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10.24191/jmeche.v23i3.9906 temperature is established by using the computed temperature as the

dependent variable in an empirical correlation based on existing
experimental data. The results show that reducing the equivalence ratio
from 2 to 1 increases the average flame temperature, leading to CNT
diameter increases of 5% and 20%, respectively. Additionally, the
influence of temperature on CNT diameter becomes noticeable only
within 6 mm downstream of the flame. Microscopy showed that CNTs
with larger diameters (36 — 46 nm) are expected in high-temperature
regions (T > 1300 K), whereas smaller diameters (29 — 41 nm) are
observed in lower-temperature areas (T < 1300 K) within the flame.

Introduction

Carbon nanotubes (CNTs) serve as electrode materials, chemical sensors, and catalyst supports in molecular
electronics and logic circuits owing to their high aspect ratio, large surface area, and distinctive structural,
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chemical, and physical properties (Chen et al., 2025; Murjani et al., 2022). Since flames can simultaneously
provide the key enablers for CNT growth, namely heat and a carbon source, flame synthesis offers an
energy-efficient alternative to the traditional chemical vapuor deposition (CVD) process (Zhang et al.,
2025; Martin et al., 2021). However, flame synthesis offers limited control over CNT characteristics, such
as diameter and alignment, due to the inherently steep temperature gradient within a flame. Premixed and
non-premixed flame configurations are commonly used as media for nanomaterial production in
combustion-based synthesis technology (Selamat et al., 2023; Zainal et al., 2021). In the former, the
hydrocarbon feedstock is combined with air before combustion. In the latter, a carbon source and airflow
originate from separate streams.

The separate fuel and oxidizer streams in non-premixed flames enable opposing fuel and air flows, as
in counterflow burners. This configuration facilitates the formation of a one-dimensional flat flame with a
relatively homogeneous temperature distribution throughout the reaction zone. For example, Heng and co-
workers showed that at high strain rates in a 1-D counterflow flame, the temperature field becomes
increasingly uniform, revealing a clear window for CNT growth within the flame (Moore, 2022; Heng et
al., 2019). In contrast, such a flat flame shape is uncommon in premixed flames. The closest example is the
study by Liu et al., who produced a flat flame using two opposed premixed flame-based burners, with
premixed flames from each burner impinging on a stagnation plane. However, CNT growth was not
investigated, and therefore, no CNT-related analysis was reported (Liu et al., 2017). A previous study
configured a premixed flame to impinge on a wall, creating wall stagnation to mimic the stagnation plane
typically observed in 1D counterflow non-premixed flames. The study demonstrated the capability to grow
aligned CNTs, but the controlling factor, whether in the form of temperature, equivalence ratio, or another
parameter, was not examined (Nakazawa et al., 2005).

Recent research shows that the non-premixed flame has a unique combustion parameter, the mixture
fraction, which can regulate CNT growth (Cabral et al., 2025; Norizan et al., 2020). It was found that CNTs
grow within a specific range of fuel mixture fractions. A similar idea applies to the premixed flame variant
through the equivalence ratio (@), which indicates whether the flame operates with excess fuel (@ > 1) or
excess air (@ < 1) (Liu et al., 2022). The equivalence ratio serves as a unifying global control parameter
that inherently couples the inlet mass flow rates and compositions of both the fuel and oxidizer streams in
a premixed flame. This parameter also affects the overall flame temperature, with a premixed flame at @
close to unity exhibiting a higher adiabatic flame temperature. Since CNT growth and shape, such as tube
diameter, depend largely on the flame's thermal distribution, the equivalence ratio is a vital control
parameter in premixed flame synthesis (Zainal et al., 2023).

However, few studies have investigated the equivalence ratio as a parameter for controlling CNT
morphology during synthesis. For example, a prior study that produced CNTs on nickel-coated wire mesh
within a propane-air premixed flame demonstrated that reducing the equivalence ratio from 2.0 to 1.0
affected the weight and coverage area of the CNTs at the site of growth, where the ratio was highest (Zhang
etal., 2020; Daneshvar et al., 2021). Similar findings were observed in another study by Zhang et al. (2022),
which examined the morphology and structure of carbon nanotubes produced in a hydrocarbon-rich
environment using a premixed propane-air flame with an equivalence ratio of @ = 1.8-2.2. The results
showed that increasing the carbon content in the fuel-rich zone increases the equivalence ratio, thereby
expanding the yield area for CNTs. The diameter of CNTs @ was also reported to vary. However, more
emphasis was placed on microscopy and spectroscopy investigations of the effect of equivalence ratio on
CNT growth, rather than on illustrating CNT morphology as a function of both flame temperature and
equivalence ratio.
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Morphological control of CNTs is primarily studied in chemical vapour deposition (CVD) due to its
improved control overgrowth temperature. For example, a CVD study reported that the growth rate,
diameter, and density of synthesized CNTs can be regulated by adjusting the power density during the
sputter deposition of the nickel catalyst, thereby altering the catalyst's surface morphology (Lavagna et al.,
2021). Generally, it was concluded that nanomaterial size depends on the grain size of the catalyst
nanoparticles. Other CVD studies have shown that growth temperature and catalyst nanoparticle size
significantly influence CNT diameter (Challiwala et al., 2024; Salah et al., 2021). One study highlighted
that active nanoparticle accumulation, which enlarges particles and determines CNT diameter, often results
from increased flame temperature, which also frequently causes greater nanoparticle migration across the
substrate support surface (Kehl et al., 2023; Hughes et al., 2024). Ibrahim et al. (2023) studied the control
of morphology and crystallinity of CNTs in a one-dimensional premixed flat flame using substrate-
supported nickel catalysts. The study highlighted that the CNT diameter varies with flame temperature
along the height above the burner (HAB).

Results from previous studies on the effects of temperature on catalyst particle sizes indicate that an
increase in flame temperature often promotes the migration of nanoparticles on the surface of substrate
supports, leading to active agglomeration that increases particle size and, in turn, regulates CNT diameter
(Goodman et al., 2021). Since CNT diameter is determined by the size of catalyst particles, which can also
be controlled by thermal adjustment, metal particles grow during sintering due to Ostwald ripening or
particle migration and coalescence at elevated temperatures, leading to larger particle sizes (Ndayishimiye
et al., 2022; Somoju, 2022). Sintering is associated with a loss of reactive surface area due to larger catalyst
particles, thereby deactivating a heterogeneous catalyst (Basheer et al., 2020). However, the studies by
Moore (2022), Goodman et al. (2021), Meng et al. (2022) and Hamzah et al. (2020) reported that CNT
diameter can also be controlled by other parameters, such as the fuel, catalyst type, diluents, oxygen, and
species concentration, which play crucial roles in CNT formation and dissociation levels. A study
conducted by Salah et al. (2021) showed that varying the temperature alone, whilst other operating
conditions were kept constant, significantly affects CNT morphology. The CNT diameter decreases with
increasing temperature when H2 is mixed with CH4, while the CNT length increases. This observation
suggests that carbon atoms play a crucial role in the axial growth of CNTs (Zhang et al., 2020; Li et al.,
2020; Sawyer & Hart, 2025).

Hence, the present study, by controlling the flame temperature via the equivalence ratio, explores how
this parameter affects CNT diameter within the hydrocarbon-rich environment of a premixed flat flame.
Computational Fluid Dynamics (CFD) is used to model the premixed flat flame and to further examine how
the equivalence ratio influences CNT diameter, using a newly developed semi-empirical correlation. To the
author's knowledge, no previous computational method has been used to investigate a premixed flat flame
with a uniform temperature distribution to promote favourable CNT growth. The following section outlines
the methodology adopted in the modelling study and concludes that the equivalence ratio is a key control
parameter for regulating morphology in flame synthesis.

Methodology

Experimental setup

The CFD results were validated against experimental temperature and flame-image data from Ibrahim
etal. (2023). Additionally, the semi-empirical correlation developed in this work was derived by combining
CFD results with experimental data on flame temperature and CNT diameter. The outcomes of this
computational effort were validated against microscopic photographs of the as-grown CNTs from the
experiment. The experimental setup, depicted in Fig. 1, involved a premixed flame fuelled by a mixture of
https://doi.org/10.24191/jmeche.v23i3.9906
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nitrogen, oxygen, and methane at 27%, 24%, and 49%, respectively. The flow rates used to introduce the
gases into the combustion chamber were 0.4, 0.445, and 0.8 standard litres per minute (SLM). The
integration of a sintered metal into the main nozzle allowed the premixed fuel-air flow to pass uniformly
through the porous medium, resulting in a flat, one-dimensional premixed flame. The experiment utilised
a fuel-rich environment with an equivalence ratio of 1.8 to facilitate CNT synthesis, thereby providing an
excess of carbon for CNT growth.

Exhanst

Cnartz be

Substrate Gas-washing glass
Stage

Sinterad metal

=1

Digital flowmeter

® High-precision
metering valve

Nitrogen
Oxygen J—

(Vetere -0

Rotameter

Lab-jack

X'fil 3-way check valve

Mabulizar Haating mantls

Fig. 1. Experimental setup of the premixed laminar flame synthesis.

As a secondary stream to the primary gas mixture, 6 slpm of nitrogen gas was introduced to prevent
carbon precursors from escaping into the atmosphere. In the current investigation, nitrogen gas was also
simulated. The CNT growth site was a spherical substrate coated with a nickel nitrate catalyst. A 1.7 MHz
mist generator was used to nebulise the nickel nitrate. Nitrogen gas transported the mist, which entered the
furnace at 5 slpm and was subsequently deposited onto the spherical substrates. However, the present study
does not include catalyst deposition modelling to reduce the computational burden.

Numerical computation

ANSYS Fluent was used to perform computational fluid dynamics (CFD) simulations with the steady-
state premixed combustion solver. The distributions of reacting flow velocity, pressure, temperature, and
species were obtained by applying the Favre-averaging technique to solve the governing equations for mass,
momentum, energy, and species. Equations 1-4 present the governing equations (Posch et al., 2025).

dp dpy;
ot axi

=0 M
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A k — w turbulence model was employed to capture local turbulence within the computational domain.
The turbulent kinetic energy k and the turbulent dissipation rate w are defined by Equations 5 and 6,
respectively. Variables U and I in Equation 5 denote the mean flow velocity and turbulence intensity,
respectively, where a value of 5% is used for the latter variable, accounting for moderate local turbulence
levels. Based on Equation 6, C,, and [ are the turbulence model constants taken to be 0.09 and the turbulent
length scale, respectively.

3
k= E(UI)Z ()
3kl
w = chz (6)

The semi-implicit Method for Pressure-Linked Equations (SIMPLE) scheme was used to handle
pressure-velocity coupling, and the second-order upwind scheme was used for grid discretization. The least-
squares cell-based (LSCB) approach was used to discretize the gradient terms. A simple kinetic mechanism
based on a two-step global reaction for methane-air combustion was employed as the chemical kinetics
input, as shown in Equations 7-9. The first reaction represents the oxidation of methane to major
combustion products (carbon monoxide and water), as shown in Equation 7. In contrast, the second reaction
comprises the forward and reverse reactions of CO2 formation and dissociation, respectively, as shown in
Equations 8 and 9 (Turns, 2012; Gertsiuk, 2023; Picheau et al., 2022).

CH4+1.50, > CO + 2H,0 (7)
CO+0.50,=> CO, ®)
CO, > CO+0.50, 9

As shown in Fig. 2, the computational domain of the flat flame is simplified to a two-dimensional,
axisymmetric rectangular grid with approximately 38,000 cells. The combustion reactants flow through the
domain from the left entrance to the right exit. The bottom boundary represents the flame centerline, which
is treated as an axis. Since the primary combustion region is located on the left side of Fig. 2, the grid is
denser upstream of the burner.
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Fig. 2. Schematic of the simplified axisymmetric 2-dimensional computational domain.

First, a baseline case is defined using the experimental flame’s operating parameters and an equivalence
ratio of 1.8 (Zhang et al., 2022). Equation 10 defines the equivalence ratio (@) (Picheau et al., 2022) as the
fuel mass flow rate, nif, divided by the air mass flow rate, nig, and by the stoichiometry. As indicated in
Table 1, the equivalence ratio varies from stoichiometric conditions of 1.0 to fuel-rich conditions of 1.2,
1.4, 1.6 and 2.0, creating six cases. 1.4, 1.6 and 2.0, creating six cases.

— mf/ma — mf/ma (10)
(mf/ma)stoic Sa

Table 1. Variation of the equivalence ratio and the corresponding mass flow rate of the combustion reactants used in the present study

Case Equiyalence CH,4 mass flow 0, mass flow Total mass flow rate Minimum N, gas iﬁf:tmrrazi ELlc'e\}v
ratio (@) rate (slpm) rate (slpm) (CH4+0y) (kg/sec) flow rate (slpm) rate (kg/s)
1 1 0.4 0.8 222 x107° 3 04 x 1075
2 1.2 0.4 0.67 193 x 1075 25 78 X 1075
3 1.4 0.4 0.57 1.71x 1075 2 5.59 x 1075
4 1.6 0.4 0.5 1.15 x 107> 1.5 446 x 1075
5 1.8 (baseline) 0.4 0.445 1.43 x 107° 0.8 2.98% 1075
6 2.0 0.4 0.4 1.33x107° 0.3 1.91x107°

Due to less-than-ideal growth conditions, fuel-lean conditions with an equivalence ratio @ less than
unity are not considered. To adjust the equivalence ratio in the present experiment, the inlet air mass flow
rate is varied while the fuel flow rate is kept constant at 0.4 slpm. An overview of the boundary conditions
applied to the CFD flame model is shown in Table 2. Note that the specified boundary conditions cover the
baseline case equivalence ratio, @, of 1.8.

Except for the wall, which is subject to heat flux boundary condition, all other boundaries are set to the
room temperature of 300 K. For the burner inlet and shield gas boundaries, intake mass flow rates of 2.98
x 107 and 1.21 x 107> respectively, are specified. A no-slip condition is assumed at the wall boundary.
Based on Table 2, the mass fractions of the reactants CH,, O», and N are represented by Y¢p4, Yp,, and

Yy, respectively. The computational time for a single case was approximately 15 minutes on a machine
with an Intel Core 17-8700 CPU at 3.20 GHz, using all four cores.

https://doi.org/10.24191/jmeche.v23i3.9906
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Table 2. Summary of boundary conditions for premixed flat flame (baseline model)

Parameter Burner inlet N, Shield gas Wall Outlet
T (K) 300 300 Heat flux 300
P (Pa) - - - Pressure outlet
m (kg/s) 298 x 10° 1.21 x 10° No-slip --
Yeua 0.24 0 - -
Y, 0.27 0 - -
Yya 0.49 1 - -

Development of semi-empirical correlation

Experimental data for CNT diameter is plotted against the measured CNT growth temperature. These
experimental measurements were obtained from a previous flame synthesis experiment (Ibrahim et al.,
2023) conducted using the same premixed flame configuration and operating conditions as shown in Fig.
3. When extracting the data and using them to develop correlations, the HAB is implicitly accounted for
through its associated temperature and is not treated as an independent variable in the correlation. Data
fitting for the d = f(T) relationship is carried out, where linear, exponential, polynomial, and power
models were assessed. The 2™ order polynomial resulted in a reasonable fit with R? value of 0.999, as
shown by Equation 11. It is noted that in Equation 11, the units for the CNT diameter (d) and the average
growth temperature (T') are nanometers and Kelvin, respectively.

Average CNT Diameter (nm)
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Fig. 3. Average CNT diameter distribution with relative temperature for premixed flame.
d =134 x 1075T2 — 0.24T + 120 (11)

The predicted flame temperature for each of the six cases was determined using CFD simulation. The
semi-empirical correlation in Equation 11 used the average temperature 5 to 15 mm above the burner (HAB)
as the input temperature for the baseline case, and the corresponding diameter was computed. The semi-
empirical model relates the predicted flame temperature to the CNT diameter. The process was repeated
for the six samples with diameters of 1.0, 1.2, 1.4, 1.6, and 2.0.
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Fig. 4. Scatter plot for experimentally determined CNT diameters at corresponding growth temperatures together with
the fitted polynomial model.

Fig. 4 shows the polynomial fit to the empirical relationship between the average CNT diameter and
the average CNT growth temperature. This diameter—temperature correlation is used as a post-processing
model, in which CFD temperature results are substituted into the correlation to yield predicted CNT
diameters. The input temperature corresponds to the average temperature for a given HAB. Thus, HAB is
indirectly incorporated into Equation 11. For the present study, HABs ranging from 5 to 17 mm in 2 mm
increments are considered. By applying CFD data to the empirical relationship, the semi-empirical model
relating CNT diameter to growth temperature is established. The modelling process was then repeated for
six operating conditions with equivalence ratios of 1.0, 1.2, 1.4, 1.6, and 2.0. The present semi-empirical
approach is reproducible for other flame configurations; direct application to other flame systems would
require recalibration using the corresponding experimental data for flame temperature and CNT diameter.

Results and Discussion

Model validation for baseline case

Validation of the flame shape and temperature for the baseline case with @ = 1.8 was carried out. Before
the parametric study of the effects of equivalence ratio on CNT diameters, the shape and size of the
predicted thin reaction zone, where heat is released due to the combustion of a methane-air mixture, are
compared with those of the experimental image, as shown in Fig. 5(a). The line-of-sight images of the
predicted and experimental flame fronts are highly similar. The heat-release contour matches the regime
well, with a faint bluish flame colour indicating the maximum temperature in the experiment. Fig. 5(b)
compares the predicted temperature distribution in the right panel with the experimental flame image. The
region of high temperature in the upstream regime, close to the burner inlet, and the gradual decrease
towards the downstream location, as predicted by CFD, compare well with the image of the premixed flame,
which exhibits an intense bluish-white glow near the inlet and a faded colour at greater axial distances.
Overall, the CFD flame model effectively simulates the physics of the flame.
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Fig. 5. Validation of the (a) predicted flame front via heat release contour (right panel) against that of the experimental
flame (left panel) and (b) flame temperature contour for the baseline case with @ = 1.8.

Fig. 6 illustrates the radial growth temperature at HABs of 5, 7, and 9 mm. The solid lines show the
predicted temperatures, while the discrete points show the measured temperatures from the actual
experiment. The temperature is calculated along the centreline (R = 0) to a radial distance of 8 mm for all
cases. The CFD flame model reproduces the decrease in the actual flame temperature with increasing height
above the burner, due to the greater distance from the hot flame front. Additionally, the model reasonably
predicts a downward slope as radial distance increases. This temperature gradient from the flame centreline
towards the far field can be attributed to cold shield gas in the flame's outer annulus (Ibrahim et al., 2023).
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Fig. 6. Validation of radial flame temperature at various burner (HAB) heights at the baseline case of @ = 1.8.

Regarding validation accuracy, the average percentage error between the actual and predicted
temperature values is less than 10% in each case, except at 5 mm HAB, where the error is higher due to
overprediction of the experimental data in the far field. At 5-11 mm HAB, close to the burner centreline,
the flame model underpredicts the temperature profile by well under 5%. A more noticeable
underprediction, less than 10%, occurs at higher burner heights, from 13 mm HAB to 15 mm HAB near the
burner centreline.

Conversely, an overprediction of the temperature of 5-25% occurs at the radial distance R = 8 mm
across all HAB. Such a compromise in accuracy is expected, as previous studies have reported a 15-25%
discrepancy in temperature prediction between a simulation based on simple chemical kinetics and a
detailed one (Zainal et al., 2023). The temperature overprediction observed at cap R =8 mm across all HAB
heights is primarily attributed to the use of a simplified two-step global chemistry mechanism, which
reproduces overall heat release and flame structure but exhibits reduced accuracy in regions with strong
radial temperature gradients. Importantly, CNT growth for all validated cases shown in Fig. 6 occurs in
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regions close to the centreline, within a radial distance of 4—6 mm [23]. Since the present CNT diameter
analysis is based exclusively on these experimentally validated growth regions, the localized discrepancy
in the far-field region is assumed to have a negligible impact on the conclusions of this study.
Notwithstanding, the flame model captures the temperature profile throughout the flame with sufficient
accuracy despite the simple chemistry approach used in the present study. Fig. 7 shows the predicted axial
temperature profile along the flame centreline with R = 0 mm. The highest-temperature region lies between
7 and 9 mm HAB in the axial direction, indicating the hot reaction zone. The predicted temperature is
notably higher at upstream locations near the burner inlet. These observations align with the actual flame
stabilising the burner upstream at 7 mm HAB.

1500
1450 | =TT = ==~
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1100 T 1 1 1

5 7 9 11 13 15 17

Average Flame Temperature(k)

Axial Distance (mm)

Fig. 7. Numerical results of the axial temperature profile at R = 0 with the predicted flame location.

Effects of equivalence ratio on CNT diameter

The effect of the equivalence ratio on CNT diameter is examined over the range of @ described in Table
1. Since the equivalence ratio directly influences the flame temperature and, consequently, CNT diameter,
an overview of the temperature distribution within the flame is considered necessary, as shown in Fig. 8.
For conciseness, only the temperature distribution near the reaction zone at 7 and 9 mm HAB, as well as at
upstream (5 mm HAB) and downstream (15 mm HAB) positions relative to the reaction zone, is presented.
Fig. 8 shows the predicted temperature distribution at varying HAB and equivalence ratios. The high-
temperature range of 1400—-1550 K at 7 and 9 mm HAB corresponds to the flame location, as shown earlier
in Fig. 7. The case of @ = 1 consistently shows the highest temperature across all HAB. This is expected,
as the maximum heat release occurs at the stoichiometric proportion of fuel and air, where the equivalence
ratio (@) is unity; away from this value (@<1 or @>1), the flame temperature will be lower (Sawyer & Hart,
2025). As the equivalence ratio decreases, the radial temperature also decreases.

The temperature range is significantly lower, between approximately 1300 and 1400 K, and further
from the reaction zone at 5- or 15-mm HAB. Away from stoichiometric conditions, at higher equivalence
ratios of 1.2, 1.4, 1.6, 1.8, and 2.0, the temperature distribution decreases consistently. Fig. 7 provides the
basis for determining the average temperature, which is used to plot the semi-empirical relationship
between flame temperature and CNT diameter in Fig. 8. Based on Fig. 8, a triaxial plot is presented with
equivalence ratio as the independent variable and flame temperature and CNT diameter as the dependent
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variables to systematically analyze the three parameters. Note that the range of the equivalence ratio under
study is limited to 2.0. Under ultra-rich conditions (> 2.2), growth competition with amorphous carbon can
become significant at higher carbon contents (Muchuweni et al., 2022; Zainal et al., 2020). Such growth
physics are not the primary focus of the present study.
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Fig. 8. Temperature profile with varying equivalence ratios at 5, 7, 9, and 15 mm HAB.

Morphological control of CNTs is often explored in chemical vapour deposition (CVD) because of its
ability to precisely control growth temperature. For instance, CVD studies have shown that adjusting power
density during nickel catalyst sputter deposition can modify the catalyst's surface morphology, thereby
regulating the growth rate, diameter, and density of the resulting CNTs (Lavagna et al., 2021). Typically,
the size of the nanomaterial is tied to the grain size of the catalyst nanoparticles. CVD research has also
highlighted that both growth temperature and catalyst nanoparticle size play a significant role in
determining CNT diameter (Challiwala et al., 2024; Salah et al., 2021). Research has shown that higher
flame temperatures can increase nanoparticle migration onto the substrate support, causing particles to
accumulate and grow larger, which in turn influences CNT diameter (Kehl et al., 2023). Ibrahim et al.
(2023) explored the control of CNT morphology and crystallinity using nickel catalysts in a premixed flat
flame. They found that the CNT diameter changed with flame temperature at different heights above the
burner (HAB). The equivalence ratio (@) in premixed flames indicates fuel-rich (@>1) or fuel-lean (@ < 1)
conditions (Heng et al., 2019). @ affects flame temperature, which peaks near unity and, in turn, influences
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CNT growth and morphology, making it a key control parameter in premixed flame synthesis (Zainal et al.,
2023). Research on the use of the equivalence ratio to control CNT morphology is limited. One study using
a propane-air premixed flame with nickel-coated wire mesh found that lowering the equivalence ratio from
2.0 to 1.0 affected CNT weight and coverage area, particularly at the highest ratios (Zhang et al., 2020;
Daneshvar et al., 2021).
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Fig. 9. Equivalence ratio variation with flame temperature and CNT diameter at 5, 7, 9, 11, 13, and 15 mm HAB.

As shown in Fig. 9, the flame temperature increases as the equivalence ratio shifts from rich to
stoichiometric conditions, as expected, since complete combustion, which produces the highest heat release,
is more prevalent under stoichiometric conditions. Interestingly, the CNT diameter also increases as the
equivalence ratio decreases, as observed consistently across all HABs. Across all triaxial plots in Fig. 8,
the predicted CNT diameter at HABs of 5, 7, 9, 11, 13, and 15 mm ranges between 29 and 55 nm. The
overlap between the predicted average temperature (white dots) and the diameter (black dots) indicates that
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the equivalence ratio affects the local temperature and, consequently, the CNT diameter, as predicted by
the correlation in Equation 11. The diameter is highly sensitive to temperature, with a 5% variation in
average temperature across HABs resulting in approximately a 20-30% change in CNT diameter. While
the variation in diameter is noticeable at varying HAB, it must be noted that HAB is not the primary factor
that influences CNT growth characteristics. Rather, it reflects the spatial manifestation of the temperature
field established by a given equivalence ratio.

In contrast to CVD studies demonstrating that CNT diameters are related to catalyst particle size
(Goodman et al., 2021; Ndayishimiye et al., 2022), the present study suggests that diameter depends on the
local flame temperature, as indicated by the developed diameter—temperature correlation, which is obtained
by adjusting the flame's equivalence ratio. This observation that the equivalence ratio is the primary
influence on CNT growth aligns with studies in the open literature (Zhang et al., 2020; Daneshvar et al.,
2021). For instance, a previous flame synthesis experiment that employed a propane- air premixed flame
with a nickel- coated wire mesh found that increasing the equivalence ratio from 1 to 2 substantially affected
the weight and coverage area of CNTs, with the most pronounced growth observed at the location with the
highest equivalence ratio (Zhang et al., 2020). Complementary findings were reported by Zhang et al.
(2022), who investigated the morphology and structure of CNTs produced in a hydrocarbon- rich
environment using a propane- air premixed flame with an equivalence ratio range of @ =1. 1. 1.8 — 2. 2.2.
2. The results suggest that optimizing the equivalence ratio can significantly enhance CNT yield and
quality. It can be inferred from Fig. 9 that larger catalyst particles are more likely to form in flames with an
equivalence ratio closer to 1 within the fuel- rich regime. The formation of larger catalyst particles at higher
temperatures, as the equivalence ratio nears unity, can be attributed to Ostwald ripening and particle
migration and coalescence (PMC), which are more pronounced at elevated temperatures (Goodman et al.,
2021; Meng et al., 2022). As carbon content increases at higher equivalence ratios, the average diameter of
the CNTs decreases. On the other hand, the absence of a radial (diameter- wise) contribution from carbon
to CNT growth indicates that the carbon is either consumed for growth along the axial direction (length-
wise) or transformed into other combustion by- products, including amorphous carbon and polycyclic
aromatic hydrocarbons (PAHs). This notion of competing effects between CNTs and carbon-based
particulates, such as PAHs, amorphous carbon, and soot, has been suggested by previous studies (Xu et al.,
2006; Wang et al., 2011). While such observations are reported in experimental studies, further
investigation is required to confirm them within a modelling-based framework.

As shown in Fig. 9, reducing the equivalence ratio from 2 to 1 affects CNT diameter only within a
limited downstream range of the flame, between 9 and 13 mm HAB (with the flame located at 7 mm HAB),
where CNT diameter increases by 20-30% within this HAB span. Conversely, at positions below 9 mm
HAB and beyond 15 mm HAB, a similar reduction in the equivalence ratio results in only up to a 10%
increase in CNT diameter. This observation is attributed to the local temperature distribution, as shown in
Fig. 8. HABs below the reaction zone at 7 mm HAB exhibit low temperatures of 1300-1400 K. On the
other hand, the temperature at 9 mm HAB is much higher, ranging from 1400 to 1500 K. The effect of the
equivalence ratio on local flame temperature at this HAB is also more pronounced, as indicated by the
relatively sparse spacing of the temperature plots. However, at 15 mm HAB, the diameter shown in Fig. 9
does not vary notably despite the sparse spacing observed at that HAB, as shown in Fig. 8, implying adverse
effects of low temperature on CNT growth.

The findings from the present computational studies are further supported by FESEM images of the as-
produced CNTs at HABs of 5, 10, and 15 mm for the baseline case, as shown in Fig. 10. Based on these
images, CNT diameter decreases with increasing HAB at lower temperatures. A wider diameter
distribution, ranging from 46 to 50 nm, occurs at lower HAB between 5 and 10 mm in the high-temperature
region (T > 1300 K). Conversely, a narrower diameter distribution, between 20 and 35 nm, appears in the
low-temperature region (T < 1300 K) at a higher HAB of 11-15 mm. This observation of the diameter
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distribution aligns with the predicted CNT diameters of 36—46 nm at 5-9 mm HAB and 29-41 nm at 11-15
mm HAB for the baseline case, as shown in Fig. 10.
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25 30 35 40 45
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Fig. 10. Field Emission Scanning Electron Microscopy (FESEM) images at 50,000x magnification of 5, 10, and 15
mm HAB for the baseline equivalence, @ = 1.8.

Conclusion

A parametric study of the effect of temperature on CNT diameter is conducted as a function of the
equivalence ratio. The study is set in a premixed flat flame. Validation results for the baseline case, with
the equivalence ratio set to 1.8, showed a satisfactory agreement between CFD predictions of flame
temperature and experimental values, with errors well within 10%. The distribution of CNT diameter at
temperatures of 1000, 1200, 1400, 1600 and 1800 K for equivalence ratios of 1.0, 1.2, 1.4, 1.6 and 2.0 was
determined using a newly developed semi-empirical correlation between temperature and CNT diameter,
based on published experimental results. Computational results showed an increase in CNT diameter as the
equivalence ratio decreased, a trend consistently observed across all flame heights studied. This suggests
that the equivalence ratio is a potential control parameter in premixed flames. Further comparison of the
computational results with actual microscopy images of CNT diameter confirms that CNTs with smaller
diameters are observed in lower-temperature regions below 1300 K. In contrast, CNTs with larger diameters
are observed at higher temperatures above 1300 K. The results also indicate that, for a premixed flat flame,
the effect of the equivalence ratio on CNT diameter is significant only within a limited downstream location
of the flame.
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