating value [MJ/kg] 120 48

Lower heating value [MJ/m?] 11 35
Density at STP [kg/m?] 0.09 0.72
Flammability limits in air [vol.%] 4175 5315
Laminar ame speed at stoichiometry [m/s] 3.1 0.4
Ignition energy [mJ] 0.02 0.28

Di usion coe cient [cm ?/s] 0.61 0.16




tion events and local instabilities [12]. The hydrogen and methane properties are listed in
Tab. 1.1 [13].

These properties impose signi cant constraints on the design of hydrogen-fueled gas turbines.
Conventional lean premixed ames, which are widely used to achieve low N@missions in
natural-gas turbines, become di cult to stabilize without risking ashback into the injection
system. This has motivated extensive research into alternative burner concepts, such as
staged combustion, distributed injection, and micromix technology which aim to maintain
locally lean conditions, enhance fuel air mixing, and mitigate the risk of ashback, while still
ensuring a su cient level of mixing to limit pollutant formation.

1.3 Micromixing technology

The micromix concept relies on arrays of small injectors (typically with jet diameterd < 1
mm), as illustrated in Fig. 1.3. In this con guration, the fuel is injected perpendicularly into
the main oxidizer stream through the Jet In Cross-Flow (JICF) approach, generating strong
shear layers and characteristic vortical structures that promote rapid and intense mixing. The
spatial separation of the reactants prior to mixing inherently mitigates the risk of ashback.
However, pollutant formation then depends strongly on the rapidity and uniformity of the
mixing process.

Reducing the jet diameter enhances the mixing e ciency while simultaneously decreasing
the residence time at high temperatures, thereby limiting NQ formation [18]. However,

excessively small jets may lead to increased ame instability, indicating the existence of an
optimal injector scale [19]. Promising experimental results have demonstrated that hydrogen

Figure 1.3 Schematic and photographic views of the micromix burner geometry developed at
Aachen University. (a) Schematic of the hydrogen jet in cross ow. (b) Close-up of hydrogen
injection holes and air guiding panels. (c) Overall view of the annular micromix injection
system; adapted with permission [17]



micromix combustors, operating with jet diameters below one millimeter, achieved NO
emissions as low as 2.5 ppm (corrected at 15 vol.%)J20].

Despite this potential, relatively little research has been devoted to micromixing combustors
for hydrogen applications. The existing literature remains limited, particularly from an ex-
perimental perspective, where the characterization of mixing processes and ow interactions
within injector arrays is still scarce. Moreover, even fewer studies address the problem from a
fundamental standpoint, focusing on the underlying uid-mechanical mechanisms governing
mixing and jet interactions. Previous work by G. Dodier [21] has highlighted the importance
of geometric parameters in micromix injector con gurations. In particular, it was shown
that the spacing between jets in an array perpendicular to the cross ow direction, can sig-
ni cantly in uence both the mixing e ciency and the interaction between neighboring jets.
These interactions directly a ect the development of the ow eld and the resulting scalar
transport [21].

However, while the role of jet spacing has been investigated, other key geometric parameters
remain largely unexplored in micromix con gurations. In particular, the in uence of the

jet array angle relative to the cross ow has received little attention, despite its potential
impact on jet interaction, mixing enhancement, and overall injector performance. Address-
ing this question therefore represents an important step toward a deeper understanding of
micromixing mechanisms in multi-jet injector con gurations.

1.4 Research objective

Building on the context presented above, the present work aims to experimentally investi-
gate the in uence of the array angle on the mixing behavior of low-density micro-jet arrays
discharged into a cross ow. In this con guration, the jets are arranged in arrays oriented at
prescribed angles relative to the cross ow direction. The study focuses on the fundamental
investigation of the jet cross ow and jet jet interactions arising in these con gurations and
their impact on the mixing process. To characterize the mixing, several metrics are employed,
including jet penetration, velocity elds, jet dilution and spatial and temporal mixing uni-
formity. The analysis is conducted over a range of jet-to-cross ow momentum ratios in order
to encompass di erent regimes relevant to practical applications, from Im cooling to rapid
mixing.



1.5 Thesis outline

This master's thesis begins with a review of mixing phenomena, examining both large- and
small-scale structures, and discussing the respective roles of di usivity and advection. Met-
rics commonly used to quantify mixing are introduced, providing the foundation for sub-
sequent analyses. The review then turns to previous works on JICF, before extending the
discussion to multiple-jet arrangements. The following chapter describes the experimental
methodology, including the jet geometries investigated. Particular emphasis is placed on
laser-based optical diagnostics, such as Particle Image Velocimetry (PIV), as well as on the
post-processing techniques employed to extract relevant ow and mixing parameters. The
results are organized into four main parts. Firstly, a description of the jet structures into
the cross ow across the di erent injection con guration is provided. Secondly, jet trajecto-
ries are examined for the di erent injector con gurations and compared with reference data
from the literature. Thirdly, velocity- eld analyses are conducted to understand ow dynam-
ics. Finally, the mixing performance is quanti ed across the various geometries, such as the
jet spread downstream and the jet intensity decay. A particular attention is applied to the
spatio-temporal variations of the mixing. The key ndings are summarized in the conclusion,
highlighting the in uence of multi-jet arrangements on jet cross ow interactions and mixing

e ciency. Design guidelines and recommendations for future research are also provided to
enhance hydrogen micromixing. In particular, these guidelines serve as a valuable resource
for Original Equipment Manufacturers (OEMSs), highlighting the practical relevance of the
di erent injector con gurations.



CHAPTER 2 LITTERATURE REVIEW

2.1 Mixing

Mixing processes play a central role in uid mechanics and combustion, as they govern how
momentum, energy, and scalars such as species concentrations are distributed within a ow.
In the context of jet-in-cross ow con gurations, understanding the underlying mechanisms
of mixing is essential to control ame stability, pollutant formation, and overall system e -
ciency. This section rst recalls the governing equations of uid motion and scalar transport,
from which the relevant dimensionless parameters controlling mixing behavior are derived.
Particular emphasis is given to the interplay between advection and di usion processes, which
respectively govern macroscopic mixing through large-scale transport and microscopic mix-
ing through molecular di usion. Finally, the main quantitative metrics used to characterize
mixing are introduced, enabling comparison across di erent ow conditions and injector de-
signs.

2.1.1 Governing equations and transport of scalars

Mixing processes in turbulent ows can be described starting from the transport equation
for a scalar eld , such as species concentration or temperature. The scalar transport (i.e.
convection) equation reads:

@@t)” (u)=r (Dr )+ ! ; (2.1)

where is the local density,u the local velocity vector,D the molecular di usivity of the scalar
in its environment, and! a source term accounting for chemical production or destruction.

Since the current study is non-reactive] = 0. The left-hand side describes advection,
characterizing the transport of the scalar by the bulk motion of the uid itself, while the
right-hand side accounts for di usion, which tends to homogenize concentration gradients,
starting at molecular scales. These two mechanisms, advection and di usion, govern the
mixing process. The Péclet numberPe, de ned as the ratio of advection to molecular
di usion in scalar transport in Eqg. 2.2, indicates which phenomenon dominates:

di UL,

Pe= = = Re Sg; (2.2)
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where 4 and .4, are respectively the characteristic time of di usion and advection, ant)
and L. denote characteristic velocity and length scales, respectively. A larges signi es that
advection prevails over di usion. The Péclet number can be expressed by the product of the
Reynolds numberRe and the Schmidt numberScthat are commonly employed in gas turbine
studies. In most engineering ows, such as JICF5c¢, is on the order of unity leading to a large
Péclet number Pe 1) implying that advection dominates in mixing [22,23]. However, for
very light species such as hydrogen, diusion can still play a noticeable role, particularly
near the jet exit region and within small-scale turbulent structures [24,25]. Indeed, hydrogen
exhibits much higher molecular di usivity than heavier gases, leading to lower Péclet numbers
and consequently enhanced di usive transport relative to momentum. At STP, the molecular
di usivity of hydrogen in air is Dy,.ar  0:61 cm?/s [26], which is approximately four times
that of methane in air, Dcp, ar ~ 0:16 cm?/s [27].

Turbulent Di usion

Turbulent ows enhance mixing by increasing the e ective di usivity of scalar quantities be-
yond their molecular value, a phenomenon commonly referred to as turbulent di usion. The
turbulent di usivity, Dy, accounts for the mean, macroscopic transport of scalars induced by
velocity uctuations, yielding an e ective di usivity D, = D + D¢ [28]. Higher turbulence
intensity ampli es the uctuating velocity components, thereby increasingD; and accelerat-
ing scalar homogenization throughout the ow [29, 30]. In higliRe and highP e ows, scalar
transport is dominated by advection and turbulent uctuations, while molecular di usion
plays a negligible role at macroscopic scales [29]. In such ows, mixing proceeds through
a cascade of turbulent eddies, progressively transferring scalar uctuations from large to
smaller scales, where molecular di usion ultimately smooths the scalar eld; this e ect is
particularly pronounced for highSc uids [30]. Turbulence theory also supports this view,
with Tennekes & Lumley [31] showing that turbulent di usivity D; can exceedD by sev-
eral orders of magnitude, highlighting the dominant role of turbulent transport in practical
engineering ows such as jets in cross ow and combustors. Consequently, e ective mixing
in these ows is primarily controlled by turbulence intensity, eddy structures, and coherent
vortical motions, with molecular di usion serving only as a ne-scale smoothing mechanism.

2.1.2 Mixing metrics

Quantifying mixing in JICF requires a proper de nition of a normalized scalar eld , where
=1 represents pure jet uid, =0 pure cross ow uid, and intermediate values indicate
partial local mixing. Hewes and Mydlarski [32] illustrate di erent mixing states in a scalar



10

eld in Fig. 2.1: (a) a fully unmixed state where the uids are completely separated, (b)
a stirred state with zero molecular di usivity (D = 0), and (c) a fully mixed state where
molecular di usion (D > 0) has acted to homogenize the scalar eld.

(a) Initial condition (b) Intermediate state (c) Fully mixed state

Figure 2.1 Three possible mixing states for a black scalar (= 1) with di usivity D mixed
with a white uid (= 0) within a closed system: (a) initial condition; (b) intermediate
state; (c) fully mixed state; with permission [32]

Variance-based mixing metrics

A common approach to characterize the mixing state is via the scalar varianc& = ()2,
where is the local scalar value and its mean over a de ned neighborhood or temporal
ensemble. A classical metric derived from the variance is the intensity of segregatian
introduced by Danckwerts [33]. It is de ned as the ratio of the variance at a given time,?,
to the initial variance att=0's, 3: ls= 2= 3.

Although widely used in closed systems, such as tank mixing applications, this measure
strongly depends on the initial conditions and is therefore less suitable for open reactors,
where the initial global scalar value is not representative of the nal mixed state, as in jet-in-
cross ow con gurations [34]. To have a degree of mixing eld for combustion purposes, the
coe cient of variation ®= can be used [35]. However, the scalar variance has a theoretical
upper bound givenby & (1 ), corresponding to a binary (fully segregated) eld. When
scaled by the mean scalar, the coe cient of variation is thus bounded b§ %= 1 .
Although this metric re ects the degree of inhomogeneity, its upper limit depends on the
mean scalar , making it less suitable for comparing mixing states across regions or ow
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conditions. In contrast, the normalized variance, or unmixedness parameter [32, 36, 37]:

Us ———; (2.3)

is bounded between 0 (perfectly mixed) and 1 (completely segregated), providing a consistent
and dimensionless measure of mixing. For instance, this parameter has been used to evaluate
the evolution of the mixing quality along the downstream distance of a JICF [37,38]. It
has been shown that the unmixedness parameter e ectively captures the enhanced local
mixing induced by Kelvin Helmholtz instabilities at the jet cross ow interface [38]. An
equivalent formulation based on mass has also been applied in gas turbine studies, where
it has been shown that lower unmixedness values correlate with reduced local temperatures
and, consequently, lower thermal NQ formation [39].

2.2 Single jet in cross ow

The JICF con guration is widely encountered in uid mechanics and occurs when a smaller
jet interacts with a larger transverse ow. It has been extensively studied due to its relevance
in a wide range of engineering applications. Figure 2.2 illustrates several examples, including
exhaust gas dispersion from smokestacks, volcanic eruptions, and industrial applications, such
as gas turbines. Jets in cross ow are used for cooling high-pressure turbine blades and for
mixing fuel and air either prior to the main combustion process or within staged combustion
systems, such as rich quench lean combustors.

(@) (b) (©)

Figure 2.2 Three examples of jets in cross ow observed in nature and engineering: (a) volcanic
smoke, (b) smoke rising from an industrial smokestack, and (c) Im cooling of turbine blades;
in open access [40,41]
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2.2.1 Jet structure

In the canonical con guration of a jet issuing into a transverse cross ow, a rich hierarchy of
coherent vortical structures develops due to the strong shear and three-dimensional interac-
tion between the jet and the cross- ow boundary layer. These multiscale structures, shown
in Fig 2.3, are described as follows :

Figure 2.3 Main structures of a JICF showing key ow features such as the jet core, shear
layers, and vortical structures; adapted with permission from [42]

The dominant ow structure downstream of a jet of diameterd is the Counter-rotating
Vortex Pair (CVP), which originates in the near eld of the jet wake, de ned as the
region wherex=d . 3, due to distortions in the shear layer. The CVP then persists
and convects downstream along the jet trajectory, thereby enhancing the overall mixing
e ciency [43]. It governs the jet cross ow interaction in the far eld, typically de ned

for x=d & 3 [44], yet remains strongly in uenced by near- eld conditions, including
vortical structures within the jet ori ce that may induce constructive or destructive
interactions a ecting the coherence of the CVP [45].

Upstream of the jet exit in the cross ow, horseshoe vortices develop as the cross-
ow boundary layer interacts with the jet ori ce, separates, and wraps around the
jet base. The structure adopts a horizontal U-shape around the jet, with side exten-
sions stretching downstream within the cross ow. This horseshoe vortex is generally
considered a weak structure, contributing only marginally to the overall jet cross ow
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interaction [46]. Depending on the ow conditions, it may exhibit steady, oscillatory,
or coalescing behavior [42,47].

Along the windward shear layer of the jet, the velocity discontinuity between the jet and
the cross ow induces Kelvin Helmholtz instabilities. The latter promote the formation

of coherent vortical structures, typically in the form of vortex rings or hairpin vortices,
which undergo rapid roll-up, entrain cross ow uid, and transfer vorticity into larger-
scale structures [42,45,47]. The dynamics of these shear-layer instabilities are inherently
periodic and are governed by several ow parameters, including the jet exit velocity
pro le, the jet and cross ow Reynolds numbers Re; and Re; ), and the jet-to-cross ow
momentum ux ratio J [48].

In the wake region behind the jet column, upright wake vortices or tornado-like
vortices may form due to vorticity shed from the cross- ow boundary layer and from
the jet wake interaction. Fric & Roshko [42] have found these structures are more
pronounced at a jet-to-cross ow velocity ratioR equals to 4. These structure can
either have stationary or oscillating modes, with a similaGSt as wake vortices [47].

2.2.2 Main parameters

In the analysis of a JICF, three dimensionless parameters govern the interaction between
the jet and the cross ow: the velocity ratioR, the density ratio S, and the momentum ux
ratio J.

De ned in Eq. 2.4, wherey; is the jet exit velocity and U, is the freestream cross ow velocity,
R has historically been the principal parameter used to characterize the ow behavior, and
it has been shown to primarily govern the downstream wake dynamics [49].

R= L (2.4)

Figure 2.4 illustrates the in uence ofR on jet trajectories. Particularly, Fig. 2.4a focuses on
the windward shear layer trajectories in the near eld region aRe; = 2000 [43]. Fig. 2.4b

shows the jet centerline trajectories, normalized byrd [50]. Both gures show that, at

constant jet-to-cross ow density ratio S, increasing R enhances jet penetration into the
cross ow. The velocity ratio R is known to strongly in uence the jet trajectory, which is

often described by the power-law relation:

(2.5)
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where A and B are dimensionless coe cients that depend on the ow con guration and
operating conditions. Several trajectory scalings have been proposed, including normalization
by d (Eq. 2.5), Rd, and R?d, with the objective of collapsing experimental data obtained at
di erent values of R onto a single curve. Figure 2.4b illustrates the attempted collapse
using the Rd scaling. Typical values of the trajectory coe cients for this scaling arel:2 <

A < 26 and 0:28 < B < 0:34 [51]. Despite this normalization, jet trajectories obtained
for di erent values of R do not converge onto a universal curve. Similar conclusions were
drawn when applying theR?d scaling, further indicating that no single normalization fully
captures the in uence ofR on jet trajectory [50]. Additional experimental studies indicate
that the trajectory coe cients A and B are sensitive to the jet exit velocity pro le. For the
same velocity ratioR, a jet with a parabolic velocity pro le penetrates more deeply into the
cross ow than a jet with a mean-turbulent pro le [51]. This is re ected in the trajectory
coe cients: for example, New, Lim & Luo [52] report that a jet with a top-hat velocity pro le
typically has A = 1:65and B = 0:25, whereas a jet with a parabolic velocity pro le produces
larger coe cients, A = 1:96 and B = 0:31, consistent with its deeper penetration into the
cross ow. Similar conclusions were reached by Muppidi & Mahesh [53], who performed direct
numerical simulations of JICF con gurations. Their results suggest that an improved collapse
of jet centerline trajectories can be achieved by accounting for the detailed shape of the jet
exit velocity pro le, rather than relying solely on the velocity ratio.

(@) (b)

Figure 2.4 Jet trajectories for variousR. (a) Near eld windward shear-layer trajectories
normalized byd for ush jets (solid lines) and elevated jets (dashed lines) [43]. (b) Centerline
trajectories normalized byRd, with permissions [50]
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Such scaling laws have been extensively reported in the literature. Early studies by Holde-
man [54] demonstrated a strong correlation between increased jet penetration and improved
transverse mixing in con gurations dominated by cross ow. These ndings were later re-
viewed and extended by Karagozian [55], who emphasized the relevance of penetration scaling
in the context of combustor applications.

Furthermore, R governs the instability regime of the ow. Studies have demonstrated that
reducingR, achieved by increasingJ; , leads to the reinforcement of a single dominant mode
of the shear layer instabilities, occurring closer to the jet exit compared to cases with higher
R values [43].

In addition to the velocity ratio, the jet-to-cross ow density ratio S, de ned in EqQ. 2.6, also
plays a crucial role in determining the jet behavior in non-equidensity ows. It is de ned as

s= -1, (2.6)

where ; and ; denote the jet and cross ow densities, respectively. The density ratio
indicates the relative importance of buoyancy e ects : jets lighter than the cross owS < 1)
experience a predominantly upward spread, which enhances mixing with the surrounding
uid, whereas heavier jets & > 1) tend to de ect downward after several downstreand,
strongly in uencing the far- eld trajectory [56]. This behavior is commonly observed and
studied in buoyant jets in the liquid phase [57], and it is also relevant in cooling applications,
where temperature di erences induce density variations [49]. Furthermore, both experimental
and numerical studies have shown that density gradients can promote shear-layer instabilities
at the uid interface, even in the absence of strong velocity gradients [43,58]. Whéhé 1

he shear layer is subject to Rayleigh-Taylor (RT) instabilities in addition to the classical
Kelvin-Helmholtz (KH) instabilities, a ecting the roll-up of the shear layers. In particular,
study of a light jet in a heavier cross ow S < 1) demonstrated that this density di erence
signi cantly increases the spatial ampli cation rate of shear-layer disturbances. Although the
underlying physical mechanism is not fully understood, their results indicate that inertial
e ects associated with the density contrast dominate over viscous, buoyancy, or di usive
contributions [59].

Combining the e ects of velocity and density ratios leads to the de nition of the momentum
ux ratio, J, which is used to characterize JICF:
U2

1 Uf

2.7)

This dimensionless number quanti es the relative importance of the jet's momentum com-
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pared with that of the cross ow. It has been shown to be the primary factor controlling the
jet trajectory, penetration, and mixing [49,54]. Increasingl generally results in deeper jet
penetration, a straighter trajectory, and stronger entrainment of the surrounding cross ow,
whereas lowerd values produce jets that bend more rapidly in the direction of the cross ow
and interact less with the ambient uid [55]. Beyond these kinematic e ects]) also plays a
critical role in controlling shear-layer stability and vortex dynamics, which in turn strongly
in uence mixing processes. The resulting mixing and unmixedness do not vary monotonically
with J, with optimal mixing often occurring at intermediate J values and depending strongly
on density ratio, shear-layer instability regime [38] and geometrical injection factors [54]. For
cooling purposes, typical values of are below 5, enabling the jet to remain close to the
surface, whereas for mixing applications] > 5 [55].

The Reynolds numbers of the jet and the cross- ow are key parameters for determining the

ow regime:

Reet = U‘—d Re, = Yy d; (2.8)
|

where ; and ; are the kinematic viscosity of the uid in the jet and the cross ow, respec-
tively. These parameters primarily govern turbulence levels, with the transition occurring
around Re 2000to 4000 Reynolds numbers also a ect shear-layer development. Ex-
perimental observations show that the shear layer thickens d8e increases from 1000 to
2000 [60]. As discussed in Section 2.1, turbulence enhances interactions between the jet and
the cross ow, thereby increasing the rate of mixing. This e ect can be quanti ed through
turbulent di usivity, which captures the enhanced momentum and scalar transport induced

by turbulent uctuations.

2.2.3 Additional in uential parameters

JICFs have been widely studied over the past decades due to their relevance in many industrial
applications. In addition to the momentum ux ratio, it has been observed that geometrical
con guration of injectors have a signi cant in uence on the mixing. The following section
summarizes the key studies and ndings related to geometrical parameters, highlighting the
existing gap in the literature regarding complex jet arrangements.

Jet-exit geometry

Although the study of Haven and Kurosaka [61] was conducted in a water tunnel, the iden-
tied mechanisms governing the formation of vortices remain relevant to gaseous jets in
cross ow, as these vortex structures are inherent to the jet cross ow interaction. However,
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di erences in density ratio, turbulence levels, and the absence of scalar transport limit the
direct transposition of their results to reacting or variable-density ows.

Water-tunnel experiments demonstrated that the jet-exit geometry strongly governs the near-
eld vorticity dynamics of jets in cross ow [61]. The corresponding results are shown in
Fig. 2.5. By tracking the circumferential vorticity, they identi ed a double-deck structure
composed of a steady lower CVP, originating from the near- eld region, and an intermittent
upper vortex pair generated from leading-edge vorticity reoriented by cross ow entrainment.
The upper layer of the double deck structure can produce either vortices with the same sense
of rotation as the CVP (kidney vortices) or with opposite vorticity (anti-kidney vortices),
depending on the exit geometry. Complementary experiments on elliptic jets demonstrated
that aspect ratio (AR) a ects only the near eld: low-AR (i.e. AR < 1, meaning major
axis of the ellipse is aligned with the cross ow) jets form two adjacent CVPs that merge
downstream, while high-AR (i.e. AR > 1, meaning major axis of the ellipse is normal
to the cross ow) jets create a single CVP and additional windward shear-layer folds that
evolve into smaller Windward Vortex Pair (WVP). These WVPs can develop into kidney,
anti-kidney, or newly observed interconnecting vortices. Despite these geometry-dependent
near- eld di erences, both studies concluded that far- eld structures converge toward the
canonical leading-edge and lee-side vortices characteristic of circular jets in cross ow [62].
Interestingly, the time-averaged trajectory is not a ected by the ori ce shape [36].

Figure 2.5 Schematic of the double-deck structure induced by a rectangular jet exit. (a)
Unsteady kidney vortex pair for a low aspect ratio. (b) Hollow arrows indicate the mutually
induced velocities within the upper or lower vortex pairs, with permission [61]
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Elevated jet

For jets in cross ow, vortex dynamics are strongly in uenced by both the jet and cross ow
velocity pro les, shaped by the boundary layer [52]. Flush jets to the surface exhibit a
horseshoe vortex system that can be stationary, oscillatory, or coalescing, with oscillation
frequencies often matching the Strouhal number of wake vortices [42,47]. In contrast, elevated
jets, characterized by a jet exit located at a nite distance above the surface, shed vortices at a
nearly constant Strouhal numberSt;  0:2, largely independent of the velocity ratioR [63],
and signi cantly weaken near- eld shear-layer instabilities [64]. This weakening delays or
suppresses shear-layer roll-up and inhibits the formation of a clear, symmetric CVP, whereas
ush jets under similar conditions exhibit rapid roll-up and strong CVP formation. At higher
momentum ux ratios (J & 40), both elevated and ush jets tend to develop convectively
unstable shear layers and increasingly asymmetric vortex structures [64].

The penetration depth di ers signi cantly between ush and elevated jets. Figure 2.6 high-
lights the shear layer edges on both the windward and leeward sides for each con guration.
The gure also presents cases with jet ow rate modulation; however, these forced cases are
not relevant to this study, which focuses solely on the unforced case (solid lines). Compared
to the elevated jet, the ush jet penetrates more deeply relative to its exit height. In the
ush con guration, the jet is discharged into the near-wall boundary layer, where the cross-
ow velocity is relatively low. This allows it to preserve its momentum and achieve greater
penetration. In contrast, the elevated jet encounters higher local cross ow velocities near the
exit, causing it to be de ected earlier and resulting in reduced penetration. This e ect is
most pronounced at relatively high momentum ux ratios § = 10), whereas at lower values
(J =3 andJ = 1:15) the di erence in penetration between ush and elevated jets becomes
negligible [38, 65].

2.3 Multiple jets arrangement

The interaction of multiple jets in cross ow has been widely investigated due to its relevance
to industrial mixing devices. In such applications, multiple injection ori ces are typically used
to enhance mixing e ciency and control scalar distributions. Two principal con gurations
have been extensively studied: side-by-side (in-line) jets, where multiple jets are injected
perpendicularly to the cross ow, and back-to-back con gurations, where jets are aligned along
the streamwise direction, for which the mutual interaction between adjacent jets strongly
a ects penetration, vortex dynamics, and mixing performance. A combination of these two
arrangements can serve as a rst approximation for gas turbine applications, where a swirling
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(a) Flush jet (b) Elevated jet ( zexit =d = 3:75)

Figure 2.6 Windward and leeward edges of a nitrogen jet into an air cross ow fét = 10.
Unforced cases are shown with solid lines, sinusoidal forcing with dashed lines, and square-
wave forcing results with corresponding e ective stroke length.s values are shown with
symbols [65]

cross ow is employed to enhance ame stabilization.

2.3.1 Side-by-side con guration

In the side-by-side con guration, jet-jet interactions occur and are strongly in uenced by
the jet spacings. For example, near- eld interactions in water experiments for round Twin
Jets In a Cross-Flow (TJICF) have been investigated for spacing ratios eEd= 1:5; 2; and

3. These results were compared to the Single Jet In a Cross-Flow (SJICF) reference case,
across velocity ratios oR = 2;4; and 6 and constantS = 1, leading toJ = 4;16 and 36 [66].
This study shows that the jet spacing strongly governs near- eld vortex dynamics and jet jet
interactions, as illustrated in Fig. 2.7.

Mutual entrainment between adjacent jets is clearly observed, as evidenced by the mixing of
uorescent dyes, and occurs for all investigated velocity ratios and jet spacings. Compared to
a single JICF, leading-edge and lee-side vortices in twin jets form closer to the jet exit, which
Is attributed to higher initial turbulence levels in the shear layers of the twin-jet con guration.
Near- eld interactions are intensi ed for small jet spacings $=d and high velocity ratios. In
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