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 A B S T R A C T

Hydrogen (H2) addition to hydrocarbon flames alters soot yield, morphology, and nanostructure. This study 
investigates its influence on ethylene (C2H4) counterflow diffusion flames by quantifying soot volume fraction, 
refractive-index function for absorption, and size distributions, while simultaneously characterizing flame 
structure via OH*, CH*, and Swan band emission as well as temperature profiles. To disentangle the individual 
effects of H2 addition, H2-, He-, and He/Ar-modified flames were compared. The evolution from nascent, 
weakly light-absorbing nanoparticles of approximately 2–3 nm to mature soot was tracked, and the observed 
differences were attributed to the disentangled effects. Higher flame temperatures were found to enhance soot 
formation, whereas H2-specific chemistry and thermophysical changes associated with H2 addition acted in 
a soot-suppressing manner. The amount of added H2 determines whether the combined effects enhance soot 
formation at low addition levels or suppress it at higher addition levels, where smaller particles with a less 
graphitic nanostructure are formed.
Novelty and significance statement: Building on previous studies that separated dilution, thermal, and 
chemical effects of hydrogen addition on soot formation in hydrocarbon diffusion flames, this work links these 
effects to the particle-scale evolution of soot. Hydrogen-added ethylene counterflow diffusion flames were 
designed to disentangle these effects and to quantify, for the first time with hydrogen addition, the evolution 
of soot particle size distributions from nascent (2–3 nm) to mature primary particles. Using a comprehensive 
diagnostic toolbox, variations in flame structure, soot volume fraction, size distribution, and optical properties 
are attributed to isolated effects governing soot formation. The results provide reference data for modeling 
soot formation and size distributions in a canonical flame configuration. More broadly, the study establishes an 
experimental framework that can be extended to complex liquid fuels, including conventional and sustainable 
aviation fuels (SAF), enabling future investigations of hydrogen-assisted combustion strategies for soot and 
CO2 mitigation.
1. Introduction

Hydrogen (H2) addition to hydrocarbon fuels represents a promising 
pathway toward decarbonization, yet its overall impact on soot for-
mation remains complex and not fully understood. Its effect on soot 
formation can be attributed to changes in fuel concentration, flame 
temperature, transport properties, and chemical interactions, with these 
effects being strongly coupled [1,2]. Extensive investigations in canon-
ical flames — summarized by Wang et al. [3] and Wang and Chung [4] 
— have explored these effects, with laminar ethylene (C2H4) diffusion 
flames serving as model systems for H2–soot studies.

To isolate the individual contributions, studies have often compared 
flames with either H2 or He added in equal amounts, the latter serving 
as an inert reference with comparable transport behavior. Using this 
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approach in laminar coflow C2H4 diffusion flames, Gülder et al. [2] 
showed that H2 suppresses soot formation more strongly than compa-
rable He dilution and attributed the difference between the two cases 
to an overall chemical suppressive effect of H2. Subsequent numerical 
work by Guo et al. [5] supported this interpretation and attributed the 
chemical suppressive effect of H2 to reduced H-atom concentrations in 
soot surface growth regions together with elevated H2 concentrations 
in the lower flame region. Gu et al. [6] likewise showed a chemical 
suppressive effect of H2 and reported that H2 is particularly effective in 
suppressing soot inception. Sun et al. [7] further found that H2 addition 
reduces not only soot volume fraction but also the primary particle 
diameter. Notably, however, N2 was found in this study to be even 
more effective than H2 in suppressing soot formation.
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Despite these overall suppressive trends, the chemical effect of H2
in particular remains debated. Steinmetz et al. [8] reported a chemi-
cally enhancing effect of H2 in laminar coflow C2H4 diffusion flames. 
Consistent with this trend, Serrano-Bayona et al. [9] found that, at 
constant carbon flux, replacing N2 in the fuel stream with H2 increased 
soot volume fraction and led to earlier soot formation. They attributed 
this enhancement to higher flame temperatures, increased diffusivity, 
and chemical effects associated with elevated concentrations of soot 
precursor species.

In C2H4 counterflow diffusion flames (CDFs), the role of H2 has 
also been examined, but with differing conclusions regarding its effect 
relative to He. Du et al. [1] investigated the additives N2, Ar, He, and 
H2, and found He to be the most effective in suppressing soot inception. 
H2 also exerted a strong suppressive effect, despite increasing flame 
temperature and thus the flame’s propensity for soot formation. They 
attributed this behavior primarily to preferential diffusion and fuel 
dilution, while also noting that direct chemical suppression by H2 may 
contribute. In contrast, Xu et al. [10] reported that H2 addition reduces 
soot volume fraction more strongly than He addition in C2H4 CDFs. 
Their kinetic analysis attributed the inhibiting role of H2 primarily 
to suppression of polycyclic aromatic hydrocarbon (PAH) growth and, 
consequently, soot inception.

While these studies consistently show that dilution reduces soot 
formation in laminar C2H4 diffusion flames, the relative roles of the 
remaining contributions, particularly the chemical effect, are still not 
fully resolved. To address this, the present work first investigates the 
overall effect of increasing H2 addition on a laminar C2H4 CDF by 
systematically characterizing key chemiluminescent species — OH*, 
CH*, C2* — and temperature profiles together with soot metrics, i.e., 
soot volume fraction, refractive-index function for absorption, and the 
primary particle size distribution. Two representative H2-added CDFs 
are then selected to disentangle the underlying effects. Following the 
general strategy introduced by Hui et al. [11], the added H2 is first 
substituted by He, after which the remaining N2 is partially replaced by 
Ar to match the flame temperature of the H2-added CDF. This approach 
enables the individual contributions of H2 addition to soot formation 
to be disentangled and quantified individually.

2. Design and objective of this study

The CDFs investigated in this work were stabilized in a water-
cooled, traversable counterflow (CF) burner consisting of two opposing 
ducts with an inner diameter of 25 mm and a fixed separation distance 
of 12.5 mm. Fuel and oxidizer flows were metered by mass flow 
controllers and passed through 50 μm wire meshes at each duct exit to 
establish near plug-flow inlet conditions [12]. The streams were sup-
plied through the lower (fuel) and upper (oxidizer) ducts, respectively. 
Both ducts were surrounded by ring-shaped N2 sheath flow channels, 
and exhaust gases were removed through an annular outlet on the fuel 
side. Further details on the burner design and operating principles are 
provided elsewhere [13–15].

In this configuration, the base C2H4 CDF (see Fig.  1) employed a 
C2H4/N2 fuel mixture opposed by an N2/O2 oxidizer (synthetic air). 
Hydrogen was added to the fuel stream up to a mole fraction of 
𝑥H2

= 0.40, with the N2 mole fraction reduced accordingly. For all 
investigated CDFs, the C2H4 flow rate was kept constant at 𝑉̇C2H4

=
1.440 Lmin−1 and the C2H4 mole fraction was fixed at 𝑥C2H4

= 0.31, 
ensuring a constant carbon flux; consequently, the dilution effect as-
sociated with carbon replacement is eliminated. This also results in a 
constant fuel-side duct exit velocity, consistent with the approach used 
by Xu et al. [10] in their study of H2-added C2H4 CDFs. In addition, 
the fuel and oxidizer streams were adjusted to satisfy the momentum 
balance 𝜌Fuel 𝑢2Fuel = 𝜌Ox. 𝑢2Ox., where 𝜌𝑖 and 𝑢𝑖 denote the density and 
axial velocity of the respective streams. This condition is commonly 
imposed in CDF studies to ensure that the stagnation plane is located 
midway between the two opposing ducts [12]. Further details on the 
2 
Fig. 1. Flame images of the base C2H4 CDF and the corresponding H2-added 
cases with increasing 𝑥H2

.

operating conditions, including flow rates, duct exit velocities, and the 
strain rate 𝑎2 defined according to Seshadri and Williams [16], are 
provided in the Supplementary Material.

To disentangle the different effects of H2 addition to the base 
flame, two representative CDFs at 𝑥H2

= 0.13 and 0.26 (see Fig.  1) 
were examined in more detail. For each selected case, the added H2
was first replaced by He. In a second step, the remaining N2 was 
replaced by Ar to recover the adiabatic flame temperature of the 
H2-added case, involving complete replacement on the fuel side and 
partial replacement on the oxidizer side. This temperature adjustment 
is achieved by modifying the mixture heat capacity, as commonly 
applied in previous studies [1,17]. For disentangling the individual 
effects, each selected H2-added case was therefore represented by three 
complementary configurations:

(A) H2-added CDF:
C2H4/H2/N2 ⟷ N2/O2
This configuration represents the overall effect of H2 addition rela-
tive to the base flame while excluding the dilution effect associated 
with carbon replacement.

(B) He-substituted CDF:
C2H4/He/N2 ⟷ N2/O2
This configuration removes the chemical effect of H2 by replacing 
it with He, which serves as an inert reference with comparable 
transport behavior.

(C) He/Ar-substituted CDF:
C2H4/He/Ar ⟷ N2/Ar/O2
This configuration reproduces the adiabatic flame temperature of 
case (A) without H2, thereby enabling the chemical effect of H2 to 
be isolated under matched thermal conditions.

For all investigated CDFs, the flame structure was characterized 
using axial profiles of OH*, CH*, and C2* measured by emission spec-
troscopy, together with temperature profiles obtained by thermocou-
ple thermometry. Two-color time-resolved laser-induced incandescence 
(2C-TiRe-LII) was used to analyze soot formation in terms of soot vol-
ume fraction 𝑓𝑣, refractive-index function for absorption 𝐸(𝑚, 𝜆NIR) and 
the primary particle size distribution 𝑃 (𝑑𝑝). In addition, the mobility 
size distributions 𝑃 (𝑑𝑚) of evolving soot particles were determined us-
ing the aerosol probe introduced by Hagen et al. [13] and numerically 
supported by Kalbhor et al. [18], coupled with a differential mobility 
sizer.
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Fig. 2. Baseline-corrected emission spectra recorded at HAFD = 6.5 mm for 
the base CDF and the H2-added flame. The spectra are corrected for the 
wavelength-dependent response of the optical setup. Colored bands indicate 
the integration windows used for the chemiluminescence analysis of the OH*, 
CH*, and C2* emissions.

3. Diagnostics

In this section, the diagnostics used to characterize the CDF struc-
ture and soot particle formation and evolution are outlined.

3.1. Flame structure characterization

Broadband flame emission imaging enabled visualization of the 
overall flame structure and of the reaction and soot formation zones 
(see Fig.  1).

Complementary, spatially resolved emission spectra in the wave-
length range of 250–600 nm were recorded to capture OH*, CH*, and 
C2* Swan band emissions as a function of height above the fuel duct 
(HAFD). Radiation emitted from the flame was collected at different 
HAFDs using an imaging lens defining the observation volume. The 
intermediate image was spatially filtered by a pinhole in the image 
plane to restrict the measurement region. The transmitted radiation was 
subsequently collimated and focused into an optical fiber that guided 
the signal to a Czerny–Turner spectrograph equipped with a CCD 
detector. The effective probe volume, defined by the imaging optics 
and pinhole, resulted in a spatial resolution below 400 μm. Spectral 
intensities were corrected for the wavelength-dependent response of the 
optical system using a calibrated tungsten emission source.

Resulting baseline-corrected spectra at a HAFD of 6.5 mm for the 
base CDF and the H2-substituted CDF with 𝑥H2

= 0.26 are shown in 
Fig.  2. The OH* chemiluminescence corresponds to the A2𝛴+ → X2𝛱
transition, while CH* emission arises from the A2𝛥 → X2𝛱 transition. 
The spectra also include the 𝛥𝜈 = 0 Swan band near 516 nm and 
adjacent 𝛥𝜈 = ±1 and ±2 transitions of the d3𝛱𝑔–a3𝛱𝑢 electronic 
system [19].

Axial temperature profiles were measured with an S-type thermo-
couple probe as described in [13–15,20]. The 100 μm thermowires 
were tensioned parallel to the reaction zone by a spring mechanism 
and coated with ZrO2 to suppress catalytic effects. Measured temper-
atures were corrected for radiation losses according to Shaddix [21]. 
Considering the standard deviation of repeated measurements and 
the uncertainty associated with the radiation correction, the overall 
uncertainty of the reported temperatures is estimated to be ±80 K; see,
e.g., [15].

3.2. Soot diagnostics

2C-TiRe-LII, as described in previous work [13,15], was used to 
determine the soot volume fraction 𝑓𝑣, the refractive-index function for 
absorption 𝐸(𝑚, 𝜆NIR), and the primary particle size distribution 𝑃 (𝑑𝑝).

Upon absorption of a nanosecond laser pulse, soot particles un-
dergo a rapid temperature rise followed by cooling dominated by heat 
3 
conduction to the surrounding gas in the low-fluence regime [22,23]. 
At the near-infrared excitation wavelength 𝜆NIR = 1064 nm, the ab-
sorption function 𝐸(𝑚, 𝜆NIR) is sensitive to the nanostructure and/or 
maturity of the soot particles [24–26]. Increasing nanostructural order-
ing and larger basic structural units (BSUs) enhance the absorption of 
low-energy photons, resulting in higher values of 𝐸(𝑚, 𝜆NIR) [25,26].

According to [27], 𝐸(𝑚, 𝜆NIR) was determined from the measured 
particle temperatures before and after laser pulse absorption under low-
fluence conditions. In this regime, the temperature increase induced by 
laser heating can be approximated by 

𝐸(𝑚, 𝜆NIR) ≈
𝜆NIR 𝜌𝑝𝑐𝑝
6𝜋𝑓exc

(

𝑇 ∗
𝑝 − 𝑇 0

𝑝

)

, (1)

where 𝑇 0
𝑝  and 𝑇 ∗

𝑝  denote the particle temperatures before and immedi-
ately after laser pulse absorption, respectively, 𝑓exc is the laser fluence 
integrated over the pulse duration, 𝜌𝑝 is the particle density, and 𝑐𝑝 is 
the mass specific heat capacity of the particles [25,27,28]. The initial 
particle temperature 𝑇 0

𝑝  was assumed to be equal to the local gas tem-
perature. The uncertainty of 𝐸(𝑚, 𝜆NIR) arises mainly from uncertainties 
in particle temperature, particle density, and heat capacity. Following 
the analysis reported in [15], the resulting uncertainty is estimated to 
be about 20% for mature soot particles and up to about 40% for nascent 
soot particles.

In the low-fluence regime, the TiRe-LII signal decay is governed by 
conductive heat transfer between the heated particles and the surround-
ing gas [22,23]. In this regime, particle sublimation is negligible. Since 
the conductive cooling rate scales with particle surface area, smaller 
particles cool faster than larger ones. Consequently, the temporal decay 
of the TiRe-LII signal contains information on 𝑃 (𝑑𝑝). The distribution 
was assumed to follow a log-normal function characterized by its count 
median diameter (CMD) and geometric standard deviation 𝜎𝑔 . The CMD 
of 𝑃 (𝑑𝑝) was obtained by fitting numerically simulated signal decays 
to the measured TiRe-LII signals using the Karlsruhe model [29,30]. 
In accordance with [15], a variable 𝜎𝑔 was applied as a function of 
HAFD. As detailed in that study, the uncertainty of the CMD of 𝑃 (𝑑𝑝)
derived from the TiRe-LII decays is mainly governed by the assumed 
𝜎𝑔 , uncertainties in the local gas temperature, and the extrapolation 
of optical properties. The CMD of 𝑃 (𝑑𝑝) is therefore conservatively 
reported with an expanded uncertainty below 20%.

The soot volume fraction 𝑓𝑣 was derived from the same low-
fluence measurements using the auto-compensating approach intro-
duced in [31] and adopted in [15]. In this approach, 𝑓𝑣 is determined 
from the particle temperature directly after laser pulse absorption 
without calibration against a reference flame. The resulting 𝑓𝑣 values 
were compared in [15] with values obtained from the classical plateau-
fluence approach using a reference flame calibration. For soot volume 
fractions up to 500 ppb, both methods agreed within ±15%, while 
deviations below 30% were observed for higher 𝑓𝑣 values, consistent 
with the overall measurement uncertainties.

The laser-optical setup, described in detail elsewhere [15], em-
ployed a Q-switched Nd:YAG laser operating at 10 Hz. The laser fluence 
was controlled using a rotating half-wave plate and a polarizing beam 
splitter, and it was monitored by a calibrated photodiode. The laser 
beam was relay-imaged into the detection volume with a magnification 
of 1∶1. The 2C-TiRe-LII signals were detected at 120◦ relative to the 
laser axis using two photomultipliers equipped with interference filters 
centered at 450 nm and 650 nm, respectively. The signal recording was 
carried out with a digital oscilloscope.

Complementary to 2C-TiRe-LII, which provides 𝑃 (𝑑𝑝), differential 
mobility sizing was applied to determine the mobility size distribution 
𝑃 (𝑑𝑚). This approach allows characterization of nascent and weakly 
NIR-absorbing particles and reveals possible bimodal features of the 
evolving particle ensemble, thereby extending the accessible size range 
beyond optical diagnostics.

Particle-laden flame gas was extracted from the CDFs using an 
aerosol probe developed and characterized in detail in [13], enabling 
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Fig. 3. Normalized peak values characterizing the flame structure (top) and 
soot-related metrics (bottom) as a function of H2 addition to the base C2H4
CDF. All quantities are normalized by their respective peak values in the 
base flame, i.e., 𝑇max = 1861 K, 𝑓𝑣 = 571 ppb, 𝐸(𝑚, 𝜆NIR) = 0.35, and 
CMD of 𝑃 (𝑑𝑝) = 21 nm. The highlighted regions indicate the flames selected 
for detailed analysis.

spatially resolved sampling. Rapid N2 quenching of the sampled aerosol 
freezes soot particle surface growth, coagulation, and oxidation, which 
is essential to preserve the particle size distribution during
sampling [32]. The probe features a concentric double-wall quartz 
geometry with a conical tip and annular dilution gas inlet, designed to 
minimize flame disturbance while ensuring efficient mixing and rapid 
quenching of the extracted flame gas. The sampling rate is controlled 
via the pressure drop 𝛥𝑝0 across the probe orifice and the dilution 
gas flows, which together define the dilution ratio (DR). The DR 
was determined using the CO2 tracer method proposed by Camacho 
et al. [33], yielding an empirical correlation between 𝛥𝑝0 and DR 
up to values of about 2 × 103. This correlation was used to convert 
measured number concentrations into absolute 𝑃 (𝑑𝑚). Particle losses 
in the probe, transfer lines, and instruments were corrected according 
to [13]. The uncertainty of the derived 𝑃 (𝑑𝑚), and thus of CMD and 𝑓𝑣, 
arises mainly from uncertainties in the determination of DR, particle 
losses in the probe and transfer lines, and the fact that sampling occurs 
from a finite probe volume rather than a point location. To account 
for these contributions, both quantities are conservatively reported 
with an overall uncertainty of 30%. However, comparison with non-
intrusive 2C-TiRe-LII measurements confirmed negligible perturbation 
of the CDF structure and consistent particle number densities [13].

The diluted aerosol was classified by electrical mobility using a 
differential mobility analyzer (DMA) and detected by a condensa-
tion particle counter (CPC) to obtain 𝑃 (𝑑𝑚). Prior to classification, 
the aerosol passed through a soft X-ray neutralizer to establish a 
well-defined charge equilibrium.

4. Results and discussion

Fig.  3 illustrates the response of the base CDF to H2 addition up 
to 𝑥H2

= 0.26, in terms of normalized peak values of flame structure 
markers and soot-related metrics obtained by 2C-TiRe-LII.

The soot metrics 𝑓𝑣, 𝐸(𝑚, 𝜆NIR), and the CMD of 𝑃 (𝑑𝑝) initially 
increase up to 𝑥H2

= 0.04, remain nearly unchanged at the next 
addition level (𝑥H2

= 0.08), and then decrease markedly with further H2
addition. At low H  fractions, this behavior may be related to changes 
2

4 
in the radical pool, including an increased availability of highly reactive 
H radicals, which can promote hydrocarbon radical formation, facilitate 
PAH growth via pathways such as HACA, and thereby enhance the 
formation of early soot precursors. A similar initial increase has also 
been reported for H2-added C2H4 diffusion flames at constant carbon 
flux and has been attributed to increased diffusivity, elevated flame 
temperatures, and higher concentrations of soot precursors associated 
with small H2 additions [8,9]. Finally, the observed initial increase 
may partly reflect the slight decrease in the strain rate, relative to 
the base flame across the H2-addition series. This variation arises 
from the chosen experimental design: maintaining a constant carbon 
flux while satisfying the momentum balance between the fuel and 
oxidizer streams leads to small changes in the oxidizer-side duct exit 
velocity and therefore in the strain rate, as described in detail in the 
Supplementary Material. Xu et al. [10] likewise reported strain rate 
variations associated with H2 addition and found their influence on soot 
formation to be negligible. Accordingly, while the initial rise in the soot 
metrics may include a contribution from the accompanying variation 
in strain rate, the observed trend is also consistent with previously 
reported effects of small H2 additions on soot precursor formation.

At higher H2 addition levels, Fig.  3 indicates that H2 exerts a strong 
soot suppressing effect, as reflected by the reduced 𝑓𝑣 and CMD of 
𝑃 (𝑑𝑝), in agreement with previous findings reported by Xu et al. [10]. 
Moreover, the decrease in 𝐸(𝑚, 𝜆NIR) indicates smaller and less ordered 
BSUs, i.e., less mature soot particles with reduced NIR absorption, 
which is consistent with the findings of Choi et al. [34], who reported 
that H2 addition reduces the degree of graphitization of soot particles.

By comparison, the flame structure markers — OH*, CH*, C2*, 
and 𝑇  — exhibit largely monotonic trends with increasing H2 ad-
dition. Across the range considered in Fig.  3, the peak temperature 
increases linearly, whereas the normalized peak intensities of CH* 
and C2* decrease. OH* decreases up to about 𝑥H2

= 0.17 and then 
remains approximately constant, consistent with numerical simulations 
performed in this work using the GRI-Mech 3.0 [35], extended by 
the chemiluminescence reaction set proposed by Kathrotia et al. [36]. 
A rate-of-production analysis provided in the Supplementary Mate-
rial reveals a compensation between dominant OH* formation and 
consumption pathways.

As will be shown below, the soot volume fraction decreases when 
moving from the H2-added CDFs to the corresponding He-substituted 
flames used to disentangle the effects on soot formation. Since the He-
substituted flame for the H2-added case with 𝑥H2

= 0.26 is the highest 
H2 addition level at which the soot metrics can still be determined, this 
case was selected to probe conditions close to the sooting limit. This 
regime marks the transition between soot-forming and non-sooting con-
ditions and thus provides insight into the onset of particle formation. 
Under these conditions, however, the uncertainty of the 2C-TiRe-LII 
signal analysis increases substantially. While 𝐸(𝑚, 𝜆NIR) can still be 
determined by increasing the laser fluence, the quantification of 𝑃 (𝑑𝑝)
and 𝑓𝑣 becomes increasingly uncertain. To further characterize particle 
formation under these near-sooting-limit boundary conditions, mobility 
size distributions 𝑃 (𝑑𝑚) were therefore measured as a function of HAFD 
using aerosol sampling and differential mobility sizing, as described in 
Section 3.2. The resulting distributions are shown in Fig.  4.

All investigated flames were soot formation (SF) flames with a stoi-
chiometric mixture fraction of 𝑍𝑠𝑡 < 0.5, such that soot formed between 
the flame front and the stagnation plane (SP) is convected toward the 
latter without oxidation [4,37]. Consequently, the observed evolution 
of 𝑃 (𝑑𝑚) reflects only soot formation processes, i.e., particle inception, 
surface growth, and coagulation, the latter comprising coalescence and 
aggregation. The distributions reveal soot particle inception on both 
the fuel and oxidizer sides of the SP located at HAFD = 5.5 mm. As 
shown in Fig.  4, nascent particles with diameters of about 2–3 nm are 
detected most clearly on the fuel side of the SP at HAFD = 4.5 mm and 
5.0 mm. In this region, 𝑃 (𝑑𝑚) broadens, its maximum shifts to larger 𝑑𝑚, 
and the number of the smallest particles declines, indicating progressive 
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Fig. 4. 𝑃 (𝑑𝑚) for different HAFDs measured by aerosol sampling and mobility 
sizing in the H2-added CDF with 𝑥H2

= 0.26.

conversion of nascent particles into larger ones by surface growth and 
coagulation during convection toward the SP.

These trends may also indicate a transition from inception-
dominated to growth-dominated conditions and thus suggest a spa-
tial decoupling of nascent particle formation and subsequent particle 
growth. On the oxidizer side of the SP, the rightward broadening 
of 𝑃 (𝑑𝑚) and the shift of its maximum likewise indicate progressive 
particle growth; however, the nearly unchanged number of the smallest 
particles suggests that nascent particle formation persists in parallel. 
At the SP itself (HAFD = 5.5 mm), 𝑃 (𝑑𝑚) exhibits a weak secondary 
contribution at mobility diameters larger than 40 nm, suggesting the 
onset of aggregate formation near the SP.

To further interpret the overall impact of H2 addition to the C2H4
base CDF, the case at 𝑥H2

= 0.26 is analyzed to disentangle the 
underlying effects, as described in Section 2. Fig.  5 shows flame images 
of the four CDFs considered. A first qualitative comparison already 
suggests that, when added in equal amounts to the base CDF, He 
suppresses soot formation more strongly than H2, as reflected by the 
weaker soot luminosity of the He-substituted flame. At the same time, 
the He/Ar-substituted CDF exhibits the strongest soot luminosity among 
the four flames, indicating the highest soot loading. To disentangle and 
quantify the contributions underlying this behavior, the four CDFs are 
considered along the sequential modification path: base CDF → He-
substituted CDF → He/Ar-substituted CDF → H2-added CDF. Within 
this sequential modification path, the transition from the base to the 
He-substituted CDF captures the thermophysical modification associ-
ated with replacing N2 by He, which serves as an inert reference 
gas with transport properties similar to those of H2. The transition 
from the He- to the He/Ar-substituted CDF isolates the thermal effect, 
and the comparison between the thermally matched He/Ar-substituted 
and H2-added CDFs isolates the chemical effect of H2 addition. As 
described in Section 2, the C2H4 flow rate was kept constant and the 
C2H4 mole fraction was fixed at 𝑥C2H4

= 0.31 for all cases, thereby 
eliminating the dilution effect associated with carbon replacement. 
Since the carbon flux is kept constant, the transition from the base 
CDF to the He-substituted CDF is accompanied by a slight change in 
strain rate, reported as negligible by Xu et al. [10], and therefore 
does not represent a purely thermophysical modification. By contrast, 
the strain rate is consistent across the H2-added, He-substituted, and 
He/Ar-substituted CDFs, i.e., 𝑎2 = 47 ± 1 s−1.

The corresponding axial temperature profiles measured for these 
flames and those predicted numerically using the POLIMI mecha-
nism [38] are compared in Fig.  6 and provide the thermal basis for 
disentangling the effects.

The experimental data and numerical predictions show qualita-
tively similar trends, although the calculations do not fully repro-
duce the absolute peak temperatures. Specifically, the peak tempera-
tures of the base and He-substituted CDFs are overpredicted, whereas 
those of the H -added and He/Ar-substituted CDFs are underpredicted. 
2

5 
Fig. 5. Flame images of the four CDFs considered to disentangle the effects at 
𝑥H2

= 0.26: the base CDF, the H2-added CDF (A), the He-substituted CDF (B), 
and the He/Ar-substituted CDF (C).

Both experiment and simulation nevertheless show that the H2-added 
flame exhibits the highest peak temperature, 𝑇max, and that the He/Ar-
substituted case reproduces it well (see Fig.  6). In the measurements, 
the difference in 𝑇max between these two flames is only 9 K, indicating 
closely matched thermal conditions and thus allowing the chemical 
effect of H2 addition to be isolated. Both experimental data and simu-
lations also show a small temperature difference between the base and 
He-substituted CDFs, with the latter exhibiting a lower 𝑇max by about 
28 K.

Fig.  6 also shows the peak regions of the measured chemilumi-
nescence signals. For the base CDF as well as the He- and He/Ar-
substituted cases, the regions of peak OH*, CH*, and C2* emission 
overlap closely, indicating a narrow reaction zone. In contrast, only the 
H2-added CDF exhibits a broadened OH* zone together with a shift of 
the Swan band emission peak toward the fuel side, suggesting partial 
C2H4/H2 stratification, which may result from preferential diffusion.

Fig. 6. Temperature profiles and peak emission regions of OH*, CH*, and 
C2* for the base CDF and cases (A), (B), and (C) at 𝑥H2

= 0.26. Symbols 
represent experimental data, while solid lines correspond to simulations using 
the POLIMI mechanism [38]. Colored bands mark the axial regions of peak 
emission of the chemiluminescent species.
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Fig. 7. Soot metrics, 𝑓𝑣, 𝐸(𝑚, 𝜆NIR), and the CMD of 𝑃 (𝑑𝑝), as a function of 
HAFD for the base CDF and cases (A), (B), and (C) at 𝑥H2

= 0.26. For the 
two CDFs close to the sooting limit, i.e., the He-substituted and the H2-added 
CDFs, 𝑓𝑣 and the CMD of 𝑃 (𝑑𝑝) are inferred from mobility sizing, whereas 
for the He/Ar-substituted and the base CDF, 2C-TiRe-LII is employed. For the 
base CDF, the CMD from aerosol sampling and mobility sizing is additionally 
shown as a second blue curve with triangle markers. Both methods yield CMD 
values that agree within the discussed uncertainty, providing consistent and 
complementary estimates.

Fig.  7 compares the corresponding soot metrics 𝑓𝑣, 𝐸(𝑚, 𝜆NIR), and 
the CMD of 𝑃 (𝑑𝑝) for the four CDFs considered to disentangle the 
underlying effects on soot formation at 𝑥H2

= 0.26. Taking into account 
the thermal matching between the H2-added and He/Ar-substituted 
cases established by Fig.  6, the changes in these soot metrics can now 
be interpreted in terms of the thermophysical, thermal, and chemical 
effect along the sequential modification path. At HAFD = 5.5 mm, 
corresponding to the SP and thus to the peak soot metrics, the ther-
mophysical step from the base to the He-substituted CDF strongly 
suppresses soot formation (see Fig.  7). All soot metrics decrease sharply: 
𝑓𝑣 drops from 571 ppb to 0.10 ppb, the CMD of 𝑃 (𝑑𝑝) from 21.0 nm 
to 4.2 nm, and 𝐸(𝑚, 𝜆NIR) from 0.35 to 0.18. Although the absolute 
𝑓𝑣 approaches the detection limit of mobility sizing, a monomodal 
distribution of nascent particles with 𝑑𝑚 = 2–4 nm is still inferred, 
corresponding to 𝑓𝑣 < 1 ppb. Under these near-sooting-limit conditions, 
𝐸(𝑚, 𝜆NIR) can still be determined by 2C-TiRe-LII using increased laser 
fluence, albeit with higher uncertainty. The strong suppression is con-
sistent with the corresponding flame image (see Fig.  5). The subsequent 
thermal step, i.e., the transition from the He- to the He/Ar-substituted 
CDF, reverses this suppression. As 𝑇max increases (see Fig.  6), 𝑓𝑣, the 
CMD of 𝑃 (𝑑𝑝), and 𝐸(𝑚, 𝜆NIR) all increase markedly, reaching 4050 ppb, 
43.0 nm, and 0.50, respectively. Finally, comparison of the thermally 
matched He/Ar-substituted and H2-added CDFs isolates the chemical 
effect of H2 addition. All three soot metrics decrease again (see Fig. 
7), confirming that the chemical effect of H2 is suppressive under the 
present conditions.

The CMD values obtained by the two methods agree within the 
discussed uncertainty, indicating that both diagnostics provide comple-
mentary and mutually consistent estimates of the CMD.

While the stepwise changes along the sequential modification path 
can be discussed directly in terms of the absolute values of the soot 
metrics, Fig.  8 provides a more compact representation of this effect 
disentangling at HAFD = 5.5 mm for both 𝑥H2

= 0.26 and 𝑥H2
= 0.13. 

For a general quantity  ∈ {𝑓𝑣, 𝐸(𝑚, 𝜆NIR), CMD of 𝑃 (𝑑𝑝)}, each bar 
denotes the logarithmic change along the modification path from state 
𝑘−1 to state 𝑘, expressed in decades. This representation is particularly 
suitable for the present system, as the investigated quantities vary over 
6 
Fig. 8. Logarithmic changes of soot metrics at HAFD = 5.5 mm along 
the sequential modification path base CDF → He-substituted CDF → He/Ar-
substituted CDF → H2-added CDF for 𝑥H2

= 0.13 and 0.26, representing the 
isolated thermophysical, thermal, and chemical effects, respectively.

multiple orders of magnitude. It also yields an additive decomposition, 
in which the individual thermophysical, thermal, and chemical effects 
sum exactly to the total logarithmic change between the base and the 
H2-added CDF.

The normalized peak values of the soot metrics — 𝑓𝑣, 𝐸(𝑚, 𝜆NIR), 
and the CMD of 𝑃 (𝑑𝑝) — in Fig.  3 show only slight changes between 
the base and the H2-added CDF at 𝑥H2

= 0.13. This is reflected in the 
overall logarithmic changes from the base to the H2-added flame, which 
amount to +0.10 for 𝑓𝑣, +0.08 for the CMD of 𝑃 (𝑑𝑝), and +0.05 for 
𝐸(𝑚, 𝜆NIR). Fig.  8, however, shows that this weak net response results 
from pronounced individual contributions. Specifically, the thermo-
physical and chemical effects are clearly soot-suppressing, whereas the 
thermal effect promotes soot formation.

For the 𝑥H2
= 0.26 case, the same qualitative pattern is retained but 

the effects are more pronounced. The combined thermophysical and 
chemical contributions outweigh the opposing thermal effect, leading 
to a net reduction in all soot metrics and thus to a lower soot volume 
fraction and smaller, less mature primary particles relative to the base 
CDF.

The thermal effect, which is the strongest individual contribution 
in both the 𝑥H2

= 0.13 and 𝑥H2
= 0.26 cases, can be readily interpreted 

from the temperature profiles shown in Fig.  6: between the He- and 
He/Ar-substituted CDFs, 𝑇max increases by about 325 K, and all three 
soot metrics increase accordingly. The chemically suppressive role of 
H2 identified here may be explained by the kinetic analysis of Xu 
et al. [10], who attributed soot reduction in C2H4 CDFs mainly to 
suppressed PAH growth and, consequently, soot inception. Their study, 
however, found H2 to suppress soot formation more strongly than He, 
whereas in the present work the strongest overall soot suppression is 
observed for the He-substituted CDF. This pronounced thermophysical 
effect cannot be explained by temperature changes alone, since the 
difference in 𝑇max between the base and He-substituted CDFs remains 
below 30 K (see Fig.  6), whereas the reduction in soot formation is 
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substantial. Du et al. [1] likewise found He to be more effective than H2
in suppressing soot inception in C2H4 CDFs and related this behavior 
primarily to preferential diffusion and fuel dilution, while Axelbaum 
et al. [39] showed that soot suppression in C2H4 CDFs becomes stronger 
with increasing additive diffusivity. The pronounced thermophysical 
effect observed in the present study points in the same direction and 
suggests that preferential diffusion may play an important role in the 
soot-suppressive effect of H2 addition.

5. Concluding remarks

The impact of H2 addition on soot formation in a C2H4 CDF was in-
vestigated by disentangling the individual effects. The main conclusions 
are as follows:

1. When fuel dilution is suppressed, the impact of H2 addition on 
soot formation is governed by a competition between thermo-
physical, thermal, and chemical effects, with the thermophysical 
and chemical effects suppressing soot formation and the thermal 
effect promoting it as the strongest individual contribution.

2. The H2 addition level appears to determine whether the com-
bined effects enhance or suppress soot formation, with low H2
addition levels leading to either a slight enhancement of soot 
formation or a near compensation of the individual effects.

3. At higher H2 addition levels, the combined suppressive ther-
mophysical and chemical effects dominate over the thermal 
enhancement, leading to lower 𝑓𝑣 as well as smaller and less 
mature soot particles, as reflected by lower CMD of 𝑃 (𝑑𝑝) and 
𝐸(𝑚, 𝜆NIR) values.
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