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Abstract: The spray and combustion characteristics of a gas-centered swirl coaxial (GCSC) injector
used in oxidizer-rich staged combustion cycle engines were analyzed. The study focused on varying
the recess ratio, presence of gas swirl, and swirl direction to improve injector performance. The impact
of the recess ratio was assessed by increasing it for gas jet-type injectors with varying momentum
ratios. Gas-swirl effects were studied by comparing injectors with and without swirl against a
baseline of a low recess ratio gas injection. In atmospheric pressure-spray experiments, injector
performance was assessed using backlight photography, cross-sectional imaging with a structured
laser illumination planar imaging technique (SLIPI), and droplet analysis using ParticleMaster.
Increasing the recess ratio led to reduced spray angle and droplet size, and trends of gas swirl-type
injectors were similar to those of high recess ratio gas jet-type injectors. Combustion tests involved
fabricating combustion chamber heads equipped with identical injectors, varying only the injector
type. Oxidizer-rich combustion gas, produced by a pre-burner, and kerosene served as propellants.
Combustion characteristics, including characteristic velocity, combustion efficiency, and heat flux,
were evaluated. Elevated recess ratios correlated with increased characteristic velocity and reduced
differences in the momentum–flux ratios of injectors. However, increasing the recess ratio yielded
diminishing returns on combustion efficiency enhancement beyond a certain threshold. Gas swirling
did not augment characteristic velocity but notably influenced heat flux distribution. The trends
observed in spray tests were related to combustion characteristics regarding heat flux and combustion
efficiency. Additionally, it was possible to estimate changes in the location and shape of the flame
according to the characteristics of the injector.

Keywords: staged-combustion-cycle rocket engine; gas-centered swirl coaxial injector; recess ratio;
gas swirl; spray characteristics; combustion efficiency; heat flux

1. Introduction

The bipropellant liquid rocket engine uses both an oxidizer and fuel as its propellant
components, facilitating the design of various engine types [1]. Among these, the staged
combustion cycle engine, employing turbo pumps, is notable for its high efficiency in
rocket propulsion. In this configuration, the combustion gas from the pre-burner, which
drives the turbo pump, serves as one of the propellants for the main combustion chamber,
resulting in a combination of liquid and gas propellants supplied to the main combustion
chamber [2,3]. In staged-combustion-cycle engines using hydrogen, gas-phase fuel-rich
combustion gas and liquid-phase oxygen are typically supplied to the combustion chamber.
Conversely, when kerosene is the chosen fuel, oxidizer-rich combustion gas in the gas
phase and kerosene in the liquid phase are supplied to the combustion chamber [4]. Besides
the staged combustion cycle, a combination of liquid and gas phase propellants is sup-
plied to the main combustion chamber in scenarios employing an expander cycle, where
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the regenerative cooling of the combustion chamber operates at high temperatures [5].
The performance of fuel and oxidizer sprays, with the evaporation [6,7] and ignition of
droplets [8,9] within the combustion chamber, significantly influence combustion efficiency.
Consequently, the meticulous design of the injector [10], responsible for determining these
spray characteristics, holds paramount importance. Injectors, facilitating the injection of
both gas and liquid, can be categorized as collision or coaxial types, depending on the
coaxial alignment of their nozzles. Coaxial injectors further subdivide into shear coax-
ial, gas-centered swirl coaxial (GCSC) injector, and liquid-centered swirl coaxial injector
(LCSC) [11,12], based on the presence of swirl in the supplied propellant and the phase of
the central nozzle.

In a GCSC injector, the gas and liquid nozzles are coaxially arranged, with gas injec-
tion occurring along the central axis while liquid swirls are supplied from a tangential
hole around the gas nozzle. Extensive studies on GCSC injectors have been predomi-
nantly conducted in Russia and China, where expertise in developing staged combustion
cycle engines using kerosene exists. Key factors influencing the characteristics of these
injectors include the liquid swirl number, gas–liquid momentum–flux ratio, and recess
length [12–15]. Research concerning injector characteristics has employed various experi-
mental and numerical analysis methodologies [16]. Broadly, research direction encompasses
analyses of steady-state performance and investigations into dynamic stability [17]. Exper-
imental studies have assumed diverse forms, such as spray tests using surrogate fluids,
spray tests employing actual propellants, and combustion tests. Im et al. [12] investigated
spray-characteristic disparities between GCSC and LCSC injectors among coaxial injec-
tors variants, employing gas–liquid momentum–flux ratio and recess ratio as variables in
atmospheric-pressure spray tests. Variance in spray angle and droplet size distribution
were noted, with LCSC injectors demonstrating self-pulsion traits under specific conditions.
Anand et al. [18] examined changes in spray angle and droplet size concerning variations
in swirl number and recess ratio under various momentum–flux ratios, evaluating the
influence of variables. Canino et al. [19] analyzed the unsteady hydrodynamic charac-
teristics of GCSC injectors using a numerical method and examined the influence of gas
and liquid properties and geometry. Yang et al. [20] investigated droplet alternations
with changes in the recess ratio of gas–liquid coaxial injectors using high-speed camera
observation. Gao et al. [21] observed the spray modifications under high ambient-pressure
conditions at the injector outlet through the change of breakup length and spray angle
by theoretical, experimental, and numerical methods. Balance et al. [22] visualized the
combustion field in a small-combustor experiment employing a gaseous oxygen–liquid
kerosene propellant to observe flame shape and behavior. Wagner et al. [23] examined
combustion-characteristic variations with changes in liquid swirl angle and recess ratio in
a single-combustor combustion test of a GCSC injector.

Previous studies on GCSC injectors have emphasized design parameters such as the
momentum–flux ratio and recess ratio as pivotal factors, leading to single-injector-level
spray or combustion experiments. However, limited research has explored the relationship
between spray and combustion characteristics through combustion tests closely simulating
actual staged-combustion-cycle engine conditions using kerosene-oxidizer-rich combustion
gas as a propellant. Moreover, studies confirming the influence of key parameters on
combustion efficiency in actual combustion tests are lacking. In a previous study involving
the author of [24], combustion performance was evaluated using a combustion chamber
with varying injector momentum–flux ratios in a full-scale engine employing an oxidizer-
rich staged-combustion cycle. However, isolating the impact of the injector was challenging
due to the influences from factors like injector count, arrangement, regenerative cooling, and
film cooling. Therefore, the author conducted another study [25] to examine the combustion
characteristics of a reduced combustion chamber using only two injectors to validate
increased combustion efficiency with a rising momentum–flux ratio. The study found
that the rate of increase in combustion efficiency sharply declined based on the specific
momentum ratio Jcritical as approximately 23–25. Consequently, this study investigated
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an additional approach to enhance combustion efficiency by varying the recess ratio—a
key parameter determining GCSC injector characteristics, with the previously identified
momentum–flux ratio. Hence, the effect of elongating the recess length using injectors
with differing momentum ratios was explored. Furthermore, the presence and direction of
gas swirl were anticipated to exert a similar effect as the recess ratio owing to increased
mixing and momentum transfer between gas and liquid phases. The relationship between
spray test outcomes and combustion efficiency concerning injector shape alterations was
analyzed.

2. Experimental Condition and Method
2.1. Experimental Condition

The experiment used four injector types, as shown in Figure 1. Given that the GCSC
injector mixes gas and liquid within a designated length denoted as LR before expelling
it from the injector outlet for combustion, the recess length emerges as a crucial shape
variable significantly impacting combustion performance [18]. The recess length is defined
as the dimensionless recess ratio (see Equation (1)). The recess ratio for the A-Jet and
B-Jet injectors ranged from 0.5 to 2.5 as a primary design parameter, with subsequent
characteristic variations being studied accordingly.

Recess Ratio(RR) = LR/dg (1)
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Figure 1. Injector configuration and geometry.

Gases of all injectors were introduced through the central gas nozzle, whereas liquid
was supplied through a tangential hole, creating a swirling flow within the annular space
surrounding the gas nozzle. The liquid nozzle was configured as an open-type nozzle with
the same diameter as the injector outlet, housing the inlet of the tangential hole. In the A
and B-Jets, gas was injected into the central nozzle as a jet, with the momentum–flux ratio
at the rated flow rate differing due to variations in gas-nozzle diameter. Consequently, the
study aimed to elucidate the impact of changing recess ratios in injectors with differing
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momentum ratios. Conversely, gas injection in A-Co and A-Cnt injectors occurred as a swirl
owing to its delivery through a tangential hole. To confirm the performance improvement
due to the swirl of the gas without increasing the recess ratio, the recess ratio was fixed at
0.5, the smallest of the design conditions, and the characteristic change according to the
presence and direction of the swirl was confirmed compared with A-Jet.

Table 1 presents the injector configuration. The momentum ratios of the A-Jet and
B-Jet injectors, selected owing to their significant differences in momentum ratio among
the injectors used in our previous study [25], are highlighted. The momentum ratio was

calculated using the following equation: Jaxial(afterthis, J) =
ρgU2

g

ρlU2
l

. The gas and liquid flow

rates at the gas-nozzle exit were computed as follows: Ug =
4

.
mg

ρgπd2
g
, Ul =

.
ml

ρl πtl(dl−tl)
. The

thickness tl of the liquid film for flow-rate determination was obtained using the open-
type swirl injector-film thickness equation proposed by Fu et al. [13], which is expressed
as follows:

tl = 3.1
(
dl

.
mlµl/ρl∆Pl

)0.25. (2)

Table 1. Injector configuration.

Injector dg [mm] dl [mm] dl_in [mm] dg_in [mm] Jaxial_exp RR

A-Jet 9.3 12.7

0.8

7.78 30.7
0.5, 1, 1.5, 2, 2.5

B-Jet 12.7 16.1 8.07 14.9

A-Co 9.3 12.7 3.4
(10 holes)

30.7
0.5

A-Cnt 9.3 12.7 30.7

Considering the rated conditions of the combustion test, with oxidizer-rich combustion
gas mass flow rate and density at approximately 0.50 kg/s and 28 kg/m3, respectively, and
fuel mass flow rate and density at approximately 0.16 kg/s and 728 kg/m3, respectively,
the expected momentum ratio for each injector was calculated as Jaxial_exp. Subsequently,
spray tests were conducted accordingly. Because the water flow test was performed under
atmospheric pressure, the water flow rate was approximately 33% of the rated fuel flow
rate used in the combustion test to ensure the gas speed did not reach supersonic levels
under the stated conditions. Table 2 outlines the experimental conditions for the water flow
and combustion tests.

Table 2. Experimental conditions.

Spray Test Combustion Test

Fluid Air Water Oxygen-rich gas Kerosene

Mass flowrate [kg/s] 0.0124 0.0267 ~0.5 ~0.16

Temperature [K] ~293 513–553 288–298

Recess Ratio A, B-Jet: 0.5, 1, 1.5, 2, 2.5
A-Co, Cnt: 0.5

A, B-Jet: 0.5, 1, 1.5, 2
A-Co, Cnt: 0.5

Jaxial
A-Jet, Co, Cnt: 30.2

B-Jet: 16.1 ~Jaxial_exp

2.2. Experimental Method

The apparatus for the atmospheric pressure spray test is depicted in the image on the
left side of Figure 2. The fluids used were compressed air and water—simulating oxidizer-
rich combustion gas and kerosene, the actual combustion-test propellant. Water and air
were stored in a high-pressure tank pressurized with compressed air, with a controller
installed on the supply line to maintain a consistent and stable flow rate as per the test
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conditions. Liquid- and gas-flow rates were measured using a flow meter (S-flow; Alicat
Scientific, Tucson, AZ, USA). A digital camera (Canon EOS 6D, Japan, 6240 × 4160 pixels)
with a stroboscopic light source (flash duration of 6 µs) and a 180 mm optical lens were used
for backlight image acquisition for spray-shape analysis and spray-angle measurement.
Droplet size, speed, and distribution were measured using the ParticleMaster imaging
system provided by LAVISION. This system comprised a laser as the light source, a high-
speed camera for measurement, and an optical device adjusting the light source according
to conditions. A Nd:YLF laser (DM20-527, Photonics) with a wavelength of 527 nm and a
high-speed camera (FASTCAM SA5, LAVISION, Germany) with a long-distance microscope
were employed.
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Figure 2. Spray experiment device (left) and the measurement area of the ParticleMaster imaging
system (right).

The spray image analysis involved determining a 30 mm axial distance from the
injector outlet, deemed adequate for droplet segmentation. The radial distance covering the
entire spray in each experimental case ranged from 45 to 50 mm. Hence, a 5 mm × 5 mm
area divided into ten sections was designated for droplet size measurement using the
ParticleMaster. The measurement area size was determined via a preprocessed droplet-
size calibration process. Upon adjusting the focus and depth-of-field of the high-speed
camera, the measurement area was determined to be sufficiently extensive to capture
the reference point of the transparent plate positioned at the measurement point within
the range of 20–1000 µm, facilitated by the proprietary software of the camera. Droplet
measurement using the ParticleMaster involved a period of 0.15 s, during which 300 images
were acquired in two sets at 3 µs intervals, achieving a speed of 2 kHz. Droplet velocity
data were obtained from the displacement of droplets between two consecutive images
within a set, and droplet information was consolidated by amalgamating results from all
300 sets. The structured laser illumination planar imaging technique (SLIPI) method was
employed with a setup akin to that of ParticleMaster to attain detailed cross-sectional spray
images. The scattered signal was captured from the side by directing a high-speed camera
towards the laser sheet side, which was irradiated vertically using various optical lenses,
differing from the optical diffuser used in ParticleMaster. The laser emitted structured
layers at 3 µs intervals, sequentially eliminating multiple scattered signals detected during
measurements to yield a pristine cross-sectional image.

Figure 3 illustrates the configuration of the combustion test apparatus and the com-
bustion chamber. The pre-burner generated oxidizer-rich combustion gas directed to the
oxidizer manifold of the combustion chamber. Positioned between the pre-burner and
combustion chamber was an orifice and distribution plate, serving to uniformly mitigate
pressure perturbations and regular flow. The combustion chamber, constructed in a sep-
arate type, comprised three sections: a head, cylinder, and nozzle, with a diameter of
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approximately 61.4 mm. Consistency in combustion conditions was ensured by employing
the same cylinder and nozzle across all tests, with periodic inspections conducted to verify
the absence of damage or deformation prior to each test. The combustion chamber head,
fabricated using two injectors of identical type tailored to test site flow conditions and pre-
burner specifications, featured injectors positioned at the same pitch-circle diameter (PCD)
based on empirical distances during full-scale combustion chamber manufacturing. Unlike
in spray tests, dual injectors are used; therefore, the tendency of combustion characteristics
may include effects caused by interactions between injectors. Therefore, to reduce this
effect and to mainly determine the effect of the injector design variables, the injector was
placed at the same PCD under all test conditions, and the experiment was carried out under
similar combustion pressures. The head surface was coated with a Zr mixture to prevent
thermal damage, while the cylinder and nozzle were engineered to accommodate sufficient
cooling water-flow rates, obviating the need for coating. Temperatures were measured at
the following three locations to compute the heat flux of the combustion chamber through
cooling water temperature along the combustor cooling channel: the nozzle-end inlet, the
middle point of the cylinder and nozzle junction, and the cylinder-end outlet. Temperatures
were averaged from readings obtained using four thermocouples installed at radial 90◦

intervals at each location to enhance accuracy.
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3. Results and Discussion
3.1. Spray Configuration

Figure 4 depicts a photograph confirming the spray shape for various recess ratios
of A-Jet and B-Jet (0.5 and 2.5, respectively) and A-Co and A-Cnt (both 0.5). The left
image illustrates the backlight spray captured with a digital camera, while the right image
displays the spray cross-sectional image obtained via SLIPI. Observations revealed that
differences in spray characteristics as recess ratios vary when comparing A-Jet and B-Jet
injectors at identical supply flow rates but differing gas-nozzle diameters. At a recess ratio
of 0.5, the clarity of the liquid film at the injector outlet was notable, with a considerable
spray angle until film breakup, and larger droplets B-Jet injector (with smaller J) than the



Aerospace 2024, 11, 209 7 of 21

A-Jet injector (with larger J). Conversely, at a recess ratio of 2.5, the liquid film appeared
to eject at a narrower angle from the injector outlet, lacking clarity and forming larger,
conglomerated masses. This phenomenon was accentuated in the SLIPI image, where low
recess ratios absorbed scattered light into the thick liquid film, rendering it dark. As the
recess ratio increased, light intensity increased due to the thinning of the liquid film and
droplet formation. Consequently, numerous small droplets were visible near the central
axis approximately three times dl from the injector outlet, with the A-Jet (with larger J)
exhibiting ligaments vertically torn by fast flow.
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We examined the change in the spray pattern based on the gas injection direction rela-
tive to the swirl, contrasting with that of the jet, for all recess ratios set at 0.5. A noticeable
liquid film remained at the injector outlet for the A-Jet, absorbing light and appearing dark
in the SLIPI image. The presence of liquid film resulted in a wide spray dispersion, with
large droplets splitting along its extension. Analysis of the cross-sectional image revealed
few droplets beyond the spray angle, with relatively small droplets moving inward toward
the spray angle. Both A-Co and A-Cnt exhibited dense droplet concentration at the injector
outlet, appearing bright in the cross-sectional image and indicating minimal liquid film
presence. Both injectors displayed a substantial distribution of fine droplets compared
with A-Jet, with a notable characteristic being the outward radiation of small droplets,
particularly prominent in A-Co. Conversely, A-Cnt demonstrated a high density of small
droplets directed relatively closer to the central axis. In A-Co, gas injection into the swirl
resulted in a wider gas-injection angle compared with the jet, causing divided droplets
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within the injector to disperse over a wide angle along the gas-injection angle, dividing
and dragging small droplets. However, in A-Cnt, where the gas-swirl direction opposed
the liquid swirl, the swirl component decreased due to momentum exchange between the
gas and liquid swirl direction during recess interaction. Consequently, it exhibited a shape
where divided droplets drag downward at a narrower injection angle compared with A-Co.

3.2. Spray Angle

The distribution of droplets, influenced by the characteristics of each injector, can
be inferred through spray-angle measurements [10]. While actual droplet distribution
during combustion in high-pressure, high-temperature environments may diverge from
atmospheric-pressure spray measurements, the trend of spray-angle variation with injec-
tor variables remains relevant. This spray distribution holds a significant influence on
combustion performance and combustion-chamber wall cooling [12].

The image-processing method employed for measuring the spray angle is illustrated
in Figure 5. Fifty raw images captured using the camera underwent conversion to grayscale,
with correction for intensity gradients caused by lighting referencing the image without
the spray. Subsequently, binary conversion was conducted using a suitable threshold,
followed by the averaging of 50 binary images to obtain the average image. The position
for spray-angle measurement in the average image was set approximately dl from the
injector outlet, a location recognized for effectively portraying GCSC-injector trends [25].
The average image serves as a standard for determining the spray angle of the GCSC
injector [26]. At the end of the injector, the liquid film spreads, owing to the interaction
between the liquid film and the surrounding gas, and its changing angle can be observed
under the influence of the central gas jet. However, A-Co and A-Cnt types exhibited
broader spread due to swirls, unlike jet types emanating from within the liquid-swirl spray
angle. Consequently, the phenomenon of small droplet dispersion across a wider spray
angle during the division process was observed. The distribution of widely dispersed
small droplets must be evaluated to accurately gauge the combustion impact. Hence,
the spray angle was measured through the average image from 50 binary images and the
cumulative image to consider the location of these droplets. While a minimal difference was
observed between the accumulated and average images for A-Jet, a significant difference
was observed for A-Co and A-Cnt, denoted as “accumulated” in Figure 6.

Figure 6 depicts the variation in spray angle according to injector type. The spray
angle of the A-Jet exceeded that of the B-Jet in the section with a recess ratio of 1.0. However,
the injection angle of the B-Jet surpassed that of the A-Jet in the section with a recess ratio of
1.5. Both injectors exhibited a trend of decreasing spray angle as the recess ratio increased,
with a notable shift occurring at a recess ratio of 1.5. This shift can be regarded as the
primary factor influencing spray-angle variations corresponding to the respective recess
ratios. At low recess ratios, the maintenance of the liquid film at the injector outlet, as
previously observed in spray shape analyses, suggested a relatively substantial influence
of the liquid swirl on the spray angle. It was supported by the larger injection angle of the
A-Jet compared with the B-Jet. Im et al. [12] noted that as the momentum ratio increased,
the liquid film thickness preceding injector injection decreased, resulting in increased
circumferential speed. Consequently, the A-Jet exhibited a wider injection angle due to its
higher J, while the B-Jet displayed a smaller angle owing to its lower J. This explains why
the injection angle of the small-diameter A-Jet surpasses that of the B-Jet, indicating that
the injection angle at low recess ratios remains significantly influenced by the liquid flow.
However, the maintenance of the liquid film shape became challenging at high recess ratios,
as evidenced by spray shape observations, with the liquid film thinning considerably due
to gas momentum within the long recess space [19]. Therefore, the spray angle attributable
to the liquid swirl at the injector outlet diminished, while the angle attributable to gas
injection became prominent. Abdel-Rahman et al. [27] described the gas-injection area
using a linear equation expressing the half-velocity position of the central axis relative to
the distance from the nozzle end in gas jet flow with a Reynolds number similar to this
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experiment. The coefficient value was experimentally confirmed, yielding a gas-injection
angle of approximately 0.097. At high recess ratios, both the A-Jet and B-Jet converged
close to this gas-injection angle, indicating increased gas influence. This shift in spray angle
served as a criterion for distinguishing between internal and external mixing, with the
RR1.5 value denoted as RRcritical, which changed the mixing mechanism, a notion that will
be further supported by subsequent combustion test results.
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A-Co and A-Cnt exhibited a limited mixing area within the injector at a recess ratio
of 0.5. However, the gas and liquid are inferred to meet and mix vigorously at an earlier
stage due to the wide injection angle of the gas resulting from the gas swirl. Observation
of the spray image revealed minimal liquid film at the injector outlet, akin to a jet injector
with a high recess ratio, indicating substantial gas influence even at a low recess ratio of
RR0.5. The notably lower spray angle compared with that of the jet injector supports this
hypothesis. In the case of A-Cnt, the spray angle was significantly smaller than that of
A-Co, resembling the scenario of a jet with a high recess ratio. It suggests that the liquid
and gas lose angular momentum to each other due to the opposite direction of the gas swirl
relative to the liquid, causing the gas to be sprayed closer to a jet-like manner. However,
in A-Co, where gas and liquid swirled in the same direction, a relatively small amount of
gas momentum was transferred to the liquid. Despite the weakening of gas swirl intensity,
the gas swirl remained relatively robust compared with A-Cnt, resulting in a relatively
wide gas-injection angle. The spray angle measured using the average image corresponded
to the area where relatively large droplets, constituting the majority of the flow rate, are
sprayed, primarily influenced by the large axial momentum of the gas. Conversely, very
small droplets spread across a wide injection angle along the gas flow, influenced by the
radial momentum of the gas. In actual combustion scenarios, the distribution of these small
droplets is of paramount importance because they evaporate to form a flame in regions
mixed with oxidizer-rich gas. Therefore, the spray angle of small droplets was assessed
through the accumulated image (Figure 6), revealing a larger spray angle than that of
the A-Jet.
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3.3. Velocity

Among the results of the injector spray experiment, the velocity of droplets is a
crucial parameter warranting analysis because it elucidates droplet behavior under gas
influence [10], particularly in gas–liquid injectors. Using the ParticleMaster, changes in
droplet velocity within the measurement area were gauged via two sets of images captured
at 3 µs intervals, enabling the computation of the average radial velocity value across
all frames. A positive velocity_r value denotes the average radial velocity outward in
the radial direction, while a positive velocity_z value signifies the average axial velocity
away from the injector. The measurement of very small droplets below 20 µm may not be
accurate; however, the mass fraction missed in the measurement is likely to be insignificant
because the difference in the sum of the measured masses in all areas of each test condition
is not large. Therefore, the results of the comparison between injectors are meaningful.

Figure 7 illustrates the average droplet velocity in the radial-axial direction when the
recess ratios of the A-Jet and B-Jet injectors were the smallest and largest, respectively.
Values near zero or approaching negative figures were evident for radial velocity within
the 0–5 mm range proximate to the central axis of the injector. This indicates a limited
outward dispersion of droplets due to the liquid-swirl flow injection, instead entrained
toward the central axis by the gas jet. Conversely, positive values beyond 10 mm, less
influenced by the gas, signify outward droplet spread. Radially, the liquid nozzle exhibited
an approximately identical momentum across varying recess ratio conditions for both the A-
Jet and B-Jet. A notable difference emerged regarding axial average droplet velocity within
the 0–10 mm vicinity of the central axis, where the A-Jet—boasting a higher momentum
ratio—exhibited velocities approximately three times faster than the B-Jet. Conversely,
negligible disparity was observed beyond 15 mm, with speeds approximating 1–2 m/s,
akin to the liquid injection velocity calculated from film thickness and flow rate. This
region reflects the imperfect gas–momentum transfer. The trend continued with increasing
recess ratios, particularly near the gas-impacted central axis, where both A-Jet and B-Jet
injectors exhibited increasing droplet velocities from a further area, albeit at a diminishing
rate compared with lower recess ratios. However, droplet velocity decreased slightly with
increasing recess ratios, attributable to concentrated droplet formation near the central
axis due to a narrow spray angle. This phenomenon, where larger average droplet sizes
correlate with diminished velocity increments due to gas measurement transfer, warrants
further elucidation in subsequent droplet size analyses because it significantly impacts
combustion test heat flux outcomes.
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Figure 8 illustrates the average radial and axial droplet velocities of the A-Jet, A-Co,
and A-Cnt injectors. The radial velocity data revealed that A-Co and A-Cnt, which used gas
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swirl, exhibited greater radial velocities than the A-Jet, which employed gas jet injection.
Among the swirl injectors, A-Co demonstrated slightly higher radial velocity, likely at-
tributed to the alignment of the gas swirl direction with that of the liquid. Consequently, the
gas imparted relatively more radial momentum, facilitating efficient momentum transfer to
the droplets. The differences among the injectors were pronounced within the inner 10 mm
region: A-Jet and A-Cnt displayed negative velocities, indicating movement toward the
central axis, while A-Co exhibited the opposite trend, suggesting an outward spread. This
disparity emerges from the entrainment of droplets into gas flow direction; A-Jet and A-Cnt
entrained droplets toward the central axis, while A-Co carried droplets outward with the
gas flow, lessening their presence near the central axis. The trend was more evident re-
garding axial velocity, particularly within the 0–5 mm segment near the central axis, where
A-Jet droplets displayed the highest velocity due to gas jet—momentum transfer. A-Cnt
exhibited significantly lower axial velocity, whereas A-Co demonstrated negligible axial
velocity. This outcome highlights areas where gas influence is prominent. As previously
noted, A-Jet with RR0.5 showed external mixing. Conversely, momentum transferred to
droplets in the gas-swirl injector occurred uniformly across the area, with the most notable
impact observed in the 10–20 mm section.

Aerospace 2024, 11, x FOR PEER REVIEW 11 of 21 
 

 

injection. Among the swirl injectors, A-Co demonstrated slightly higher radial velocity, 
likely attributed to the alignment of the gas swirl direction with that of the liquid. Conse-
quently, the gas imparted relatively more radial momentum, facilitating efficient momen-
tum transfer to the droplets. The differences among the injectors were pronounced within 
the inner 10 mm region: A-Jet and A-Cnt displayed negative velocities, indicating move-
ment toward the central axis, while A-Co exhibited the opposite trend, suggesting an out-
ward spread. This disparity emerges from the entrainment of droplets into gas flow direc-
tion; A-Jet and A-Cnt entrained droplets toward the central axis, while A-Co carried drop-
lets outward with the gas flow, lessening their presence near the central axis. The trend 
was more evident regarding axial velocity, particularly within the 0–5 mm segment near 
the central axis, where A-Jet droplets displayed the highest velocity due to gas jet-–mo-
mentum transfer. A-Cnt exhibited significantly lower axial velocity, whereas A-Co 
demonstrated negligible axial velocity. This outcome highlights areas where gas influence 
is prominent. As previously noted, A-Jet with RR0.5 showed external mixing. Conversely, 
momentum transferred to droplets in the gas-swirl injector occurred uniformly across the 
area, with the most notable impact observed in the 10–20 mm section. 

 
Figure 8. Mean radial (left) and axial (right) velocities of droplets according to their position from 
the injector central axis for A-Jet, A-Co, and A-Cnt of RR 0.5. 

3.4. Droplet Size and Mass Distribution 
Droplet size, a crucial characteristic of injector spray, exhibited a strong correlation 

with combustion performance [28]. Various methods exist for calculating droplet size, 
with the Sauter mean diameter (SMD) being the most commonly used due to its effective-
ness in representing spray characteristics. The SMD is derived from statistically pro-
cessing droplets with a measurement area and is expressed by the following equation [10]: 𝑆𝑀𝐷 = ∑ 𝑁௜𝐷௜ଷ ∑𝑁௜𝐷௜ଶ൘ . 

The SMD results serve as an indicator of fuel-evaporation rate and significant impact 
combustion characteristics [10]. However, the mixing properties of the fuel and oxidizer 
also exerted a direct influence on combustion outcomes. Hence, a mass distribution offer-
ing insights into the mixing characteristics was confirmed. While SMD results depict drop-
let size distribution radially, they do not encapsulate the actual flow rate distribution be-
cause they rely solely on average droplet diameter without considering the droplet count. 
Hence, a mass distribution based on droplet size and count was calculated. Given that the 
same flow rate was maintained across all experimental conditions, a dimensionless flow 
distribution was computed using the total flow rate for each experimental setting. 

The SMD results corresponding to the smallest and largest recess ratios of the A- and 
B-Jets are depicted on the left side of Figure 9. At lower recess ratios, both injectors showed 
maximum SMD sizes within the 35–40 mm range, corresponding to the spray angle ex-
tension. This phenomenon probably occurred due to its minimal influence from gas 

Figure 8. Mean radial (left) and axial (right) velocities of droplets according to their position from
the injector central axis for A-Jet, A-Co, and A-Cnt of RR 0.5.

3.4. Droplet Size and Mass Distribution

Droplet size, a crucial characteristic of injector spray, exhibited a strong correlation
with combustion performance [28]. Various methods exist for calculating droplet size,
with the Sauter mean diameter (SMD) being the most commonly used due to its effective-
ness in representing spray characteristics. The SMD is derived from statistically process-
ing droplets with a measurement area and is expressed by the following equation [10]:

SMD =
∑ NiD3

i
/

∑ NiD2
i
.

The SMD results serve as an indicator of fuel-evaporation rate and significant impact
combustion characteristics [10]. However, the mixing properties of the fuel and oxidizer
also exerted a direct influence on combustion outcomes. Hence, a mass distribution
offering insights into the mixing characteristics was confirmed. While SMD results depict
droplet size distribution radially, they do not encapsulate the actual flow rate distribution
because they rely solely on average droplet diameter without considering the droplet count.
Hence, a mass distribution based on droplet size and count was calculated. Given that the
same flow rate was maintained across all experimental conditions, a dimensionless flow
distribution was computed using the total flow rate for each experimental setting.

The SMD results corresponding to the smallest and largest recess ratios of the A-
and B-Jets are depicted on the left side of Figure 9. At lower recess ratios, both injectors
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showed maximum SMD sizes within the 35–40 mm range, corresponding to the spray angle
extension. This phenomenon probably occurred due to its minimal influence from gas
emanating from the central axis, leading to droplet breakup through interaction with the
surrounding atmosphere, akin to the process observed in a single-liquid-swirl injector. The
SMD size decreased near the central axis (0 mm), with a distribution indicating a minimum
value in this position. Notably, the minimum SMD at the central axis showcased a larger
value in the B-Jet with a lower momentum ratio than in the A-Jet with a higher momentum
ratio, reflecting enhanced droplet splitting facilitated by the momentum ratio. Notably, the
SMD value at the central axis position (0 mm) increased with increasing recess ratio—a
phenomenon elucidated further regarding SMD changes with recess. Furthermore, the
maximum SMD decreased in both injectors as the recess ratio increased, accompanied by a
shift in the measurement position of this maximum SMD towards the central axis, typically
occurring at 15–20 mm. Consequently, droplets near the central axis increased as recess
ratios increased at similar locations, while the average droplet velocity near the central
axis (see Figure 7) decreased with increasing recess ratios. The mass fraction for each
measurement area is illustrated on the right side of Figure 9. In both the A-Jet and B-Jet,
the mass distribution showed spreading across a wide area at lower recess ratios and more
confined formation close to the central axis at higher recess ratios. Considering that the area
influenced by the gas (Figure 7) spans approximately 15 mm from the central axis, the mass
distribution of the gas is inferred to be concentrated in this area. The mixing characteristic at
low recess ratios, far from the central axis, was inadequate, while the mixing characteristic
improved the high recess ratio where the mass distribution approached the central axis.
A comparison of the SMD outcomes with the mass distribution findings showed that the
positions with the highest mass fraction did not align with the maximum SMD position.
Therefore, further analysis is necessary to interpret the results using the representative
SMD corresponding to the high mass fraction, as detailed in a subsequent section.
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The SMD results for A-Jet, A-Co, and A-Cnt are presented on the left side of Figure 10,
revealing changes based on the presence and direction of the gas swirl supplied to the
injector. The presence of gas swirls resulted in smaller values than A-Jet throughout the
measured area, with A-Cnt displaying smaller values compared with A-Co and the position
of the maximum value closer to the central axis. The maximum SMD size ranged between
200 and 300 µm, with the SMD across the entire region identified at a level similar to that of
RR2.5 in A-Jet. Additionally, the center of the mass distribution of A-Co and A-Cnt aligned
closely with the center of the SMD compared with the mass distribution results depicted on
the right side of Figure 10. This resemblance to the high recess ratio of the gas jet injector
suggests that the presence of swirls in the gas has a similar effect despite the low recess
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ratio. Estimating the gas mass distribution for mixing characteristics proves challenging in
the current experiment compared with gas jets. However, the spray angle results measured
through the cumulative image in Figure 6 showed that a gas mass distribution occurred
from 45 to 50 mm, indicating improved mixing characteristics compared with gas jets.
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Figure 11 illustrates the variation in the SMD at the maximum SMD and at the central
axis position of 0 mm based on the recess ratio. The result of the spray test according to
the recess ratio of the A-Jet and B-Jet are summarized in Table 3. The maximum SMD
decreased with an increasing recess ratio, with a gradually diminishing rate of decrease.
A-Jet demonstrated a faster decrease to a smaller size than B-jet, likely attributed to the
smoother entrainment due to faster gas velocity and more easily divided droplets, owing
to the large momentum ratio. Conversely, the SMD at the central axis position (0 mm)
generally showed a trend of increase with increasing recess ratio in both the A-Jet and B-Jet.
Similarly, Davanlou et al. [29] observed that droplet size decreased as the distance from the
injector along the axis in a single swirl injector increased, merging due to droplet collision
beyond a certain distance. Therefore, the number of droplets smoothly divided from within
the recess increased gradually in the region close to the central axis with increasing recess
ratio via a similar mechanism, increasing droplet size due to a combination caused by a
collision between multiple droplets. However, directly linking the change in droplet size to
the combustion phenomenon proved challenging as it engaged in the combustion process
following mixing with gas before the combination of these droplets occurred during actual
combustion.
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Table 3. Summary of spray tests according to recess ratio.

Recess Ratio
A-Jet B-Jet

Angle
[degree]

SMD at Center
[µm]

Max SMD
[µm]

Angle
[degree]

SMD at Center
[µm]

Max SMD
[µm]

0.5 87 69 1003 82 144 886
1.0 74 88 737 71 274 796
1.5 39 95 479 47 267 705
2.0 33 122 395 43 225 610
2.5 28 113 380 33 313 584

3.5. Combustion Characteristics

Identical components were employed in the combustion chamber to assess the impact
of combustion on the shape change of the injector, with only the head containing the injector
being replaced. The experiment was replicated twice under consistent conditions across
approximately all instances to enhance result reliability, and analysis was conducted using
the mean value. The propellants employed in the combustion test comprised oxidizer-rich
combustion gas and kerosene, with mixture ratios of the pre-burner and combustion cham-
ber calculated as follows: O/

F ratiopreburner =
.

mLOx.
m f uel_PB

, O/
F ratiochamber =

.
mLOx.

m f uel_PB+
.

m f uel_cc
.

The combustion pressure maintained in the combustion chamber for all experiments was
33.2 ± 0.5 bar, with O/

F ratiopreburner and O/
F ratiochamber averaging 60.5 ± 3 and 2.96

± 0.05, respectively. In instances where data from tests involving A-Co and A-Cnt were
limited due to premature termination, analysis was conducted using the average value
of 1 s within the 4–5 s interval, facilitating comparisons. Conversely, steady data was
acquired in other tests using the average value of 1 s in the 9–10 s interval, just preceding
the conclusion (see Figure 12).
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The combustion performance was assessed by comparing the characteristic velocity
(c*), which can be straightforwardly derived from the combustion-chamber pressure (PCC),
nozzle-throat area (At), and propellant flow rate (

.
m
)
. The characteristic velocity serves as

a crucial metric for evaluating combustion performance—irrespective of the nozzle shape
of the combustion chamber—because it is directly related to specific impulse [2,23].

c* = PCC At/
.

m (3)

The actual c∗ observed was lower than its ideal reachable value due to factors such
as incomplete combustion or heat loss. Additionally, slight variations in the mixing ratio
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across different test cases also contributed to this influence. Therefore, the combustion
efficiency, defined as the ratio of the theoretical characteristic velocity achievable under
each test condition to the actual characteristic velocity obtained in the test, is expressed as
ηc* = c*

exp/c*
ideal [23,30]. The properties required to calculate c*

ideal under each test condition
were determined using the NASA CEA code. Furthermore, c*

ideal can be expressed by
Equation (4) [30].

c*
ideal =

√
R
M T√

γ( 2
γ+1 )

γ+1
γ−1

(4)

where T represents the temperature of the combustion chamber, R denotes the universal
gas constant, M signifies the molecular weight of the combustion gas, and γ indicates the
specific heat ratio.

The heat flux of the combustion chamber was measured as another metric to assess the
changes in combustion characteristics and flame distribution. It was analyzed by dividing it
into two parts, cylindrical and nozzle, and calculated based on the temperature changes in
each section of the coolant flowing through the cooling channel of the nozzle and cylindrical
parts. The heat flux was determined using Equation (5) [31–33].

q =
(
Cp ×

.
m × ∆T

)
/A (5)

where Cp represents the specific heat of the cooling water, ṁ denotes the flow rate of the
cooling water, ∆T indicates the temperature rise of the cooling water in each section, and A
is the area of the inner surface of each part of the combustion chamber.

Figure 13 illustrates the variations in characteristic velocity and combustion efficiency
with an increase in the recess ratios of the A-Jet and B-Jet. The trends observed in com-
bustion efficiency and characteristic velocity were analogous. When the recess ratio of
the A-Jet was 0.5, the characteristic velocity measured 1710 m/s, with a corresponding
combustion efficiency of 0.984. The characteristic velocity was 1724.5 m/s at a recess ratio
of 2.0, while the combustion decreased to 0.90. Similarly, the characteristic velocity for the
B-Jet was 1702.8 m/s with a recess ratio of 0.5, yielding a combustion efficiency of 0.980. At
a recess ratio of 2.0, the characteristic velocity increased to 1723.4 m/s, and the combustion
efficiency improved to 0.990. In both injectors, the combustion efficiency increased as the
recess ratio increased, with the rate of increase in combustion efficiency gradually diminish-
ing as the recess ratio increased. Additionally, the combustion efficiency displayed minimal
increments beyond a recess ratio of 1.5. However, the combustion efficiency values of the
A-Jet and B-Jet were approximately identical. The actual combustion test showed that the
momentum ratio of the injector ranged between J = 27.5–31 for the A-Jet and J = 13.6–15 for
the B-Jet. This substantial difference in momentum ratio resulted in a noticeable reduction
in the characteristic velocity discrepancy, which was approximately 7.2 m/s at a recess ratio
of 0.5, gradually diminishing to less than 1 m/s from a recess ratio of 1.5. This observation
suggests that the recess ratio is a crucial factor in injector design. The recess ratio exerted a
significant influence on combustion efficiency than the momentum ratio beyond a certain
threshold. The specific recess ratio, deemed as a critical reference point (RRcritical), was
identified as 1.5. This finding aligns with the RRcritical, which delineates the alteration in
the mixing mechanism, as evidenced in the previous spray angle results. Moreover, this
underscores the limited expectation for substantial improvements in combustion efficiency
beyond RRcritical.

Observing the mass-distribution change depicted in Figure 9, discerning a significant
difference between the A-Jet and B-Jet proves challenging, suggesting a lack of signifi-
cant variance in mixing efficiency. This observation arises from the center of the mass
distribution gravitating towards the central axis of the injector, similarly for both cases.
Consequently, a representative value that effectively characterized each experimental con-
dition was ascertained through the SMD results, which are indicative of droplet division
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and evaporation rates. Specifically, the SMD at the central point of the mass distribution
was designated as the corresponding value and denoted as the SMD at the mass peak
(see Figure 14). The decrease in SMD indicates smoother droplet division and enhanced
droplet evaporation rates. Hence, the observed decrease in SMD at the mass peak due to
an increase in the recess ratio appears to correlate with improved combustion efficiency.
Furthermore, this decline in SMD at the mass peak exhibited a tendency to decrease with
increasing recess ratio, mirroring the trend observed in the combustion efficiency. Although
directly estimating combustion efficiency from this SMD at the mass peak is not feasible,
the significance lies in the potential to extrapolate the combustion test trend from data
acquired during the spray test phase concerning recess-ratio augmentation.
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The total heat flux showed a tendency to increase, mirroring the increase observed
in combustion efficiency for both the A-Jet and B-Jet. Heat flux correlates with the flame
temperature of the combustion gas [30], and the parallel increase in combustion efficiency
suggests a convergence towards complete combustion. At low recess ratios, the heat flux of
A-Jet surpassed that of B-Jet by approximately 2.3 MW/m2; however, the minimal disparity
was evident from recess RR1 onwards, with RR2 exhibiting comparable values, excluding
RR1.5. This phenomenon likely stems from changes in the heat flux between the nozzle
and cylinder sections in response to changes in the recess ratio. The nozzle part appears
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diminutive in the relatively sluggish B-Jet due to the backward flame extension from the
high moment ratio of A-Jet. As the recess ratio and combustion efficiency increased, the
heat flux became concentrated within the narrow confines of the nozzle neck, increasing
the heat flux. Consequently, the disparity between A-Jet and B-Jet decreased owing to this
intricate interplay. In the cylindrical segment, prior research by the author indicates that
injectors with lower momentum ratios and larger gas diameters exhibit lower gas velocities,
resulting in the flame being unable to extend backward and instead being drawn forward,
indicating increased heat flux at RR0.5 [25]. The flame was drawn forward as the recess
ratio increased, facilitating smoother division and mixing and increasing the heat flux value
in the cylindrical segment. Concerns regarding injector damage due to increased heat load
stemming from flame pull were assuaged. However, no damage was incurred occurred
in any of the experiments. This can be attributed to the predominance of flame stretching
backward due to the high gas speed (see Figure 7), which outweighs the pull of the flame
surface resulting from the decrease in SMD and the enhancement in mixing characteristics.
Nonetheless, further investigation is warranted because a heat load conducive to injector
damage may arise under conditions featuring a specific momentum ratio lower than that
of the B-Jet.

Figure 15 illustrates the outcomes concerning the characteristic velocity and
combustion efficiency for A-Jet, A-Co, and A-Cnt. Their characteristic velocities were
1703.3 ± 2.9 m/s, 1705.7 ± 2.9 m/s, and 1702.9 ± 2.9 m/s, respectively. The combustion
efficiencies of all three were 0.980. Characteristic velocity or combustion efficiency did not
differ significantly despite the presence of the gas swirl. However, this lack of difference
does not necessarily imply uniform combustion efficiency; another factor likely contributes.
This conjecture can be substantiated through heat flux results, where a noticeable contrast
emerged between total heat flux with and without the gas swirl. Specifically, this contrast
for the A-Jet was 11.6 MW/m2, where it stood at 21.3 and 22.8 MW/m2 for A-Co and A-Cnt,
respectively, approximately double the magnitude. Conversely, no significant difference
was observed in the heat flux outcomes for the nozzle. As mentioned earlier, the axial
gas speed at the central axis tended to be marginally higher than in cases with gas swirls.
Therefore, the substantial difference in total heat flux predominantly stemmed from the
cylinder part, which is likely linked to the larger cylinder part heat flux of the B-Jet RR0.5
compared with A-Jet. This inference correlates with the observed large spray angle of
small droplets due to gas accumulation images of A-Co and A-Cnt in the preceding section,
possibly influenced by the flow of combustion gas. This relationship is corroborated by
Figure 16, presenting the results of gas flow analysis under identical combustion chamber
shapes and gas-supply conditions via fluent computational fluid dynamics. The density
was approximately 26.5 kg/m3 when the air supplied to the manifold was at a pressure
of approximately 43 bar and the temperature was 490 K. The flow of gas was analyzed
when injected into the combustion chamber space of 33 bar. Although the cold-gas analysis
outcomes lack combustion reaction data, they aid in deducing combustion gas flow based
on gas-swirl characteristics. In the gas-jet scenario, gas velocity maintained an extended
axial trajectory. However, in the swirl scenario, rapid gas flow expansion toward the wall
near the injector outlet was evident due to the gas swirl, engendering a high-flow-rate
recirculation area formation between the head surface and cylinder. Therefore, this acceler-
ated combustion gas flow markedly amplified cylinder heat flux, resulting in head surface
damage, as depicted in Figure 16. Such damage occurred uniformly in both A-Co and
A-Cnt, reinforcing the notion that damage direction in the head-facing view aligns with the
respective gas-swirl flow direction of each head.
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The heat flux in the combustion chamber in regenerative cooling increases the enthalpy
of the propellant, which serves as the cooling fluid, thereby enhancing combustion efficiency.
However, during cooling and discharge through cooling water, the absorbed heat flux by
the cooling water does not bolster combustion efficiency; instead, it leads to a loss thereof.
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Werling et al. [30] showed that the combustion efficiency was reduced due to heat loss.
In the case of A-Co and A-Cnt, where the heat flux disparity compared with A-Jet was
twofold, one can presume that the actual combustion efficiency would surpass that of the
A-Jet if the heat loss to the exterior of the combustion chamber remains similar to that of
the A-Jet even with an increased heat transfer owing to the combustion gas recirculation
area. This avenue will be investigated in forthcoming research. Nonetheless, an increase
in combustion efficiency can be anticipated without a recess increase when employing a
gas-swirl injector in a full-scale engine for the inner position of the injector array or in
conjunction with film cooling.

4. Conclusions

The variables modified to enhance the performance of the GCSC injector encompassed
the recess ratio, swirl gas supply, and swirl direction. The spray characteristics of the injector
were assessed through an atmospheric-pressure spray test. We found that variations in
the momentum ratio did not yield significant differences in the spray angle. However, we
noticed a discernible trend of decreasing spray angle with increasing recess ratio. This trend
was particularly notable at a specific recess ratio RRcritical of 1.5, denoting the transitional
point where mixing mechanisms shifted. Gas swirls showed a smaller spray angle than
gas jets, aligning with the observed trend in the high recess ratio of the gas jet types.
This phenomenon increased the interaction between liquid and gas in the recess space
pre-injection, increasing the influence of the gas. The direction of the gas swirl was found
to counteract its angular momentum, opposite to that of the liquid, resulting in a reduced
spray angle. Analysis of the droplet behavior, influenced by the gas, revealed changes in
average axial velocity with increasing recess ratio. While the maximum velocity decreased
owing to larger droplet size, velocities increased away from the central axis. Notably, the
average axial velocity in the outer 10 mm region surpassed that of the gas jet with gas swirl,
while it exceeded throughout in the radial direction. The gas swirl also showed a trend
closer to the jet in the opposite direction to the liquid swirl. The maximum droplet size
decreased with increasing recess ratio, while droplet distribution increased near the central
axis. Gas swirls resulted in SMD sizes akin to those seen with the largest recess ratio in gas
jet injectors. Conversely, when the gas swirl direction opposed the liquid swirl, droplet
distribution was smaller and closer to the central axis.

In the combustion test, uniformity was ensured by affixing the same cylinder and
nozzle, with only the head modified to accommodate two identical injectors corresponding
to each injector type. Combustion characteristics were evaluated based on characteristic
velocity and combustion efficiency, revealing no significant deviations in their trends. As
the recess ratio increased, combustion efficiency increased, albeit with a decreasing rate of
increase. The difference in combustion efficiencies between injectors with differing momen-
tum flux ratios decreased with higher recess ratios, converging to negligible differences at
a specific recess ratio ( RRcritical), akin to spray-angle results.

The results from both the spray and combustion tests showed several interconnected
areas of significance. Particularly noteworthy was the similarity observed between the SMD
at the center of mass distribution and the trend of increasing combustion efficiency with
higher recess ratios. This alignment is of considerable importance because it suggests that
trends in combustion efficiency can be preliminarily assessed through relatively straightfor-
ward spray tests—a process considerably more manageable than conducting combustion
tests. Additionally, the identification of the critical recess ratio, corroborated by both spray
and combustion tests, holds significant implications for the future design of GCSC injectors.
This critical ratio represents a pivotal value where differences in injector design momentum
ratios have minimal impact, and subsequent increases in combustion efficiency become
marginal. Moreover, the potential for enhanced combustion efficiency with gas swirls
was validated, underscoring the importance of addressing heat load issues arising from
spray and flame configurations. These findings are instrumental in information decisions
regarding the placement and efficacy of such injectors. Future research endeavors aim
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to delineate the constraints associated with a further increase in the recess ratio under
lower momentum-ratio conditions. Additionally, efforts will focus on mitigating damage
caused by recirculation within the combustion chamber of gas swirl injectors, facilitating
the exploration of higher recess ratios.
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