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ABSTRACT 

A direct numerical simulation (DNS) of a propagating H2-air flame in a semi-confined 

geometry is performed and analyzed. Simulation setup imitates the flow conditions in the 

Turbulent Shock Tube (TST) facility developed by the University of Central Florida. This facility 

and numerical configuration are designed for the study of high-speed, highly compressible 

premixed turbulent flames over a broad range of conditions including extreme ones leading to the 

deflagration-to-detonation transition (DDT). Present DNS is performed using the code Athena-

RFX with a simplified single-step Arrhenius kinetics model representing a stoichiometric H2-air 

mixture. The combustion regimes that are accessed using this realistic configuration are at 

simultaneously high turbulent length and velocity scales, which push the extreme boundaries 

previously studied regimes. Analysis of the overall flame dynamics shows that the displacement-

based turbulent flame speed does not represent the turbulent burning velocity with sufficient 

accuracy at these extreme regimes. Turbulent flow speed and enstrophy analysis suggest strong 

turbulence amplification by the flame, in agreement with the results of prior DNS performed in a 

more idealized setting of a flame interacting with an externally driven homogeneous, isotropic 

turbulence. Ultimately, this thesis develops a complementary numerical and experimental platform 

for the fundamental studies of high-speed, highly compressible turbulent combustion regimes 

directly relevant to novel aerospace propulsion applications, such as scramjets and detonation-

based engines.  
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CHAPTER I 

INTRODUCTION 

Turbulent reacting flows are involved in the operation of most combustion systems of 

practical importance. Historically, experimental testing has been the primary driver of advances in 

the development of propulsion systems, e.g. in aircraft and rocket engines. As more advanced 

propulsion systems are developed, the “trial-and-error” method has become too costly to rely on 

alone. Numerical simulations provide both cost savings as well as a tool to gain deeper insight into 

the fundamental nature of turbulent flames within combustors, especially in leaner mixtures, at 

higher pressures, speeds, levels of premixedness, and at off-design conditions, which can drive 

further developments [1].  

Toward this cost-minded aim, modeling approaches are highly advantageous, although 

they face a practical problem due to the nature of realistic propulsion system applications. While 

characteristic combustor scales can be of the order of centimeters, laminar flame thickness may lie 

on the sub-millimeter scale, and turbulent scales may be mere micrometers. Ideally, this entire 

range of scales would be fully resolved, but such a wide scope surpasses the current capabilities 

of modern high-performance computing (HPC) systems.  

One common option when faced with this so-called “tyranny of scales” is Large-Eddy 

Simulation (LES), which resolves the larger, dynamically important scales and models the 

complexities generated by turbulence and combustion on the small scales [2-5]. While LES has 

been successful in using simplified subgrid-scale models to obtain accurate overall results in many 

applications [6], this approach is inherently limited by the validity of its models.  

Reacting flow fields in propulsion systems, such as those within a scramjet combustor, are 

high speed, strongly compressible, and highly turbulent. These criteria put the fluid dynamics of 
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interest beyond the comfortable range of LES. Therefore, in these conditions, Direct Numerical 

Simulation (DNS) is still required to advance the fundamental understanding of turbulent reacting 

flow physics.  

With these considerations, other methods must be employed to reduce or simplify the large, 

complex domain of a combustor to within the range of DNS. Three elements contribute to this 

dilemma: the extreme regimes which drive down turbulence and time scales, the large size of 

realistic industrial or experimental facilities, and the myriad of chemical species and mechanisms 

in real fuels. Here, it is worth noting the distinction between industrial and experimental facilities. 

Experimental facilities are “artificial” facilities designed to generate conditions of interest, e.g. a 

shock tube. On the other side of the spectrum, industrial facilities are those which are directly used 

in applications, e.g. a combustor. Simulations may aim to represent either sort of facility, 

something in-between, or neither, as in the case of “flame in the box” DNS. 

Development and advancement of novel aerospace propulsion applications, such as 

scramjets and detonation-based engines, poses the need for investigation into the extreme regimes 

under which they operate. To maintain relevance to these applications, extreme regimes under 

realistic physical domain conditions must be explored.  

Previous work has studied configurations such as the DLR-type PRECCINSTA burner [2, 

3, 7, 8]. This setup represents a lab-based industrial facility which can be closely applied to 

industrial jet engines. Additional work concerning this configuration is detailed in Appendix A. 

Although the physical domain is quite industrially realistic, compromises had to be made regarding 

the simplified single-step chemical model used and the moderate operating conditions achieved.  

Utilizing multi-step chemistry mechanisms, while more accurate, allows for the 

dependency of both pressure and temperature on the flame width. This pressure dependency in 



3 
 

these highly compressible regimes thins the flame width and further exacerbates the tyranny of 

scales issue. While multi-step chemical models can be employed, alternative compromises of the 

physical domain are often required. One such study, detailed in Appendix B, was carried out using 

a multi-step chemical mechanism for n-dodecane fuel at very high turbulent regimes. Many other 

previous studies have explored similar or somewhat more moderate turbulent regimes in similar, 

idealized domains. 

Simplified Physical Systems 

 An extensive series of simplified “flame in the box” simulations in driven Kolmogorov-

type turbulence have laid the groundwork for the study of reacting turbulence in realistic flows. 

These studies characterized the structure, speed, and unconfined transition to detonation of 

turbulent flames. 

Flame Structure 

Turbulent flow fields and intrinsic instabilities cause laminar flames to become distorted 

by turbulent motions soon after ignition. The resulting turbulent flame brush eventually reaches a 

quasi-steady state of reasonably constant width and speed. In the preheat zone ahead of the flame, 

turbulent motions affect the flow on small scales, wrinkling the flame front considerably. 

However, the flame surface remains relatively smooth at the higher temperatures on the product 

side [9]. Turbulent intensity affects the local flame orientation, the width of the preheat and 

reaction zones, as well as the scalar dissipation. Vorticity and strain rate, both measures of local 

turbulence structure within the flow, are not considerably affected by the reaction zone of the flame 

at lower Karlovitz numbers [10, 11]. Lagrangian analysis shows that high speed turbulence 

substantially alters the chemical composition and temperature evolution of fluid parcels in single- 
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and multi-step chemistry simulations and introduces significant nonmonotonicity of the 

thermochemical trajectories [12].  

Ahead of the flame brush, net energy transport is from large to small scales, however, 

transfer of energy upward from the smallest scales can occur within the flame brush, where thermal 

expansion injects significant amounts of energy at these small scales [13]. This is seen in both 

statistically planar [14] and three-dimensional turbulent premixed flames [15].  

Flame Speed 

In the thin reaction zones regime, where turbulent intensity is high, the distortion of the 

turbulent flame front gives rise to cusp formation and flame collisions as the flame propagates. 

Turbulent flame burning speeds can be determined predominantly from the increase of the flame 

surface area, as the flame wrinkles and folds upon itself. Although these effects of turbulence 

induce considerably larger flame speeds than could be expected from a laminar flame, the inability 

of turbulence to penetrate the reaction zone itself implies that the turbulent burning speed is not 

decoupled from the laminar flame speed at the intensities considered [16]. Turbulent deflagrations 

can form leading compression waves or shocks ahead of the flame front. At sufficient intensities, 

these deflagrations can transition to another type of reaction wave, known as a detonation, as 

discussed below. [17, 18] 

Deflagration-to-Detonation Transition 

 Detonations have the potential to advance the next-generation propulsion technology 

through the implementation of detonation engines [19, 20]. In this context, the onset of a detonation 

through DDT has been the subject of much study. Although some control of detonation onset is 

possible [21, 22], the physical mechanisms giving rise to DDT remain poorly understood.  
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 Much of the theory of DDT has developed in the context of confined systems, where 

detonations form in regions of high temperature and reactivity gradients [23]. While it has long 

been known how these non-uniformities can form in confined flows [17], DDT in unconfined 

flows has proven more difficult to study [24-26]. However, under the right conditions, unconfined 

DDT is thought to play a part in massively powerful phenomena, such as large vapor cloud and 

Type Ia supernovae (SNIa) explosions [27-30]. 

 Prior flame in the box simulations have shown that unconfined DDT can be onset by 

pressure buildup caused by flame-turbulence interactions [31]. Chapman-Jouguet (CJ) theory 

defines 𝑆"#  as the theoretical maximum speed of a steady-state laminar flame [32, 33]. However, 

fast turbulent flames can self-accelerate to detonation in a catastrophic runaway process as the 

turbulent flame burning speed, 𝑆$, surpasses 𝑆"# , 

𝑆$ ≥ 𝑆"# =
𝑐(
𝛼 ,																							𝛼 =

𝜌-
𝜌.
, 

where 𝑐( is the speed of sound in the hot reaction products and 𝛼 is the ratio of densities in the 

fuel, 𝜌- , and products, 𝜌. [9]. 

Simplified Chemistry 

Fully exploring the flow physics of these extreme regimes requires examining all sides of 

the previously proposed dilemma. This thesis will explore a complex, experimentally realistic 

physical system, capable of achieving extreme turbulent reacting flow regimes, while employing 

a simplified single-step reaction model.  

Chapter II provides an overview of the numerical solver, Athena-RFX, including the 

chemical reaction model. Chapter III details the experimental facility which we aim to represent 

with DNS. Chapter IV further describes the imposed boundary conditions and configuration of the 

DNS, designed to best replicate the Turbulent Shock Tube (TST). Chapter V examines the flow 
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evolution of a TST cycle as seen in the numerical simulation. Chapter VI analyzes and identifies 

the regimes achieved. Chapter VII highlights how the flame behaves in these regimes, namely, key 

aspects of flame speed measurements, both numerically and experimentally. Chapter VIII 

discusses the source of the large flame and turbulent velocities observed, particularly via flame 

driven turbulence generation. Finally, Chapter IX concludes with a summary of findings.  

While the main content of this thesis is aimed at advancing the research of experimentally 

realistic, extreme reacting flow regimes, Appendix A will discuss an industrially realistic 

combustor configuration, the PRECCINSTA swirl combustor, and Appendix B will touch upon 

high Karlovitz number flame in the box simulations performed with detailed, multi-step chemical 

models.  
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CHAPTER II 

NUMERICAL SOLVER 

The simulations herein have been performed using the Athena-RFX code, which uses a 

fully unsplit, corner-transport upwind scheme with PPM spatial reconstruction and an HLLC 

Riemann solver [34, 35]. Several previous [9-12, 16, 31, 36] studies of turbulent combustion have 

utilized this code and discuss the numerical solver and convergence tests in detail. Athena-RFX 

solves the unsteady, compressible reactive Navier-Stokes equations: 

(1) /0
/1
+ ∇ ∙ (𝜌𝒖) = 0, 

(2) /0𝒖
/1
+ ∇ ∙ (𝜌𝒖⨂𝒖) + ∇𝑃 + ∇ ∙ 𝜏̂ = 0, 

(3) /=
/1
+ ∇ ∙ >(𝐸 + 𝑃)𝒖@ + ∇ ∙ (𝒖 ∙ 𝜏̂) +	∇ ∙ (Κ∇𝑇) + 𝜌𝑞𝑤̇ = 0, 

(4) /0F
/1
+ ∇ ∙ (𝜌𝑌𝒖) + ∇ ∙ (𝜌𝐷∇𝑌) − 𝜌𝑤̇ = 0. 

Here 𝜌 is mass density, 𝒖 is velocity, 𝐸 is energy density, 𝑃 is pressure, 𝑇 is temperature, 𝑌 is fuel 

mass fraction, 𝑞 is chemical energy release rate, 𝑤̇ is the reaction rate, and 𝜏̂ is the viscous stress 

tensor, 

(5) 𝜏̂ = 𝜌𝜈 KL
M
(∇ ∙ 𝒖)𝑰 − (∇𝒖) − (∇𝒖)OP, 

where 𝜈 is the kinematic viscosity, 𝑰 is a unit matrix, and † indicates a matrix transposition. The 

coefficients of thermal conduction, Κ, and molecular diffusion, 𝐷, are assumed to have the same 

temperature dependence, 

(6) Κ = 𝜅S𝐶.𝑇U, 𝐷 = 𝐷S𝑇U 𝜌⁄ , 

where 𝐶. =
WX

Y(WZ[)
 is the specific heat at constant pressure and the Lewis number, 𝐿𝑒 = ^_

`_
= 1 is 

independent of the thermodynamics of the flow. 
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The equation of state is taken as that of an ideal gas and chemical reactions are modeled 

using simplified single-step, first-order Arrhenius kinetics: 

(7) bF
b1
≡ 𝑤̇ = −𝐴𝜌𝑌𝑒Z

e
fg 

where 𝐴 is the pre-exponential factor, 𝑄 is the activation energy, and 𝑅	is the universal gas 

constant. 

Table 1 summarizes the input model parameters for the simplified reaction model of the 

stoichiometric H2-air mixture used. These model parameters have been calibrated to reproduce 

experimental laminar flame speed and width, as well as detonation speed and half reaction width 

[37, 38]. To match these flame and detonation properties, some of the adjustable parameters, such 

as the adiabatic index, 𝛾, have deviated significantly from their actual values. In light of this, future 

work may implement a single or multi-step chemical model which is able to more realistically 

match the adjustable parameters.  

 

 
 
 

Table 1 Input model parameters for single-step H2-air model 
𝑇S 293	K Initial reactant temperature 
𝑃S 1.01	 × 10qerg/cmM Initial reactant pressure 
𝜌S 8.73	 × 10Zz	g/cmM Initial reactant density 
𝑀 21	g/mol Molecular weight (H2-air) 
𝛾 1.17 Adiabatic index 
𝑛 0.7 Temperature exponent 
𝜇S 3.1 × 10Zq 	g (s ∙ cm ∙ K�)⁄  Viscosity coefficient 
𝜅S 2.9 × 10Z� 	g (s ∙ cm ∙ K�)⁄  Conduction coefficient  
𝐷S 2.9 × 10Z� 	g (s ∙ cm ∙ K�)⁄  Diffusion coefficient 
𝑄 46.37RTS Activation energy 
𝐴 6.85 × 10[L	cmM/(g ∙ s) Pre-exponential factor 
𝑞 43.28RTS M⁄  Chemical energy release 
𝛿� 0.032	cm Laminar flame thermal width 
𝑆�  302	cm/s Laminar flame speed 
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CHAPTER III 

TURBULENT SHOCK TUBE FACILITY  

The Turbulent Shock Tube (TST) developed at the University of Central Florida by the 

Propulsion and Energy Research Laboratory (PERL) is designed to study high-speed flames in 

highly compressible regimes including detonations, and at conditions close to DDT. The semi-

confined 4.5 × 4.5 cm square channel shown in Figure 1 consists of an igniter, a turbulence 

generation section, and a diagnostic section.  

 

 

Figure 1 Turbulent Shock Tube (TST) Facility. 

Operation 

The TST can probe a wide range of combustion modes, from deflagrations to detonations. 

The 150 cm long shock tube is initially filled with premixed Hydrogen-air fuel over a period of 

20 seconds. The mixture is allowed to settle for 3 seconds before the spark ignitor at the axial 

center of the closed end is triggered. A flame kernel forms, quickly expands to fill the transverse 

dimension of the shock tube, and begins to propagate toward the open end of the tube. The 

turbulence generator section contains a series of 5 plates with 6.35 mm diameter perforations 

which disrupt the flame and cause rapid acceleration via turbulence. This flame acceleration 

eventually forms a leading shock and another highly compressed region of fuel ahead of the flame. 
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One final perforated plate is situated immediately ahead of the diagnostic section so that choked, 

turbulent jets generate high levels of quasi-isotropic turbulence in the post-shock flow. Only the 

diagnostic section is represented in the DNS. Measurements and diagnostics are taken in the 

optically accessible sections of the TST. At the end of the diagnostic section, the flow is vented 

into atmospheric conditions.  

Diagnostics 

The interaction of the flame with high-speed turbulence is examined using a combination 

of techniques, including high speed schlieren imaging, chemiluminescence, and high-speed PIV. 

Additionally, an array of transducers along the diagnostic section provides pressure evolution data.   

High speed schlieren is used to characterize flame and shock behavior within a diagnostic 

window at a recording rate of 100 kHz and a spatial resolution of 175	µm/px. This can be 

compared to a “synthetic schlieren” (density gradient magnitude in a plane) from the DNS.  

High speed particle image velocimetry (PIV), recorded at 20 kHz, is used with 

simultaneous 40 kHz OH* chemiluminescence to determine flame flow conditions used in the 

calculation of flame speed and in-depth analysis of the turbulent flow field. The PIV uses 20	µm 

aluminum oxide particles uniformly seeded within the domain.  It has a spatial resolution of 

40	µm/px, a particle image diameter to pixel size of about 1.5, and a velocity uncertainty of less 

than 5 m/s. The OH* chemiluminescence provides images of the instantaneous flame front which 

can be superimposed on the PIV. The chemiluminescence has a spatial resolution of 156	µm/px. 

Additional thermodynamic quantities are calculated using normal shock relations across the 

leading shock and isentropic relations behind the shock along with the ideal gas law and the NASA 

Chemical Equilibrium with Applications code.  
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A series of four pressure transducers spaced 25 mm apart along the test section centerline 

provide pressure profiles at a rate of 250 kHz with an uncertainty of ±0.17 atm. These transducers, 

indicated in Figure 1, are centered in the transverse direction. The DNS can compare these pressure 

signals to pressure data in the same locations at the wall of the DNS domain averaged over an 

effective sensor area of 0.25 × 0.25 cm. 

Experimental Findings 

Previous work by PERL has extensively studied the channel configurations needed to 

achieve reliable and repeatable control of the flow dynamics [21, 22]. The turbulent intensity, and 

by extension the combustion regime for a cycle, is controlled by the equivalence ratio. Equivalence 

ratios are chosen such that the flow regime of interest is observable within the diagnostic section.  

Using the equivalence ratio as a control parameter, the TST can explore the entire range of 

combustion modes including turbulent fast flames, detonations, and flames coupled to a shock but 

not yet within the detonation regime [21]. This experimental research has observed flame 

interaction with shock-driven isotropic turbulence, flame turbulence generation, and the 

turbulence-based runaway mechanism for turbulent DDT based on the turbulent flame speed and 

the CJ deflagration speed criteria [22, 39, 40].   

Figure 2 summarizes peak pressure and speed measurements within the first diagnostic 

segment over a wide range of equivalence ratios. Flame speed is closely tied to the turbulent 

intensity, and thus the equivalence ratio. These turbulent flame speeds, reported as 𝑆$, are 

experimentally measured flame displacement speeds, normalized by 𝑆"# . Pressures within the 

flame are highly sensitive to equivalence ratio and begin to run away as 𝑆$ becomes larger than 

𝑆"# . [40] 
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Figure 2 Pressure and turbulent flame velocities observed in the TST over a range of equivalence ratios [40]. 
Black points indicate turbulent flame displacement speeds at the beginning of the diagnostic section scaled by 

𝑺𝑪𝑱, while red and blue points show peak pressures generated by the flame in the first segment of the 
diagnostic section and peak pressures of the global shock after it passes through the last perforated plate, 

respectively.  
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CHAPTER IV 

DNS CONFIGURATION 

Extensive effort was made to maintain realistic boundary conditions in the numerical 

simulation. The 4.5 × 45 cm walls of the channel are no-slip, adiabatic walls, and the outlet 

boundary condition is a zeroth-order extrapolation outflow. The inlet boundary condition 

represents the last perforated plate of the turbulence generation section. The solid sections are a 

no-slip wall with a pattern of orifices shown in Figure 3, which inject fuel (or product after the 

flame has passed) according to a prescribed pressure evolution.  

The injection flow evolution is complex and not directly accessible in the experimental 

configuration. Neither the experimental nor numerical studies analyze flow within the turbulence 

generation segment of the TST, which motivated the installation of a pressure transducer on the 

upper wall of the TST centered 0.625 mm upstream of the last perforated plate. This transducer 

signal provides some insight into the experimental flow field immediately prior to the diagnostic 

section, near the injection plane. The pressure trace of a representative experimental run is shown 

as T0 in Figure 4. 

Figure 3 Orientation of perforated 
plates in the turbulence generator 

section. 
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A smoothed version of this data, shown as DNS Injection Pressure in Figure 4, is used as 

a time evolution of the injection pressure profile within the plate perforations. Flow through the 

orifices is assumed to be choked and remaining flow properties, such as temperature and velocity, 

are calculated using isentropic relations. During the injection of the flame itself, thermodynamic 

properties along a laminar flame profile relative to the prescribed pressure injection profile are 

followed to avoid an abrupt transition from fuel to product injection. This T0-based injection 

pressure profile is able to reasonably reproduce subsequent transducer pressure profiles within the 

diagnostic section as detailed in Chapter V.  

Experimentally, as equivalence ratio is increased, more energy is released during 

combustion, leading to higher turbulent intensities and pressures. The DNS is calibrated to probe 

particular flow conditions by directly rescaling the pressure input profile. This provides similar 

control of the turbulent flame speed and intensity as the equivalence ratio in the experimental 

facility described in Chapter III. This numerical pressure scaling factor exhibits a highly nonlinear 

sensitivity, also seen in the 𝜙 dependency of standing flames at highly compressible regimes in 

the experimental TST facility [41]. DNS cases with injection pressure scaling factors of 1.0 and 

Figure 4 Experimental transducer pressure data 
ahead of the diagnostic section and DNS injection 

pressure profile. 
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0.9 transitioned to detonation prior to the flame moving sufficiently past the injection region. 

Future work will focus on turbulent intensity tuning in the DNS setup using this scaling factor, and 

analyzing the entire range of reacting combustion modes, from simple deflagrations to DDT. 

In the following chapters, data from two different DNS will be analyzed; these are detailed 

in Table 2. These cases differ in their resolution and allow us to assess convergence.  

Table 2 Numerical simulation parameters 

Case Resolution Injection Pressure 
Scaling Factor 

dx
𝛿��  

Core 
Count 

Completion 
Time 

P08 1024x1024x10240 cells 0.8 7.37 ~16k ~3 weeks 
P08h 2048x2048x20480 cells 0.8 14.73 ~32k ~3 months 
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CHAPTER V 

FLOW EVOLUTION 

Turbulent shock tube operation begins with ignition of a flame kernel. Once initiated, the 

flame propagates away from the ignition source as a deflagration via heat and mass diffusion. 

Turbulence is generated from the flow disruptions caused by the perforated plates. This turbulence 

drives a rapid acceleration of the flame and causes a high-pressure, compressed region to be formed 

ahead, eventually leading to the formation of a coupled shock wave ahead of the reaction wave. 

The numerical simulation begins as the flow is sent through the last perforated plate and a Mach 

~2 shock enters the diagnostic section.  

Figure 5 shows the distribution of various spanwise-averaged quantities along the direction 

of flame propagation at several time instants for case P08h. The corresponding evolution data for 

case P08 showed extremely close agreement to the higher resolution case. The pressure profiles in 

Figure 5 show the location of the leading shock as the jump from 1 atm to 4 − 5 atm. This leading 

shock decays slightly over time, but remains about Mach 2. Also visible in the pressure evolution 

is the compressed region ahead of the flame. Initially narrow, this pre-flame compressed region 

forms a second shock ahead of the reaction zone. Consistent with normal shock theory, this trailing 

shock approaches and eventually overtakes the leading shock. The resulting leading shock after 

collision is closer to Mach 3. The shock collision causes a rarefaction wave to propagate back 

through the flow relative to the flame. 

From the profiles of velocity fluctuations in Figure 5, it can be seen that, while turbulent 

intensity is significant immediately downstream of the perforated plate, it decays rapidly as the 

flow propagates through the domain. However, subsequent time instants show that turbulent 

intensity proceeds to increase in and behind the flame, reaching levels of ~80-100 m/s for 
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Figure 5 Flow evolution of thermodynamic quantities and speeds for Case P08h with the location of flame 
indicated by the fuel mass fraction. 
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Figure 5 Continued. 
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streamwise velocity fluctuations and ~30-40 m/s for the spanwise fluctuations. Such flame-

generated turbulence was previously observed in the more idealized flame in the box calculations 

with driven homogeneous isotropic turbulence [31], and this DNS provides the first indication of 

the presence of such turbulence-generation mechanism in a realistic flow, without external 

turbulence driving. Finally, the Mach number based on local velocity components is driven to 

supersonic speeds between Mach 3 − 4 ahead of the flame over the simulation time, while the 

fluctuating Mach number maintains a spanwise average of	0.2 − 0.4 around the flame. The 

coupling of the shock and reaction waves exhibited here classifies this reaction as a shock-flame 

complex. 

Pressure Transducers 

As detailed in Chapter III, the experimental TST provides pressure transducer signals for 

four locations along the axial direction of the diagnostic section. These are located 4.0034 cm, 

6.8028 cm, 9.6022 cm, and 12.4016 cm from the injection plane. By taking a small area average 

of the pressure field at the same domain locations during the DNS, we are able to compare the 

numerical and experimental flows as they progress through the domain. The effective sampling 

area is 0.25 × 0.25 cm, centered at the axial transducer location and the midsection of the y-

dimension. This orientation aligns the transducers with the top center of the perforated plate in 

Figure 3. Figure 6 shows the comparison of the DNS cases to an experimental run of similar 

leading shock intensity. The initial pressure jump, from	1 atm to 4 − 5 atm, is due to the passage 

of the leading shock. Pressure decays behind the shock until the flame and preceding compressed 

region reach each transducer, causing another notable pressure spike and subsequent large pressure 

fluctuations due to turbulence and reflected shocks behind the flame. Finally, pressure decays as 

cooler products pass.  
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Figure 6 Pressure transducer signal from the experimental run and synthetic transducer signals from DNS for 
all simulation test cases. 

Agreement between both DNS cases is excellent and the numerical and experimental 

signals are comparable, especially in the region behind the leading shock. The lack of an 

immediate, sharp pressure jump ahead of the flame in the experimental signal early in the domain 

indicates that this flame propagated as a fast deflagration prior to transitioning to a shock-flame 

complex. This is further supported by the evolution of the flame in P-V space.  

PV Evolution 

Figure 7 shows the flame averaged pressure and specific volume over time between the 

Hugoniot and shock adiabat. Unlike a detonation, which is characterized by a drop in specific 
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volume and a rise in pressure, the TST flame at this pressure scaling factor exhibits an overall 

decrease toward the deflagration solution. Towery characterizes this type of evolution as a quasi-

constant pressure ignition [42]. 

 

Figure 7 Evolution of the flame for case P08h in PV space, normalized with initial cold fuel pressure and 
density. 

Flow Subdomains 

For analysis purposes, subdomains (SDs) are assigned within the full domain based on the 

flow conditions. The spanwise-averaged pressure 𝑃�, and fuel mass fraction 𝑌� are used to set the 

limits of each region. In total, 8 SDs are set, including the product region (SD-P), the highly 

compressed fuel ahead of the flame (SD-C), the fuel compressed by the leading global shock but 

ahead of the flame-generated shock (SD-S), and 5 SDs within the flame based on 𝑌� (SD-F1-5).  
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Figure 8 shows a 2D pseudocolor plot of pressure with the 𝑃� and 𝑌� overlaid, and the 

location of the subdomains for one instant. The axis labels (in cm) and colormap (in atm) in Figure 

8 correspond to the pseudocolor plot. The transverse averages share the same x-axis (z-

coordinates) with the pseudocolor plot, while the y-axis ranges from 0 to 10 atm for pressure and 

0	to 1 for fuel mass fraction. 

For all regions to be present and reasonably developed, analysis involving SDs can only be 

considered after the front of the flame passes 4 cm in the axial direction. The lower limit of SD-P 

is set at 3 cm, such that the effects of the highly turbulent injection jets are excluded. The upper 

limit of SD-P is defined by the back of the flame brush (𝑌� 	< 0.001). The flame SDs cover equal 

ranges of 𝑌� values with the lower limit of SD-F1 at 𝑌� ≥ 0.001 and the upper limit of SD-F5 at 

𝑌� < 0.999. The first compressed region ahead of the flame, SD-C, is bounded by the front of the 

flame brush (𝑌� ≥ 0.999) and the flame-generated shock. Finally, SD-S, is the region ahead of the 

flame-generated shock but behind the leading shock.  

Figure 8 Subdomain division shown on a pseudocolor plot of pressure and overlaid transverse-averaged plots 
of pressure and fuel mass fraction. 
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CHAPTER VI 

ANALYSIS 

 UCF’s TST facility and this numerical study have been developed to study strongly 

compressed, high-speed, highly turbulent flame regimes. Using this coupled computational study, 

we can quantify the extent of the regimes achieved in this configuration.  

Combustion Regimes 

Standard combustion regime diagrams, such as the classical Borghi diagram [43], 

characterize flow with a length scale and velocity scale both normalized with laminar values. This 

regime diagram categorizes conditions into laminar flames, wrinkled flamelets, corrugated 

flamelets, thin reaction zones, and broken reaction zones. Karlovitz and Damkholer numbers, 

along with a related turbulent Reynolds number, correspond to the boundaries of these zones. 

These three non-dimensional quantities are not independent, but related by the Kolmogorov 

hypothesis [44] as 

(8) 𝐷𝑎	𝐾𝑎 = 𝑅𝑒[ L� . 

The length and velocity scales which these diagrams are constructed from depend on the 

turbulent velocity fluctuations, 𝛿𝑢�, which are the differences between the local velocity 

components, 𝑢�, and the transverse-averaged velocity components at that streamwise coordinate, 

〈𝑢�〉�,� , 

(9)  𝛿𝑢� = 𝑢� −		 〈𝑢�〉�,� . 

First, the integral velocity scale, 𝑢′, is defined as the “single-component root mean square” 

(10) 𝑢� =  ¡¢£¡¢£
M

. 
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Then, the integral length scale, ℓ′, is determined using the equation for Kolmogorov-type 

turbulence based on (10), the energy dissipation rate, 𝜀 = 2𝜈𝑠§¨ ∙ 𝑠§¨���������, the kinematic viscosity, 𝜈, 

and the strain rate 𝑠�©, 

(11) ℓ′ = [
L
¢ª«

¬
. 

The integral length scale is much larger than the simulation cell size and thus has no meaning when 

calculated at the cell scale. Instead, we consider integral scales 𝑢′ and ℓ� as SD volume-averaged 

quantities. The integral velocity scale is then, explicitly, 

(12) 〈𝑢′〉­ = ®∑K°±²°±²« 	³	°±´°±´« 	³	°±«°±«« P

µ	¶·¸¸(	∈	º`
. 

For the ℓ′, a volume averaged 𝜀 is used as well, 

(13) 〈ℓ′〉­ =
[
L
〈¢ª〉»

«

〈¬〉»
. 

Regime diagrams based on integral velocity (12) and length (13) scales for a developed 

flame in both TST DNS are shown in Figures 9 and 10, plotted over a time range from 0.2 − 0.57 

ms. The colormaps correspond to the simulation time. Nonreacting flow SDs are shown in Figure 

10, while the flame SDs (and SD-C) are shown in Figure 9. These regimes generally agree with 

those that have been experimentally obtained in the TST for fast, highly turbulent standing flames 

[41]. While P08 appears to achieve ℓ′ 𝛿�⁄  up to 1000, the P08h run is shifted toward lower ℓ′ 𝛿�⁄ , 

within the thin reaction zones regime between 1 > 𝐾𝑎 > 100. Although this leftward shift may 

indicate that P08h is still not adequately resolved, the situation may be more nuanced. The integral 

length scale is based on (13) which involves 𝜀 and 𝑢′. The integral velocity scales appear 

sufficiently converged, and the differences in 𝜀 will be discussed shortly. However, there is no 

fundamental reason that the energy dissipation rate should depend on the integral length scale for 
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this flow, as ℓ′ is not the scale at which energy dissipates, and the assumption of Kolmogorov-type 

turbulence is only loosely applicable here. Further exploration of energy dissipation rates on 

different scales could determine a more appropriate 𝜀 and resolve some of the discrepancy.  

 

Figure 9 Regime diagram evolution for flame SDs and SD-C over relevant simulation time with 
laminar flame values based on temperature immediately ahead of the flame brush for case P08h (blue) 

and P08 (red). 
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Figure 10 Regime diagram evolution for nonreacting SDs over relevant simulation time with laminar flame 

values based on temperature immediately ahead of the flame brush for case P08h (blue) and P08 (red). 

Compared to other studies in the Navy Research Lab (NRL) and Texas A&M Databases, 

the TST achieves large length scales at moderately high velocity scales, especially within the flame 

regions, SD-C, and SD-P. This is illustrated in Figure 11. While the flame in the box studies are 

capable of probing high Karlovitz numbers, they tend to be limited to small or moderate length 
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scales. Additionally, these previous studies lacked a realistic setting, and turbulence was driven at 

large scales within the domain. 

 

Figure 11 Borghi diagram for NRL and Texas A&M databases of turbulent premixed flames [9, 10, 11, 14, 
16, 31, 36], with regime regions obtained in P08h indicated by lighter (all SDs) and darker (flame SDs) blue 
regions. Black points are the cumulative regimes seen in SD-C. Arrows indicate the general drift of hot (red) 

and cold (yellow) fluid over the simulation time. 

To put this in a broader context, Im [46] discusses state-of-the-art work done in high 𝑅𝑒 

and 𝐾𝑎 flows to-date, summarized by the Borghi diagram in Figure 12. Few of the previous studies 

reviewed simultaneously achieve regimes near the high length and velocity scales as in this DNS. 

Furthermore, the TST DNS configuration provides a realistic geometric configuration without 
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external turbulence forcing, which captures unique flow conditions and allows us insight into the 

“reaction sheet” flow regimes above 𝑅𝑒 = 100. 

 

Mach, Karlovitz, and Taylor Reynolds Numbers 

Turbulent Mach number, Karlovitz number, and Taylor Reynolds number are important 

parameters to quantify the speed, compressibility, and turbulent intensity of the flow. At low Mach 

numbers, flow can be considered incompressible. However, at larger Mach numbers, such as in 

the case in realistic propulsion flows, compressibility effects dominate. The turbulent Mach 

number is based on 𝛿𝑈 = |𝛿𝑢�| and the sound speed, 𝑎 = ¿𝛾𝑅𝑇 

Figure 12 Borghi diagram for turbulent premixed combustion [46] with regime regions obtained in P08h 
indicated by lighter (all SDs) and darker (flame SDs) blue regions. Black points are the cumulative regimes 
seen in SD-C. Arrows indicate the general drift of hot (red) and cold (yellow) fluid over the simulation time. 
Original figure from Direct Numerical Simulations of Statistically Stationary Turbulent Premixed Flames by 

Im, Arias, Chaudhuri, and Uranakara in Combustion Science and Technology reprinted by permission of 
Taylor and Francis Ltd, http://www.tandfonline.com.  
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(14) 𝑀1 =
¡À
Á

. 

 The Karlovitz number, 𝐾𝑎, is the ratio of the chemical and Kolmogorov timescales. The 

chemical timescale is a measure of the speed of the reactive processes in the flame and is 

determined by the evolving laminar flame thickness, 𝛿� and laminar flame speed, 𝑆�  determined 

by the flow field immediately ahead of the flame front, 

(15) 𝜏¶ =
¡Â
ºÂ

. 

The Kolmogorov timescale is related to the smallest scales in the flow and is determined by the 

kinematic viscosity and the energy dissipation rate, 

(16) 𝜏Ã = KÄ
¬
P
²
´. 

The Karlovitz number is then, the ratio of (15) and (16), 

(17) 𝐾𝑎 = ÅÆ
ÅÇ

. 

To illustrate the range of turbulent Mach and Karlovitz numbers attained, Figures 13 and 

14 show joint probability density functions (JPDFs) for each flame SD-F1 through F5 and the pre-

flame compressed region, SD-C.  Analysis is performed at 0.4 ms such that the flame and non-

reacting SDs are well developed.  

As fuel approaches the flame brush, a large portion of the fluid begins to reach 𝑀È up to 

0.4 − 0.5, while a smaller, yet appreciable amount nears 0.75. Simultaneously, Karlovitz numbers 

reach as high as 400 with extreme excursions above 1000. As the flow progresses through the 

flame, 𝑀È initially drops upon entering the flame brush from SD-C, then tends to decrease at high  

𝐾𝑎, while increasing at low 𝐾𝑎. In the pre-flame compressed SD, distinct “ribs” form along 𝑀È at 

low 𝐾𝑎. These are indicative of compression waves within SD-C. Figure 14 shows good agreement  
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Figure 13 Characterization of turbulent Mach number and Karlovitz number distribution in the flow within 
and ahead of the flame at 0.4 ms for case P08h. 
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Figure 14 Characterization of turbulent Mach number and Karlovitz number distribution in the flow within 
and ahead of the flame at 0.4 ms for case P08. Colormap is as shown in Figure 13. 

 

SD-F5 

SD-F4 SD-F3 

SD-F2 SD-F1 

SD-C 
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with these trends in the lower resolution P08 simulation, with lower probabilities of high 𝑀È and 

𝐾𝑎 within the flow. 

The Taylor-scale Reynolds number, 𝑅𝑒É, determines a Reynolds number based on the 

longitudinal Taylor microscale, 𝜆, the length scale used to describe turbulence [39]. 

(18) 𝜆 = 𝑢� [�Ä
¬

, 

(19) 𝑅𝑒É =
¢ªÉ
Ä

. 

Using a similar rationale as for the integral length scale, we are interested only in the SD 

volume averages of the Taylor microscale and Taylor Reynolds numbers. Therefore, we can 

substitute volume averaged quantities into (18), 

(20) 〈𝜆〉­ = 〈𝑢′〉­ 
[�〈Ä〉»
〈¬〉»

, 
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then use (13) and (20) to calculate the Taylor Reynolds number as, 

(21) 〈𝑅𝑒É〉­ =
〈¢�〉»〈É〉»
〈Ä〉»

. 

The Taylor Reynolds number defined in equation (21) can be considered a measure of 

turbulence within the flow. Figure 15 shows the evolution of 𝑅𝑒É over the simulation time. With 

the exception of SD-S, colder fluid enters the quasi-steady burning period at higher 𝑅𝑒É than hotter 

fluid. SD-S exhibits relatively low turbulent intensity over the course of its evolution, as this is 

fuel that has only been processed by the leading normal shock. This evolution is consistent with 

the 𝛿𝑣 components shown in Figure 5 which show low 𝛿𝑣 in the flow until SD-C. As the flow 

evolves over the simulation time, SD-S disappears as the leading and flame-generated shocks 

collide. The trend of 𝑅𝑒É for most SDs is to decrease over time. This is most prominent in the 

colder SD-C and the front of the flame brush. Toward the back of the flame brush and in SD-P the 

evolution stays relatively constant with the hotter SD-F1 and SD-P showing a slight increase. 

Flow Analysis 

  Many of the same flow dynamics seen in the transverse averages of Chapter V, Figure 5 

can be seen in two-dimensional detail in Figures 16 and 17, which show midsection cuts along the 

x-normal plane of the domain. The pressure (a) shows the pre-flame compressed region, initially 

thin with high pressure, gradually widen and decrease slightly in pressure as the flame-generated 

shock approaches and overtakes the leading shock. The rarefaction wave, formed after the flame-

generated and leading shocks collide, is most visible in the later frames of the synthetic schlieren 

(b) and temperature (c). A contact surface between the incoming flow from the injection plate and 

Figure 15 Taylor Reynolds number evolution over quasi-steady simulation time in all SDs for case P08h. 
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the displaced flow from the shock system ahead is most notable in temperature (c) between 5 and 

10 cm. The increase in turbulent intensity across the flame is clearly seen from (d) and (e), as the 

transverse velocity components are approximately equivalent to the fluctuating velocity 

components, while the axial velocity (f) provides important bulk flow speed data which will be 

discussed in Chapter VII. Many of the panels also show the previously discussed compression 

waves in SD-C and SD-S. 

While P08, shown at 0.4 ms in Figure 17, exhibits very similar behavior, prior to the shock 

collision, P08h displays higher pressures toward the front of SD-C. After the flame-generated and 

leading shocks collide, P08 maintains higher peak pressures in the new, combined SD-C/S. 



35 
 

 

Fi
gu

re
 1

6 
(a

) T
w

o-
di

m
en

si
on

al
 m

id
se

ct
io

n 
cu

ts
 o

f (
a)

 p
re

ss
ur

e 
[a

tm
], 

(b
) s

yn
th

et
ic

 sc
hl

ie
re

n,
 (c

) t
em

pe
ra

tu
re

 [K
], 

an
d 

(d
-f

) v
el

oc
ity

 c
om

po
ne

nt
s [

m
/s

] 
w

ith
 th

e 
fla

m
e 

br
us

h 
ov

er
la

id
 a

s a
 so

lid
 b

la
ck

 li
ne

 a
t 0

.2
, 0

.3
, 0

.4
, a

nd
 0

.5
, a

nd
 0

.5
7 

m
s f

or
 c

as
e 

P0
8h

. 



36 
 

Fi
gu

re
 1

6 
(b

) C
on

tin
ue

d.
 



37 
 

Fi
gu

re
 1

6 
(c

) C
on

tin
ue

d.
 



38 
 

Fi
gu

re
 1

6 
(d

) C
on

tin
ue

d.
 



39 
 

 

Fi
gu

re
 1

6 
(e

) C
on

tin
ue

d.
 



40 
 

 

Fi
gu

re
 1

6 
(f

) C
on

tin
ue

d.
 



41 
 

 

Figure 17 Two-dimensional midsection cuts of pressure, synthetic schlieren, temperature, and velocity 
components with the flame brush overlaid as a solid black line, at 0.4 ms for case P08. 
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Probability Densities 

Probability density functions (PDFs) through the flow SDs are shown in Figures 18 and 19 

for both DNS. Pressure, temperature, and density are multi-modal due to the PDF sample 

distribution coverage of fuel, flame, and product regions. Transverse and fluctuating velocity 

components are predominantly isotropic, however there appear to be a large-scale swirling motions 

behind the flame visible in the transverse velocity components shown in Figures 16 (d-e) and 

Figure 17. SD-C shows supersonic flow ahead of the flame brush, while fluctuating Mach numbers 

are highest toward the product side of the flame and, to a lesser extent, within the SD-P itself. 

Compression waves in SD-S and SD-C cause the apparent “oscillations” in fluctuating Mach 

number and 𝛿𝑣Ì. Local flow Reynolds number, based on the domain width, is largest within the 

flame brush and SD-C.  

In P08, Karlovtitz number extents exhibit an overall increase, from near 20 in the post-

shock flow, up to several hundred in the product region. Average Karlovitz numbers within and 

behind the flame brush range from 10 to 20, while fuel regions average lower. The higher 

resolution P08h case shows similar trends with the exception of 𝐾𝑎 in the flame brush, which is 

more in line with that of SD-P than in the lower resolution simulation. In P08, energy dissipation 

rate also increases as the flow passes through the flame brush, from reactants to products. While 

enstrophy shows a similar trend to 𝜀, SD-C also produces small quantities of high enstrophy. P08h 

follows the same general trends as P08, with moderately larger 𝜀 in most SDs and substantially 

larger Ω in all SDs.  
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Figure 18 Probability density functions across all SDs for thermodynamic, velocity, and turbulence 
characterization properties at 0.4 ms in Case P08. 
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Figure 18 Continued. 
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Figure 19 Probability density functions across all SDs for thermodynamic, velocity, and turbulence 
characterization properties at 0.4 ms in Case P08h. 
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Figure 19 Continued. 
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Kolmogorov scale, normalized by cell size, is used to infer the degree to which the smallest 

scales of flow are resolved by the computational grid. Rather than a single value for the domain, 

however, the highly unsteady spatial and temporal nature of the flow field considered requires 

evaluation of local viscosity and dissipation rates, which are then considered within their 

respective subdomains. While this unsteady nature brings into question the applicability of 

Kolmogorov type turbulence to this flow, 𝜂 = (𝜈M 𝜀⁄ )[ z⁄  provides a length scale based on the 

energy dissipation and viscosity, which does indeed indicate the small, dissipative length scales 

which will allow us to assess full-scale flow resolution. This Kolmogorov scale resolution, 

although debatably borderline for DNS, shows that a substantial amount of the flow field resolves 

𝜂 with half a cell width in P08 and close to a full cell width in P08h.  
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CHAPTER VII 

FLAME SPEED 

Flame speed is an essential parameter for the development of turbulent combustion models 

and, ultimately, accurate prediction of a combustion engine’s performance. Therefore, turbulent 

flame speed is one of the focal points of combustion research.  This speed is defined by the 

consumption rate of reactants, i.e. the volume of incoming flow per unit area of the mean flame 

front. For low intensity, large scale domains, this is also equal to the propagation speed of the 

flame front. However, this equivalence is questionable for flames within supersonic flows and in 

the extreme regimes presented in this configuration.  

Flame Burning Speed 

Turbulent flame burning speed, 𝑆$, can be numerically calculated as the burning rate of the 

flame through an incoming turbulent flow, 

(22) 𝑆$ =
Ï̇
�´0

, 

where 𝑚̇ is the total fuel consumption rate in the domain, 𝐿L is the domain cross sectional area, 

and 𝜌 is the incoming fluid density. The choice of this density affects the resulting 𝑆$ and defines 

the reference frame for the calculated speed. To determine 𝑆$ in the reference frame of the bulk 

flow speed approaching flame, we use the transverse averaged density in the plane immediately 

ahead of the flame front. It can be assumed from mass conservation that all flow that the flame 

passes through is burned and converted to products.  

Flame Displacement Speed 

In some cases, as in experimental settings, 𝑆$ cannot be determined directly and the flame 

displacement speed, 𝑆` , is often used in its place. 𝑆` , is a physical displacement speed calculated 

as a finite difference of flame front location with respect to the bulk flow speed ahead: 
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(23) 𝑣È =
ÌÑ,Ò´ZÌÑ,Ò²
1´Z1²

, 

(24) 𝑆` = 𝑣È − 𝑢-. 

Here, 𝑣È is the flame front speed in a stationary reference frame, 𝑧È,1 is the flame front location at 

some time, 𝑡, and 𝑢- is the bulk flow speed in the plane directly ahead of the flame front. 

These components are illustrated in Figure 20 where two representative flame instances 

are shown at 𝑧È,1²and 𝑧È,1´ . A shock precedes the flame position. The bulk speed location can be 

chosen such that it is exactly the flow velocity that the flame “sees” ahead of it, i.e. in the transverse 

plane immediately preceding the flame front. The finite 

difference in (23) is taken over a time step equivalent 

to 100kHz, around the current limitation of 

experimental measurement capabilities, although still a 

higher resolution than the flame speeds measured with 

PIV and chemiluminescence in the experimental TST facility.  

Figure 21 shows how a synthetic 𝑆`  given by (24) compares to the turbulent burning speed 

based on the rate of fuel consumption as in (22) for the numerical TST. Also shown are the same 

flame speed comparisons performed on several flame in the box configurations [9-12, 19, 31, 36] 

(simulations were performed with H2-air fuel where not otherwise specified). In all cases, the two 

flame speed measurement methods loosely follow the correlation line shown in black, but can 

differ significantly.  

 
Figure 20 Flame displacement speed.  

 
 
 

 



50 
 

 

Figure 21 Flame burning speed and flame displacement speed correlation for several turbulent flame studies. 

For steady-state or low turbulent intensity flames, 𝑆$ and 𝑆`  can generally be used 

interchangeably. However, as shown in Figure 22, at the high speed, highly compressible, and 

highly turbulent regimes encountered in this TST configuration, the differences between the two 

speed measurements can be substantial. Experimental flame speed measurement methodology 

averages the bulk flow speed over some volume ahead of the flame, 𝑧È,1 + 𝛿𝑧, usually including 

the majority of the compressed region. The resulting flame displacement speed garnered by 

experimental-type averaging over a volume of SD-C or only averaging the plane ahead of the 
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flame fall within the blue region in Figure 22. The variability in the definition of 𝑢- affects 𝑆`  by 

up to 40 m/s, while 𝑆`  and 𝑆$ themselves can differ by 50 − 80 m/s. This accounts to flame speed 

differences of up to 50%. Furthermore, these discrepancies are expected to increase at higher 

turbulent intensities, closer to DDT. [47] 

 

 

Figure 22 Flame burning (red line) and displacement (blue region) speed during a period of quasi-steady 
burning rate for Case P08h. 

 Turbulent flame speeds, which range from ~75 − 175 m/s during the period of quasi-

steady burning after 0.3 ms, are roughly proportional to the turbulent velocity fluctuations, and are 

consistent with those shown in Figures 5, 16, and 17. The nature and source of this turbulence 

were introduced in Chapter V and will be explored further in Chapter VIII. 
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CHAPTER VIII 

TURBULENCE GENERATION 

To study the fundamental nature of the turbulence, particularly flame generated turbulence, 

we consider the enstrophy budget in in the flame region: 
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Enstrophy, Ω, is the magnitude of vorticity squared and can be interpreted as a measure of the 

kinetic energy of a fluid as a result of turbulence. On the right-hand side (RHS) of the above 

equation there are several terms with distinct effects on the dynamics of turbulent flows. The first 

term on the RHS governs vortex stretching, arguably the most important mechanism in turbulence 

dynamics. Vortex stretching represents, the creation of vorticity. This is the mechanism which 

transports turbulent energy to smaller scales. The second term on the RHS is the dilatation. It 

captures the effects of the expansion due to heat released in combustion as well as the compression 

largely seen in the region between the flame and the leading shock. The third term on the RHS is 

the baroclinic torque. This accounts for the generation of turbulence due to misalignment of density 

and pressure gradients. Finally, the last term on the RHS is viscous dissipation, which describes 

how turbulence diffuses due to dissipation [45].  

Figure 23 shows the time evolution of the enstrophy budget components within the flame 

brush for both DNS cases. While vortex stretching and dilatation are both present in reacting and 

non-reacting flows, baroclinic torque is contributed mainly by the flame, and is dominant in this 

flame brush enstrophy budget. Dilatation is also significant, as it is enhanced by the exothermic 

reactions within the flame. Viscous dissipation present, but is generally the smallest contributor to 

the budget. Both DNS cases exhibit similar trends but differ appreciably in magnitude. The higher 

resolution run reported larger values of all components. Vortex stretching, dilatation, and 
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baroclinic torque roughly doubled, while viscous dissipation experienced a much larger change, 

becoming comparable in magnitude to dilatation. 

 

  
 

Figure 23 Time evolution for absolute values of enstrophy budget components within the flame. 

For a full domain view, Figure 24 shows the flow field of enstrophy magnitude in both 

DNS after the component values have settled while Figures 25 shows the enstrophy budget 

components of vortex stretching, dilatation, and baroclinic torque for the same instant (0.4 ms) for 

case P08h. Consistent with analysis from Chapter VI, turbulence, indicated by enstrophy 

magnitude, is significant immediately following the inlet jets, dissipates somewhat, and then 
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increases in the products closer to the flame brush. Figures 24 and 25 show that enstrophy and the 

enstrophy budget components begin to become significant starting from the right in SD-C, just 

ahead of the flame. After the moderate increase through SD-C, vortex stretching and dilatation 

experience a further gain through the flame brush and into SD-P. Baroclinic torque, however, is 

dominant only within the flame brush itself. This is due to the combination of sharp density 

gradients and a nearly isobaric flame, which were seen in Chapter VI, Figures 16a and 17.  

 

 

Figure 24 Enstrophy magnitude at 0.4 ms for cases P08h (top) and P08 (bottom). 
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Figure 25 Vortex stretching, dilatation, and baroclinic torque at 0.4 ms for case P08h. 
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CHAPTER IX 

CONCLUSIONS 

The work in this thesis has analyzed two large-scale DNS representative of a realistic, 

unsteady flow configuration in order to determine the flow regimes, flame dynamics, and turbulent 

properties therein. The numerical simulation intended to reproduce an experimental setup, which 

exhibited a fast deflagration and eventually a flame-shock complex. The DNS observed the 

reaction as a flame-shock complex immediately upon flame initiation, although they maintained 

similar pressure transducer evolutions to the experimental profiles throughout the flow cycle. This 

difference emphasizes that we have not created an exact “one-to-one” numerical model of the TST 

facility, but rather a complementary numerical configuration based on an experimental facility 

which allows us to study the features of highly unsteady, extreme, propulsion-relevant regimes in 

detail. An exact numerical replica would require detailed chemical models and potentially a larger 

domain to include the turbulence generation section of the TST, neither of which are feasible with 

current HPC capabilities.  

 The flow regimes of the flame-shock complex studied are at simultaneously large length 

and velocity scales which push the boundary of what has been achieved by previous DNS studies. 

The high levels of 𝑀È, 𝐾𝑎, and 𝑅𝑒É indicate that this high-speed reacting flow is both highly 

compressible and highly turbulent, without the presence of any external turbulence driving.  

 The observed discrepancy between the results of fuel consumption rate and physical 

displacement based flame speed measurement techniques is present in both this configuration as 

well as several flame in the box studies involving several different types of reaction modes. The 

deviations seen can be significant and motivate further study to better determine the nature of the 

relationship between 𝑆`  and 𝑆$ in these and more extreme regimes where they differ appreciably.  
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 Large turbulent flame speeds were measured using both methods and reached over 100 

m/s for most of the simulation time. These flame speeds are approximately equal to the turbulent 

velocities seen in the simulations and indicate high turbulent intensities. PDF and enstrophy 

analysis show that a large amount of the turbulence generation occurs across the flame, 

independently of the turbulence in the inlet jets. This flame-generated turbulence, previously 

observed in the more idealized flame in the box simulations, was seen here in a realistic setting for 

the first time. The enstrophy budget shows a significant increase in vortex stretching and dilatation 

across the flame and into the products, while baroclinic torque is most significant in the flame 

brush itself.    

  In conclusion, this thesis successfully developed a numerical setup to study a realistic flow 

which is noteworthy in its ability to probe simultaneously high speed, strongly compressed, and 

highly turbulent regimes. This configuration can provide the foundation for further studies in 

realistic, propulsion-relevant, extreme regimes. This new canonical model shows that there are 

regions of flow at these regimes which could, individually, be represented by new LES models. 

These subdomains have been separated by axial variables and are effectively one-dimensional.  

Going forward, realism can be improved on three fronts. First, the chemical model could 

be improved, or multi-step chemistry could be implemented. Second, domain boundaries could be 

modified. Not only is there room to improve the realism of the highly complex injection evolution, 

but the simple solid walls, currently modeled as adiabatic, could represent the actual isothermal 

walls. Finally, increasing numerical resolution would be beneficial. Although the flame is 

adequately resolved in case P08h, turbulent scales are currently resolved to, at best, one cell width. 

Furthermore, the bulk of the flow remains resolved by less than half a cell width, which is poor for 

a DNS.  
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APPENDIX A 

ALTERNATIVE SETUP: SWIRL COMBUSTOR 

Prior to implementing and studying the TST configuration, work was done with a DLR-

type PRECCINSTA burner swirl combustor. Simulation was performed using the same Athena-

RFX code and single-step Arrhenius kinetics with a methane-air mixture. As discussed in Chapter 

I, this DNS implemented a simplified chemical model on a realistic swirl combustor setup. While 

the configuration’s simulation capabilities were limited to moderate, atmospheric conditions, the 

scale of the DNS was considerable. The domain size spanned 4.5 cm in the transverse directions 

and over 12 cm in the axial direction resulting in a cell size of just over 20	µm. 

Numerically replicating realistic injection conditions of the swirl inflow is particularly 

challenging and preliminary efforts were made to collaborate with Pierre Bénard and Vincent 

Moreau at CORIA for injection data to implement more realistic injection flow dynamics. Their 

LES simulation domains include the plenum and swirler regions in addition to the combustion 

chamber itself. The nonreacting gas in the swirler can be modeled with high accuracy using LES 

and thus could provide suitable injection plane conditions. Further work with this configuration 

should use such data for the injection boundary conditions. Completed analysis focused on general 

flow dynamics and, specifically, enstrophy budget analysis which is detailed in Figure 26. The left 

column shows enstrophy budget components with 𝑖 = 1 and the right side with 𝑖 = 3 components. 

Vortex stretching and viscous dissipation can be present in both reacting and nonreacting 

flow, while dilatation and baroclinic torque are contributed mainly by the flame [48]. In this 

configuration, vortex stretching is the main contributor to the enstrophy budget while the effects 

of viscous dissipation are relatively minimal. Both baroclinic torque and dilatation are reasonably 
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significant, which implies that the flame plays an active role in the turbulence dynamics of this 

swirl combustor.  

 

 

Figure 26 Enstrophy budget analysis for the DLR-type PRECCINSTA burner swirl combustor with the axial 
direction cropped at ~2 cm. 
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APPENDIX B 

ALTERNATIVE CHEMISTRY: MULTI-STEP 

 While the primary topic of this thesis is of extreme reacting flows in realistic physical 

settings attainable only by conceding a significantly simplified reaction model, a series of DNS 

using complex chemical models for n-dodecane at various high Karlovitz numbers in 

Kolmogorov-type driven turbulence was performed. These flame in the box DNS use the PREMIX 

code of the CHEMKIN-II package to supply laminar flame properties, with the fuel cracking and 

oxidization mechanisms of n-dodecane modeled using a reduced kinetics model based on the 

HyChem concept [49].  

 

Figure 27 Borghi diagram for realistic flame in the box n-dodecane DNS. 

The goal of this study is to understand the flame-turbulence interactions in extreme 

turbulent combustion regime of distributed reaction zones, where small-scale turbulent flow 

structures begin to penetrate into the reaction zone and transport heat from the reaction zone to the 
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pre-heat zone which can ultimately lead to the breakdown of chemistry and flame extinction. These 

extremely high turbulent regimes are of particular interest to scramjet applications. LES carried 

out by Fureby have observed flames in scramjet combustors subject to turbulent Mach numbers 

up to 0.75 [50]. The Borghi regime diagram for the various Karlovitz number cases, Ka = 100, Ka 

= 1,000, and Ka = 10,000, is shown in Figure 27. While the normalized velocity scales achieved 

are certainly appreciable, the normalized length scales are small, as is common with flame in the 

box DNS.  

The Lagrangian particle tracking analysis allows the direct calculation of residence times 

and path lengths of massless particles (fluid parcels) and is the first such study to be performed in 

these extreme regimes. Symplectic integrators and a WENO-based integration approach proposed 

by Kozak et al. [51, 52] have been incorporated into Athena-RFX to achieve accurate particle 

tracking over long integration times and across sharp discontinuities, which are inherent to these 

regimes.  

The primary analysis thus far has focused on the n-dodecane, 𝐾𝑎	 = 	10,000 case. For 

these simulations, the three-dimensional 1: 8 domain is initially filled with n-dodecane fuel with 

𝜙 = 0.7 at 700 K and 30 atm. Homogenous isotropic turbulence is stochastically driven at the 

large scales, and the flow field is allowed to evolve for two eddy turn-over times to allow 

turbulence to reach an equilibrium. After this, a statistically planar flame is initiated in the 

transverse plane at the midsection of the axial domain and is allowed to develop for one additional 

eddy turn-over time, at which point the flame speed reaches a statistically stationary state. The 

particles are then injected onto an isothermal surface of 800 K and tracked for the final three eddy 

turn-over times.  
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 A highly complex thermo-chemical phase space evolution was observed which indicates 

non-monotonicity and enhanced molecular transport in these regimes. While most particles 

remained in the pre-heat and pyrolysis zones after the full 6 eddy turn-over time simulation was 

completed, a small subset of particles which burned and reached the product zone, were analyzed. 

These so-called “fast burner” particles experience very short residence times – the time a particle 

spends at a temperature interval, e.g. 800-1000 K which is indicative of the flame pre-heat zone. 

The flame crossing residence times (800-2100 K) for the fast burners is shorter even than the 

chemical pyrolysis time scale. This raises questions as to the validity of the HyChem premise, 

which expects pyrolysis to precede oxidation, whereas here, pyrolysis was observed to continue 

past 1500 K, the upper limit of the maximum heat release rate zone. [53] 


