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Abstract 

The reliable operation of scramjet combustors is hindered by two major challenges: achieving ignition 
within sub-millisecond residence times and mitigating severe thermal loads on combustor walls. 

Regenerative cooling with hydrocarbon fuels offers a promising solution, as endothermic thermal 
cracking simultaneously enhances heat-sink capacity and generates reactive intermediates that 

promote ignition. Among candidate surrogates, n-dodecane is widely used due to its representative 

paraffin chemistry and well-characterized thermophysical properties. However, existing detailed 
mechanisms are too complex for computational fluid dynamics, while no dedicated simplified reaction 

model for n-dodecane has been available. This study develops a two-step global reaction model for n-
dodecane-air combustion tailored to scramjet-relevant conditions. The rate parameters are optimized 

against ignition delay time and laminar flame speed obtained from a reference detailed mechanism. A 

coarse-to-fine search combined with a sequential filtering framework identified robust parameter sets, 
ensuring a reasonable accuracy across a broad range of pressure, temperature, and equivalence ratio. 

Despite the model shows modest deviations under certain conditions, it offers sufficient accuracy for 

preliminary simulation studies while preserving computational efficiency.  
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Nomenclature 

Latin 

A – Pre-exponential factor 
C – Concentration 

Ea – Activation energy 

H – Altitude 
Keq – Equilibrium constant 

Ma – Mach number 
P – Pressure 

SL – Laminar flame speed 
T – Temperature 

q – Dynamic pressure 

n – Concentration exponent 
k – reaction rate constant 

Greek 

Φ – Equivalence ratio 

α – Pressure exponent 

η – Compression efficiency 

σ – Arbitrary combustion characteristics 

τ – Ignition delay time 

ψ – Cycle temperature ratio 
ω – Net reaction rate 

Subscripts 
at – Atmospheric 

flight – Flight 

in – Combustor entry 

1. Introduction 

The development of scramjet propulsion systems is central to the realization of sustained hypersonic 
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flight. However, scramjet combustors face two critical challenges, namely achieving ignition within 
extremely short residence times and mitigating severe thermal loads on the combustor walls [1]. At 

flight speeds above Mach 5, the residence time of gases inside the combustor is typically less than a 
millisecond, during which fuel injection, mixing, ignition, and flame stabilization must occur [1]. 

Simultaneously, the intense heat release associated with combustion, compounded by aerodynamic 

heating, imposes substantial thermal stresses on structural materials [2]. These coupled aerodynamic 

and chemical constraints define one of the most formidable barriers to reliable scramjet operation. 

Regenerative cooling has emerged as a promising strategy to alleviate both ignition and thermal 
management issues [3]. In this approach, the hydrocarbon fuel is circulated through wall-embedded 

channels, absorbing heat from the combustor walls. At elevated temperatures, the fuel undergoes 
endothermic thermal cracking, which not only extends the effective heat-sink capacity but also 

generates lighter hydrocarbon intermediates with improved ignition characteristics [4]. This dual 

function makes regenerative cooling particularly attractive for integrated scramjet design. 

Among potential surrogate fuels, n-dodecane has gained prominence as a representative of the paraffin 

class in transportation fuel surrogates [5]. Its thermophysical properties and endothermic cracking 
behavior have been extensively characterized, providing reproducible datasets for oxidation, pyrolysis, 

and heat transfer processes [6]. Consequently, n-dodecane has been widely adopted in both 

experimental and numerical investigations of hydrocarbon combustion and regenerative cooling [4, 7, 
8]. However, while detailed chemical kinetic mechanisms for n-dodecane combustion exist and capture 

low- through high-temperature oxidation pathways, these mechanisms typically involve thousands of 
reactions and hundreds of species, rendering them computationally intractable for practical 

computational fluid dynamics (CFD) simulations [5, 9, 10]. 

Simplified reaction models offer a viable alternative by balancing fidelity with tractability. Previous 

studies have proposed global reaction models for various hydrocarbons, designed to reproduce laminar 

flame speeds, ignition delay times, and equilibrium compositions across a range of conditions [11-16]. 
These simplified models, often comprising one to four global steps, have demonstrated utility in large-

eddy simulations and engineering design studies. However, to date no dedicated global reaction model 
has been proposed for n-dodecane. Moreover, existing efforts often rely on varying rate parameters to 

match specific targets, whereas CFD practitioners prefer models with fixed Arrhenius parameters that 

can be easily integrated into reaction flow solvers [13, 16]. 

The objective of this study is to develop a two-step global reaction model for n-dodecane-air combustion. 

The model is constructed to simultaneously reproduce ignition delay times and laminar flame speeds 
over conditions relevant to scramjet combustion, while maintaining the simplicity required for CFD 

applications. By providing a computationally efficient yet physically representative chemical model, this 

work aims to enable more reliable and accessible simulations of n-dodecane-fueled scramjet 

combustors. 

2. Problem formulation and method 

The development of a global reaction for hydrocarbon combustion begins with defining the 

representative combustor conditions in which the model will be applied. In this work, the entry 
conditions of a dual-mode scramjet combustor were taken as the target. These conditions were 

estimated based on flight-representative freestream properties obtained from the U.S. Standard 

Atmosphere [17]. Static temperature and pressure as functions of altitude is shown in Fig. 1. For 
supersonic vehicles, the flight envelope is constrained by the dynamic pressure. Excessive value of 

dynamic pressure leads to intolerable aerodynamic and structural loads, whereas too low values 
necessitate impractically large lifting surfaces [2]. A representative dynamic pressure of 100 kPa was 

selected in this work. 
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Fig. 1 Variation of static pressure and temperature with altitude. 

The burner entry conditions were determined by assuming adiabatic compression of freestream air, a 
cycle temperature ratio of 3, and a compression efficiency of 0.85. For flight Mach numbers in the range 

of 5-7 relevant to dual-mode scramjets, the resulting combustor entry conditions are approximately 

0.5-1 atm and 600-750 K (Fig. 2), which define the target regime for the model development. 

 

Fig. 2 Variation of altitude (left) and combustor entry pressure and temperature (right) with flight 

Mach number along a constant dynamic pressure trajectory. 

Hydrocarbon combustion can be represented by different levels of global reaction schemes, ranging 

from one-step to multi-step. Fig. 3 shows a comparison of adiabatic flame temperature predicted by 
one-step, two-step, and four-step schemes against reference data. The reference data was obtained 

from Narayanaswamy’s detailed mechanism [5]. The one-step scheme, though computationally efficient, 
significantly overpredicted flame temperatures in fuel-rich conditions. The four-step scheme achieved 

high accuracy across the full range of equivalence ratios but at the expense of greater complexity. The 

two-step scheme was selected as an appropriate compromise, balancing fidelity and computational 

tractability. 

 

Fig. 3 Adiabatic flame temperature as a function of equivalence ratio at a fresh gas temperature of 
300 K and pressure of 1 atm. Results are compared between the reference mechanism and global 

reaction schemes with 1, 2, and 4 steps. 



 HiSST: International Conference on High-Speed Vehicle Science Technology 

HiSST-2025-138 Page | 
4 
Youngjin Jun, Seong-kyun Im Copyright ©  2025 by author(s) 

The two-step scheme involves two lumped reactions: (1) the primary oxidation of n-dodecane to CO 
and H2O, and (2) the subsequent oxidation of CO to CO2. The chemical equations are shown in Eq. 1 

and Eq. 2, respectively. Their respective net rate expressions are: 

 C12H26 + 12.5O2 → 12CO + 13H2𝑂 (1) 

 𝐶𝑂 + 0.5𝑂2 ⇄ 𝐶𝑂2 (2) 

 𝜔̇1 = 𝐴1 ⋅ 𝑒𝑥𝑝(−𝐸𝑎1 𝑅𝑢𝑇⁄ ) ⋅ 𝐶𝐶12𝐻26
𝑛𝑓 𝐶𝑂2

𝑛𝑜  (3) 

 𝜔̇2 = 𝑘2𝑓 ⋅ 𝐶𝐶𝑂
𝑛𝐶𝑂𝐶𝑂2

𝑛𝑂2 −
𝑘2𝑓

𝐾𝑒𝑞
⋅ 𝐶𝐶𝑂2

𝑛𝐶𝑂2  (4) 

The first reaction governs ignition delay and laminar flame speed, while the second ensures correct 
CO/CO2 partitioning and adiabatic flame temperature [13]. Rate parameters for the CO oxidation step 

were adopted from prior studies, whereas those for the primary fuel oxidation were optimized in this 

work [18]. 

It is well established that laminar flame speed decreases with increasing pressure. Its dependence on 

pressure has been represented in previous studies by a correlation of the form [19, 20]: 

 𝑆𝐿(𝑃) = 𝑆𝐿(𝑃𝑟𝑒𝑓) ⋅ (𝑃 𝑃𝑟𝑒𝑓⁄ )𝛼 (5) 

Earlier work has shown that the value of 𝛼 is approximately related to the effective reaction orders of 

the fuel and oxidizer [21]: 

 𝛼 = (𝑛𝑓 + 𝑛𝑜) 2⁄  (6) 

Fitting to reference data indicated that the pressure dependence of laminar flame speed is well 
reproduced with 𝛼 = −0.22 as illustrated in Fig. 4. Consequently, the reaction orders of the fuel and 

oxidizer were included as additional adjustable parameters in the optimization procedure. The 
remaining task was then to determine appropriate values of the pre-exponential factor (𝐴1) and 

activation energy (𝐸𝑎1) of the fuel oxidation reaction that minimize a cost function defined as the 

deviation between model predictions and reference data: 

 𝑐𝑜𝑠𝑡 = √(𝜎𝑟𝑒𝑓 − 𝜎𝑝𝑟𝑒𝑑)
2 𝜎𝑟𝑒𝑓⁄  (6) 

 

Fig. 4 Variation of flame speed at fresh gas temperature of 300 K with pressure. Results are 
compared between the reference mechanism and Eq. 5 with 𝜶 = −𝟎. 𝟐𝟐. 

The two target combustion characteristics for optimization were ignition delay time and laminar flame 

speed. Since experimental data is sparse in the relevant thermodynamic range, reference data were 
drawn from a reference detailed mechanism. Narayanaswamy’s detailed mechanism was employed as 

the reference mechanism, owing to its demonstrated ability to capture both ignition delay time and 

laminar flame speed across a wide range of conditions [5]. Fig. 5 shows the comparison of ignition 

delay time and laminar flame speed between the experimental data and the mechanism predictions. 
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Fig. 5 Ignition delay time (left) and laminar flame speed (right) compared between experimental data 

and predictions from the reference mechanism 

To search for suitable Arrhenius parameters, a coarse-to-fine algorithm (CTF) was employed. The 
flowchart of CTF is illustrated in Fig. 6. In this method, the parameter space (𝑙𝑜𝑔(𝐴1), 𝑙𝑜𝑔(𝐸𝑎1)) is first 
sampled on a uniform and coarse grid to identify promising regions. At each stage, all grid points are 

evaluated and the lowest cost is determined. An adaptive threshold equal to this minimum cost 
multiplied by a scaling factor, combined with a fixed absolute cap, was used to select candidate points 

for refinement. Around each selected point, a finer local grid is constructed by halving the step size in 

both the pre-exponential factor and activation energy directions. This staged refinement concentrated 
computational effort in the most promising regions of the parameter space while discarding 

unproductive areas. 

 

Fig. 6 Schematic procedure of CTF 

The resulting pool of candidate solutions from CTF search was then screened using a sequential filtering 

algorithm (SFA). In this procedure, candidates are first required to meet an absolute error threshold at 
the baseline condition. Survivors are then tested sequentially at additional conditions. Candidates 

passing the fixed threshold advance to the next stage. If no candidate satisfied the strict criterion at a 
given condition, a controlled relaxation was applied: the best error at that stage was identified, and all 

candidates of cost values within a bounded multiple of this value were retained. Through this sequential 
screening, only parameter sets demonstrating consistent accuracy across the full range of conditions 

were preserved. 

3. Results and discussion 

The optimization of the global two-step reaction model began with a coarse-grid search over the 

solution space. For each selected pair of reaction orders (𝑛𝑓, 𝑛𝑜), the parameter ranges were explored 

on a 50-by-50 grid spanning 𝑙𝑜𝑔(𝐴1) from 5 to 20 and 𝑙𝑜𝑔(𝐸𝑎1) from 3 to 6. Fig. 7 shows the resulting 
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cost values distribution for the representative case 𝑛𝑓 = 0.1 and 𝑛𝑜 = 1.46. To highlight feasible regions, 

only solutions with costs less than unity are presented. The majority of the search space was populated 
by infeasible solutions, with the feasible domain confined to a narrow band in the range of 𝑙𝑜𝑔(𝐸𝑎1) 
from 4 to 5. Contrary to initial expectations, the coarse search suggested that overlapping solutions 

satisfying both ignition delay time and laminar flame speed criteria might exist. 

 

Fig. 7 Visualization of the cost function over the 𝒍𝒐𝒈(𝑨𝟏) − 𝒍𝒐𝒈(𝑬𝒂𝟏) space in 3-D (left) and 2-D 

(right) views. 

To progressively narrow the feasible region, successive optimization steps were conducted, refining the 
intersection between ignition delay time and laminar flame speed solution spaces. The resulting 

distribution of solution is shown in Fig. 8. These refinements yielded multiple parameter sets that 
satisfied both ignition delay time and laminar flame speed targets within the optimization window. While 

several of these candidates performed well at the specific calibration point, further evaluation revealed 

that their predictive capability does not generalize across the broader condition. This limitation 

underscored the inadequacy of single-point or locally optimized solutions for CFD applications. 

 

Fig. 8 Visualization of the cost function over the 𝒍𝒐𝒈(𝑨𝟏) − 𝒍𝒐𝒈(𝑬𝒂𝟏) space: 𝒍𝒐𝒈(𝑨𝟏) from 12 to 18 

and 𝒍𝒐𝒈(𝑬𝒂𝟏) from 4.5 to 5.0 (left); 𝒍𝒐𝒈(𝑨𝟏) from 13.2 to 15.0 and 𝒍𝒐𝒈(𝑬𝒂𝟏) from 4.65 to 4.88 

(right). 

Prior to SFA process, a CTF search was performed to generate a diverse population of initial candidate 

solutions. The underlying rationale is that solutions optimized at isolated conditions may not remain 
valid at other operating conditions. Hence, a wide pool of candidates is essential for identifying robust 

parameter sets. Fig. 9 illustrates the evolution of the number of feasible candidate solutions across CTF 

stages. The number of feasible solutions increased systematically with successive runs. Due to 
computational constraints, the procedure was terminated after the third stage. By this stage, the search 

had produced a sufficiently large collection of viable candidates, which then served as the initial seeds 

for SFA optimization. 
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Fig. 9 Number of candidates versus stage number of CTF for ignition delay time and laminar flame 
speed with (𝒏𝒇, 𝒏𝒐) = (𝟎. 𝟏, 𝟏. 𝟒𝟔), (𝟎. 𝟐, 𝟏. 𝟑𝟔), (𝟎. 𝟑, 𝟏. 𝟐𝟔). 

To overcome these shortcomings, a SFA framework was implemented to screen the candidate pool 

across multiple conditions. The laminar flame speed candidates were evaluated sequentially at 
equivalence ratios of 1.22, 0.82, 1.5, and 0.67, whereas ignition delay time candidates were evaluated 

sequentially at fresh gas temperatures of 1125, 1375, 1000, 1500 K. At each stage, candidates passing 

the fixed threshold were retained. If no candidate met the strict threshold at a given condition, a 
controlled relaxation was applied. The SFA process ultimately yielded a small set of candidate solutions 

that are accurate across the prescribed range of conditions as illustrated in Fig. 9. The intersection 
point between ignition delay time and laminar flame speed feasible solutions was selected as the final 

optimized set of rate parameters. 

 

Fig. 10 Distribution of candidate solutions over the 𝒍𝒐𝒈(𝑨𝟏) − 𝒍𝒐𝒈(𝑬𝒂𝟏) space during SFA 

optimization. Screening based on laminar flame speed at equivalence ratios of 1, 1.22, 0.82, 1.5, and 

0.67 (left), with fresh gas temperature of 300 K and pressure of 1 atm (right). Screening based on 

ignition delay time at fresh gas temperatures of 1250, 1125, 1375, 1000, and 1500 K with 

equivalence ratio of 1 and pressure of 1 atm. 

Fig. 10 compares the model-predicted ignition delay times with reference data. Overall, the optimized 
two-step model captures the ignition delay trends across the full range of pressures and temperatures 

investigated. While the general agreement is strong, modest discrepancies are present. At low pressure 

(0.5 atm) and elevated temperatures above 1300 K, the model slightly underpredicts ignition delay 
time. Conversely at higher pressure (3 atm) and lower temperatures below 1100 K, ignition delay time 

were modestly overpredicted. These deviations, however, are unlikely to significantly impact 

autoignition of scramjet combustor, where combustor residence times are on the order of millisecond. 
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Fig. 11 Comparison of ignition delay time between predictions from the reference mechanism and 

the current model at equivalence ratio of 1. 

Comparison of laminar flame speed predictions between the model and reference data is shown in the 

Fig. 11. The model reproduced laminar flame speed trends well across the considered conditions. The 
best overall agreement was achieved with 𝑛𝑓 = 0.1. Discrepancies emerged at equivalence ratios 

greater than 1.1, where flame speeds were consistently overpredicted. This behavior at fuel-rich 
conditions is partly attributed to a well-known limitation of the two-step reaction scheme. Despite this 

limitation, the model demonstrated acceptable accuracy given the broad range of combustion conditions 

to be covered, and the use of fixed values of rate parameters. 

 

Fig. 12 Comparison of laminar flame speed between predictions from the reference mechanism and 

the current model at fresh gas temperature of 300, 473, and 650 K (left), and at pressures of 0.5, 1, 

and 3 atm (right). 

4. Conclusion 

This study developed a two-step global reaction model for n-dodecane-air combustion for scramjet 
combustor applications by calibrating rate parameters against ignition delay times and laminar flame 

speeds. The optimization procedure, including CTF and SFA, yielded a robust parameter set that 

reproduces reference trends across a broad range of pressure, temperature, and equivalence ratio. 

While modest discrepancies remain, particularly at fuel-rich conditions, the model captures the essential 
combustion characteristics within engineering accuracy. These limitations reflect inherent constraints 

of a global reaction scheme; nonetheless, the model may offer sufficient accuracy for preliminary design 

studies, where computational efficiency is a primary concern. 

By providing a simplified while preserving essential combustion behavior, this work contributes a useful 

tool for simulation-driven studies of n-dodecane-fueled scramjets. Future extensions could incorporate 
more complex multi-step schemes, such as a 4-step scheme, to improve accuracy at fuel-rich conditions. 

In addition, validation of the model within scramjet combustor simulations will be essential to assess 

its practical performance. Collectively, these efforts will advance the predictive capability of CFD and 

support the design of next-generation hypersonic propulsion systems. 
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