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ABSTRACT 

 

 

The detonation-based engine has the key advantage of increased thermodynamic efficiency 

over the traditional constant pressure combustor. These detonation-based engines are also 

known as Pressure Gain Combustion systems (PGC) and Rotating Detonation Combustor 

(RDC) is a form of PGC, in which the detonation wave propagates azimuthally around an 

annular combustor. Prior researchers have performed a high fidelity 3-D numerical 

simulation of a rotating detonation combustor (RDC) to understand the flow physics such 

as detonation wave velocity, pressure profile, wave structure; however, performing these 

3-D simulations is computationally expensive. 2-D simulations are a potential alternative 

to reduce computational cost. In most RDCs, fuel and oxidizer are injected discretely from 

separate plenums, and this discrete fuel/air injection results in inhomogeneous mixing 

within the domain. Due to the discrete fuel injection locations, fuel/oxidizer will stratify to 

form localized pockets of rich and lean mixtures. The motivation of the present study is to 

investigate the impact of unmixedness and stratification length scales on the performance 

of an RDC using a 2-D numerical approach. Unmixedness, which is defined as the standard 

deviation of equivalence ratio normalized by the mean global equivalence ratio, is a 

measure of the degree of fuel-oxidizer inhomogeneity. To model the effect of unmixedness 

in a 2-D domain, a lognormal distribution of the fuel mass fraction is generated with a 

mean equivalence ratio of 1 and varying standard deviations at the inlet boundary as a 

numerical source term. Moreover, to model the effects of stratification length scales, fuel 



 

 

 

  

mass fraction at the inlet boundary cells is bundled for a given length scale, and the mass 

fractions for these bundles are updated based on the lognormal distribution after every 

three-time steps. Using this methodology, 2-D numerical analyses are carried out to 

investigate the performance of an RDC for an H2-air mixture with varying unmixedness 

and stratification length scales. Results show that mean detonation velocity decreases and 

wave speed variation increases with an increase in unmixedness. However, with an 

increase in stratification length scale mean velocity remain relatively unchanged but 

variation in local velocity increases. The detonation wave front corrugation also increases 

with an increase in mixture inhomogeneity. The mean detonation cell size increases with 

an increase in unmixedness. The cell shape becomes more distorted and irregular with an 

increase in stratification length scale and unmixedness. The combined effect of 

unmixedness and stratification length scale leads to a decrease in pressure gain. Overall, 

this concept is able to elucidate the effects of varying unmixedness and stratification length 

scales on the performance of an RDC. 
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GENERAL ABSTRACT 

 

 

Pressure Gain Combustion (PGC) system has gained significant focus in recent years due 

to its increased thermodynamic efficiency over a constant pressure Brayton Cycle. Rotating 

Detonation Combustor (RDC) is a type of PGC system, which is thermodynamically more 

efficient than the conventional gas turbine combustor. One of the main aspects of the 

detonation process is the rapid burning of the fuel-oxidizer mixture, which occurs so fast 

that there is not enough time for pressure to equilibrate. Therefore, the process is 

thermodynamically closer to a constant volume process rather than a constant pressure 

process. A constant volume cycle is thermodynamically more efficient than a constant 

pressure Brayton cycle. In an RDC, a mixture of fuel and air is injected axially, and a 

detonation wave propagates continuously through the circumferential section. 

 

Numerical simulation of an RDC provides additional flexibility over experiments in 

understanding the flow physics, detonation wave structure, and analyzing the physical and 

chemical processes involved in the detonation cycle. Prior researchers have utilized a full-

scale 3-D numerical simulation for understanding the performance of an RDC. However, 

the major challenge with 3-D analyses is the computational expense. Thus, to overcome 

this, an inexpensive 2-D simulation is used to model the flow physics of an RDC. In most 

RDCs, the fuel and oxidizer are injected discretely from separate plenums. Due to the 

discrete fuel injection, the fuel/air mixture is never perfectly premixed and results in a 

stratified flow field. The objective of the current work is to develop a novel approach to 

independently investigate the effects of varying unmixedness and stratification length 

scales on RDC performance using a 2-D simulation. 



 

 

v 

 

ACKNOWLEDGMENTS 

 

Firstly, I would like to express my sincere gratitude to my research advisor Dr. 

Joseph Meadows for his continuous support and guidance throughout my master’s degree 

program. He is being instrumental in helping me to improve my technical skills and ability 

to develop critical thinking. Beyond his support for the research project, he gave me an 

opportunity to work on the industry project and to go for conference presentations resulting 

in experiences that I can never forget. Secondly, I would like to thank Dr. Danesh Tafti and 

Dr. Luca Massa for their support as committee members. 

 

Next, I would like to acknowledge the physics department for providing me the opportunity 

to gain experience as a Graduate Teaching Assistant. I am thankful to the Department of 

Advanced Research Computing (ARC) in Virginia Tech for providing the computational 

resources for running the numerical simulations for this research. I am also thankful to 

Sathyanarayanan Subramanian for his valuable discussion on this project. I would also like 

to thank all my research group members Cody Dowd, Ashwin Kumar, Yogesh Aradhey, 

and Blaine Hugger for providing me valuable feedbacks and making the group a fun place 

to work. I would also like to thank all my friends here in VT and back home for their 

constant support and help, without whom this journey would not be possible.  

 

Last but not the least, I would like to dedicate this dissertation to my family: my parents 

and sister for supporting me and motivating me throughout this journey. To my Mom, Dad, 

and sister, I love you all and thank you for always being there for me. 

 

 

 

 

 



 

 

vi 

 

Table of Contents 

Chapter 1: Influence of Fuel Inhomogeneity and Stratification Length Scales on 

Detonation Wave Propagation in a Rotating Detonation Combustor (RDC) 

 

Abstract ............................................................................................................................... 1 

Nomenclature ...................................................................................................................... 2 

Introduction ......................................................................................................................... 4 

Methodology ..................................................................................................................... 11 

A. Geometry and Computational Domain .................................................................... 11 

B. Solver ....................................................................................................................... 12 

C. Boundary Conditions ............................................................................................... 14 

Results and Discussions .................................................................................................... 17 

A. Effects of Mixture Inhomogeneity .......................................................................... 19 

1. Detonation Wave Velocity ..................................................................................... 21 

2. Pressure Profile ...................................................................................................... 23 

3. Detonation Wave Structure .................................................................................... 26 

4. Detonation cell size ................................................................................................ 31 

B. Effects of Stratification Length Scale...................................................................... 35 

1. Detonation Wave Structure .................................................................................... 35 

2. Detonation Wave Stability ..................................................................................... 39 

3. Detonation Wave Velocity ..................................................................................... 42 

4. Pressure Profile ...................................................................................................... 44 

5. Detonation Cell size ............................................................................................... 47 

Conclusion ........................................................................................................................ 50 

References ......................................................................................................................... 52 

Appendix ........................................................................................................................... 56 

A. Appendix A – Java code to generate random number for varying unmixedness .... 56 

B. Appendix B – Java Code to generate random number for varying stratification 

length scales ...................................................................................................................... 63 

 

  



 

 

vii 

 

LIST OF FIGURES 

 

Fig. 1 Flow features in a 2-D RDC Simulation: A) Detonation wave front, B) Part of inlet 

boundary blocked due to high pressure behind the detonation front, C) Secondary shock 

wave, D) Slip line, E) Oblique shock wave, F) region representing mixing between fresh 

premixed fuel/oxidizer mixture and detonated product, and G) freshly injected premixed 

fuel/oxidizer mixture in a 2-D domain................................................................................ 7 

Fig. 2 2-D domain of RDC with probes to measure time averaged total pressure ........... 12 

Fig. 3 Distribution plots of fuel mass fraction for varying level of unmixedness ............ 19 

Fig. 4 Contour plot of equivalence ratio in non-reacting flow field. Top Left-Premixed case; 

Top Middle-Non-Premixed q=0.3; Top Right-q=0.5; Bottom Left-q=0.6; Bottom Right-

q=0.7……………………………………………………………………………………..20 

Fig. 5 Contour plot of equivalence ratio in non-reacting flow field for 𝑞 = 0.3. Top Left-

7.6 mm length scale; Top Right-5.1 mm length scale; Bottom Left-3.8 mm length scale; 

Bottom Right-0.9 mm length scale ................................................................................... 20 

Fig. 6 Contour plot of equivalence ratio in non-reacting flow field for 𝑞 = 0.7. Top Left-

7.6 mm length scale; Top Right-5.1 mm length scale; Bottom Left-3.8 mm length scale; 

Bottom Right-0.9 mm length scale ................................................................................... 21 

Fig. 7 Trend of Mean Detonation Velocity & % CJ velocity as a function of 

unmixedness……………………………………………………………………………...22 

Fig. 8 Distribution of Detonation Velocity for Non-Premixed cases. Top Left 𝑞 = 0.3; Top 

Right 𝑞 = 0.5; Bottom Left 𝑞 = 0.6; Bottom Right 𝑞 = 0.7 ........................................... 24 

Fig. 9 Comparison between Premixed & Non-Premixed Cases: A) Time Dependent Peak 

Total Pressure (Left); B) Time Averaged Total Pressure (Right) ..................................... 25 

Fig. 10 Mean Equivalent Available Pressure (EAP) for varying unmixedness ................ 26 

Fig. 11 Comparison of wave structure between premixed (Top left) and non-premixed 

cases Top Middle-q=0.3; Top Right-q=0.5; Bottom left-q=0.6; Bottom Right-q=0.7 ..... 28 

Fig. 12 Vorticity contour for the cases Left - q=0.3 L = 0.1mm; Middle - q=0.7 L = 0.1 

mm; Right - q=0.7 L = 0.9 mm ......................................................................................... 29 



 

 

viii 

 

Fig. 13 Numerical Shadowgraph contour for premixed (Top left) and non-premixed cases 

Top Middle-q=0.3; Top Right-q=0.5; Bottom left-q=0.6; Bottom Right-q=0.7 .............. 30 

Fig. 14 Mean Detonation cell size as a function of unmixedness ..................................... 32 

Fig. 15 Max Pressure Contour at different time step for the case of 𝑞 = 0.7................... 33 

Fig. 16 Contour of Detonation cell size of perfectly premixed (Top Left) and non-premixed 

cases; q=0.3 (Top Middle), q=0.5 (Top Right), q=0.6 (Bottom Left), and q=0.7 (Bottom 

Right) ................................................................................................................................ 34 

Fig. 17 Comparison of wave structure for the cases of q=0.3 with varying stratification 

length scales: Top Left-7.6 mm; Top Right-5.1 mm; Bottom Left-3.8 mm; Bottom Right-

0.9 mm .............................................................................................................................. 36 

Fig. 18 Comparison of wave structure for the cases of 𝑞 = 0.7 with varying stratification 

length scales: Left-0.9 mm; Right-0.1 mm ....................................................................... 37 

Fig. 19 Shadowgraph contour for non-premixed cases of 𝑞 = 0.7 Left-0.1 mm; Right-0.9 

mm .................................................................................................................................... 38 

Fig. 20 Total Temperature Contour at different time steps for the case 𝑞 = 0.7 & 3.8 mm 

length scale showing the phenomenon of wave instability and quenching ...................... 41 

Fig. 21 Total Temperature Contour at different time steps for the case 𝑞 = 0.7 & 0.9 mm 

length scale showing the phenomenon of wave overriding .............................................. 42 

Fig. 22 Trend of Mean Detonation Speed as a function of Stratification length scale for 

𝑞 = 0.3 & 0.7 .................................................................................................................... 43 

Fig. 23 Mean Peak Static Pressure for varying stratification of 𝑞 = 0.3 & 𝑞 = 0.7 ........ 44 

Fig. 24 Time Averaged Peak Total Pressure for varying stratification 𝑞 = 0.3 & 0.7 ..... 46 

Fig. 25 Mean Equivalent Available Pressure (EAP) for varying stratification length scales 

of 𝑞 = 0.3 & 0.7 ............................................................................................................... 46 

Fig. 26 Contour of Detonation Cell Size 𝑞 = 0.3 with varying stratification length scale; 

7.6 mm (Top Left), 5.1 mm (Top Right), 3.8 mm (Bottom Left), and 0.9 mm (Bottom 

Right) ................................................................................................................................ 47 

Fig. 27 Contour of Max Pressure 𝑞 = 0.7 for 0.9 mm length scale at various time steps 49 

Fig. 28 Contour of Detonation Cell Size 𝑞 = 0.7 with varying stratification length scale; 

0.9 mm (Left), Baseline Configuration 0.1 mm (Right) ................................................... 49 

  



 

 

1 

 

CHAPTER 1 

 

Influence of Fuel Inhomogeneity and Stratification Length 

Scales on Detonation Wave Propagation in a Rotating 

Detonation Combustor (RDC) 

 

Piyush Raj,1  and Joseph Meadows.2 

Department of Mechanical Engineering, Virginia Tech, Blacksburg, Virginia, 24060, USA 

Submitted to the AIAA Journal 
 

Abstract 

Rotating Detonation Combustor (RDC) is a form of pressure gain combustion (PGC), 

which is thermodynamically more efficient than the traditional constant pressure 

combustors. In most RDCs, the fuel-air mixture is not premixed and results in 

inhomogeneous mixing within the domain. Due to the discrete fuel injection locations, 

fuel/oxidizer will stratify to form local pockets of rich and lean mixtures. The present work 

seeks to gain an understanding of the effect of fuel/air stratification length scales and 

mixture inhomogeneity. on detonation wave structure, detonation velocity, and pressure 

profile. To model these effects, a lognormal distribution of the fuel mass fraction is 

generated with varying standard deviations at the inlet boundary as a numerical source 

term. Rather than randomizing fuel mass fraction at the cells on the inlet boundary, cells 

are bundled for a given length scale, and the mass fractions for these bundles are updated 
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based on the lognormal distribution after every three-time steps. Using this methodology, 

the effects of unmixedness and stratification length scale on detonation propagation and 

RDC performance are independently investigated for a H2-air mixture. 

Nomenclature 

 

A  =  Throat Area (m2) 

c  =  Constant in numerical schlieren imaging (0.8)  

d  =  Constant in numerical schlieren imaging (1000)  

l  =  Detonation channel height (101.6 mm) 

�̇�  =  Mass flow rate of the fuel-air mixture (kg/s) 

M  =  Mach number in RDC chamber 

P  =  Static pressure (Pa) 

Pcr  =  Critical pressure (Pa) 

Po  =  Total inlet pressure (Pa) 

Q  =  Total energy (J/Kg) 

q  =  Unmixedness 

R  =  Gas constant (J/kgK) 

Se  =  Energy flux source term (J/m2s) 

Smass  =  Mass flux source term (kg/m2s) 

Smom  =  Momentum flux source term (kg/ms2) 

T  =  Temperature in the chamber (K) 

To  =  Total inlet temperature (K) 

Tlocal  =  Temperature in the first-row cells at the inlet (K) 
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u  =  Flow velocity (m/s) 

w      =  RDC chamber width (7.6 mm) 

∇      =  Gradient operator 

γ      =   Ratio of specific heat 

λ      =   Cell size (mm) 

φ      =   Local equivalence ratio 

ρ      =  Density of the gas mixture (kg/m3) 

 

Indices 

 

Global =  Mean value over the combustion chamber 

i  =  ith case of inhomogeneity   

max  =  Maximum value of the variable in RDC domain 

min  =  Minimum value of the variable in RDC domain 
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Introduction 

 

he potential of detonation-based combustion has been well recognized. It provides an 

advantage of rapid energy release & pressure gain as compared to traditional deflagration-

based combustion. The detonation-based system is thermodynamically more efficient as it 

involves lesser entropy, higher power, and thrust generation [1]. Extensive research has 

been carried out in the power and propulsion industry to utilize the benefits of the 

detonation-based combustion process. However, difficulty in harnessing its potential 

efficiently is a major challenge in the development of a propulsion engine. The effects of 

turbulent mixing on the wave stability, the dynamics of a detonation, efficient injection 

system design, and managing heat loss/heat transfer are some of the major challenges [2].  

One of the key features of a detonation process is the rapid burning of a fuel-air mixture, 

as it is much faster than the deflagration process, which leads to compact and efficient 

combustor design. Moreover, due to the small-time scales, there is not enough time for the 

pressure to equilibrate and thus the overall process is thermodynamically closer to a 

constant volume process rather than a constant pressure process. Constant volume cycle is 

thermodynamically more efficient than a constant pressure Brayton cycle used in 

conventional propulsion engines. Because of these inherent advantages, PGC is expected 

to increase thermal efficiencies 5% to 10% higher than any other technological 

advancement/improvement in the propulsion and power generating industry [3]. 

 

Zel’dovich [4] showed that the detonation process under the same operating condition 

is more beneficial than the deflagration process because the reaction products in detonation 

have lower entropy generation than in deflagration. After a few decades of minimal 
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development, heightened interest in PGC, namely, pulse detonation engine (PDE) began 

around 1990 [5]. PDE is based on pulsating detonation waves in a tube with a frequency 

of 20-100 Hz. The initial research work on PDE was carried by Nicholls [6] in 1957. The 

study was initiated to explore the feasibility of an engine operating on intermittent 

detonation combustion, which leads to the inception of PDE.  One of the drawbacks of 

PDE is the intermittent or pulsed-based detonation rather than a continuous mode. Due to 

this, it is difficult to couple PDE with the downstream of a turbine section. Because of these 

inherent problems associated with PDEs, the concept of Rotating Detonation Combustor 

(RDC) gained popularity as it provides a nearly steady source of thrust and does not require 

repeated initiation of detonation at a high frequency. In an RDC, the combustion or the 

detonation chamber is annular, and a continuous supply of fuel and air mixture is injected 

axially at the base of the combustion chamber, and once initiated; a detonation wave 

propagates azimuthally around the annulus of the combustor. The detonation wave 

propagates at frequencies ranging from 1-100 kHz depending upon the design and the 

fuel/air mixture composition. The simple and compact design of RDC makes it an attractive 

option to couple with turbines for future power and propulsion applications. 

 

Early investigations about the feasibility of continuously rotating detonation waves 

were conducted by Voitsekhovskii et al. [7, 8] in 1959 and 1960, respectively. Nicholls et 

al. [9, 10] investigated the concept of rotating detonation in rocket applications. The 

emphasis was on the interaction between the detonation wave and the turbulent mixing 

within the combustion chamber. Their studies showed that highly turbulent flow in a 

detonation chamber will accelerate the transition to detonation when initiated by a spark 
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plug ignitor. Subsequently, a prolific amount of work has been carried out by Bykovskii et 

al. [11]  towards the comprehensive study of rotating detonation combustor for different 

geometries, gaseous and liquid fuels, and various injection schemes, which showcase the 

versatility of RDC as a potential propulsion system. Moreover, they have developed a 

design guideline that correlates detonation cell size to minimum combustor dimension for 

continuously stable operation of the detonation wave. In the last decade, numerous research 

groups have investigated the concept of RDC using both numerical and experimental 

techniques to understand the overall flow field structure, effect of geometry, and fuel 

injection design on the performance of the RDC [12-14]. Some of the major challenges 

identified in the study of an RDC are detonation-turbulence interaction, designing of 

orifices, injectors, structural components, and cooling methods of the engine, and their 

effects on its performance. Among all the performance parameters which were 

investigated, one critical parameter, which has a profound effect on the performance of a 

rotating detonation combustor, is the complex distribution of fuel-air mixture within the 

combustion chamber.  

 

RDC is also referred to as a continuous detonation engine because the detonation waves 

are continuously propagating in the toroidal section of the combustion chamber while a 

continuous supply of fuel and oxidizer is maintained. An RDC with a perfectly premixed 

fuel/oxidizer injection scheme is useful in computational modeling to gain a basic 

understanding of the optimal performance and flow features, as shown in Fig. 1. Perfectly 

premixed combustion provides a uniform composition of fuel/air mixture within the 

detonation chamber which will provide higher combustion efficiency and performance 
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benefits [15]. However, the continuously rotating detonation wave consists of a high-

pressure region behind the detonation front, as represented by B in Fig. 1, which may cause 

product backflow into the injection manifold [11].  For a perfectly premixed system, the 

injection manifold would contain a uniform fuel/air mixture. The backflow of hot products 

into the injection plenum could cause a flashback event, which may damage the upstream 

injection system [16]. One technique to mitigate this problem is to design the fuel/oxidizer 

system such that the plenum pressure is 2-3 times higher than chamber pressure [17], but, 

by doing so, it will negate the benefit of pressure gain achieved in the detonation chamber. 

 

 

Fig. 1 Flow features in a 2-D RDC Simulation: A) Detonation wave front, B) Part of inlet 

boundary blocked due to high pressure behind the detonation front, C) Secondary shock 

wave, D) Slip line, E) Oblique shock wave, F) region representing mixing between fresh 

premixed fuel/oxidizer mixture and detonated product, and G) freshly injected premixed 

fuel/oxidizer mixture in a 2-D domain. 

 

Therefore, most RDCs are designed with separate fuel-oxidizer injection systems 

which cause inhomogeneous mixing of fuel/oxidizer within the annulus region of an RDC. 

Fuel-oxidizer mixing is critical for sustaining continuous detonation wave propagation as 

suggest by Bykovskii et al. [11]. In the detonation chamber, complex distribution of fuel-

oxidizer mixture exists causing regions of varying equivalence ratio, which in turn can 

cause a reduction in wave speed [18], skewed wave front [19], irregular detonation cell 
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structure [20], and loss of performance [21] as compared to a perfectly premixed mixture. 

Several experimental analyses have been carried out with separate fuel-oxidizer injection 

plenums, and different fuel injection conditions cause variations in wave structure and 

detonation velocities [22-26]. Inhomogeneous mixing causes a drop in peak static pressure 

and leads to wave instability [21]. Prakash et al. [27] carried out direct numerical 

simulations (DNS) of a detonation wave in a confined 2-D channel, to replicate the wave 

structure in a realistic RDC geometry. To study the effects of fuel stratification on 

detonation wave structure and distortion of the wave front, a scalar field function was 

generated, corresponding to varying fuel mixture fraction and equivalence ratio, which was 

mapped on the domain as an initial condition. All these analyses elucidate the fact that 

inhomogeneous mixing of fuel & oxidizer affects the performance of an RDC in terms of 

reduced wave speed, reduced pressure gain, skewed wave front, and wave instability. 

 

Much of the computational research in the field of RDC utilizes full-scale 3-D 

numerical simulation, to understand the flow physics and performance of an RDC, 

including the effects of mixture inhomogeneity [11-17, 19-30]. However, the stumbling 

block in using high fidelity 3-D numerical simulation to model RDC is the computational 

resources required to simulate the large differences in length and time scales between the 

flow field and the chemical reactions. Thus, to capture the detailed flow physics in an RDC, 

very fine grid cells of the order of 10 to 100 microns and time steps on the order of 10s of 

nanoseconds are required, which makes 3-D simulations computationally expensive. To 

overcome, the challenge of computationally extensive 3-D simulations, 2-D numerical 

simulations are often utilized to gain a basic and qualitative understanding of RDCs. In 
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most cases, the 2-D domain is obtained by unrolling the 3-D geometry because the radial 

dimension is typically very small as compared to the azimuthal and axial dimensions [31]. 

Initially, 2-D numerical simulations of RDCs were performed by Hishida et al. [31], and 

Davidenko et al. [32] to investigate the effect of varying injection parameters such as inlet 

stagnation pressure, temperature, injection area ratio, chamber diameter, and length. Later, 

Rankin et al. [33] utilized a combination of both experiments and 2-D numerical 

simulations to compare the measured and simulated values of pressure, thrust, and wave 

speed, to develop a fundamental understanding of crucial design parameters in RDC. 

Schwer et al. [30, 34] investigated a perfectly premixed RDC to examine the effects of inlet 

plenum pressure, outlet pressure, and injection geometries on the wave structure. Both 

these studies have also identified the existence of Kelvin-Helmholtz instability on the 

combustible mixture interface, which indicates the slip line, as represented by D in Fig. 1, 

between the freshly detonated product and the products remaining from the previous 

revolution of the detonation wave. The slip line determines the degree of expansion of the 

products, and a dominant slip region causes a reduction in the thrust of an engine [35]. 

However, in most analyses of 2-D RDCs, perfectly premixed injection schemes were 

utilized, which are unable to capture the effects of inhomogeneity arising from separate 

plenum injection of fuel and oxidizer. 

 

Fuji et al. [36] were the first, who utilized the concept of numerical source term to 

model the effects of fuel inhomogeneity in 2-D numerical simulation. The model assumes 

that at the inlet boundary of the 2-D domain, imaginary converging injection nozzles are 

set at a constant interval (discrete points), along with adiabatic slip wall condition to the 
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remaining portion of the boundary and used this model to predict the detonation velocity 

in an RDC. The results of this study reveal that there is a reduction in wave velocity due to 

inadequate mixing. Prakash et al. [27] performed DNS in a 3-D channel configuration to 

gain an understanding between the fuel/air mixture inhomogeneity and detonation wave 

structure for three different fuel-oxidizer stratification lengths scales. It was shown that the 

fuel-oxidizer stratification length scale directly affects the size of the vortical structures 

formed by the interaction of a detonation wave front with that of the oblique shock. With 

the increase in the stratification length scale, the wave travels through a larger region of air 

causing a separation between the shock wave and reaction zone. This led to a reduction in 

wave speed and performance loss. Recently, Subramanian et al. [37], developed a novel 

approach to incorporate the effects of mixture inhomogeneity in 2-D numerical analysis by 

extracting a Probability Density Function (PDF) of fuel mass fraction from a non-reacting 

3-D simulation and used it as an inlet boundary condition in the 2-D numerical analysis. 

Furthermore, their study was able to elucidate the contrast in performance parameters 

between the perfectly premixed and non-premixed RDCs. The present study utilizes a 

similar approach as used in [37]; however, a lognormal distribution is systematically varied 

to investigate the effects of unmixedness and stratification length scale. The objectives of 

the current research work are: 

1) Model fuel/oxidizer inhomogeneity in a 2-D domain by generating a lognormal 

probability distribution (PDF) of fuel mass fractions and use it as an inlet 

boundary condition to the 2-D numerical simulation.     
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2) Investigate the effects of fuel/oxidizer inhomogeneity on the propagation of 

detonation waves by varying the standard deviation of the lognormal PDF while 

keeping the mean (global equivalence ratio) of the PDF constant.  

3) Investigate the effect of fuel/oxidizer stratification length scale, by binning a 

given number of cells (length scale) at the inlet boundary with same equivalence 

ratio. The length scales (number of cells per a bin) are varied to compare and 

analyze the effect of stratification length scale on the propagation of detonation 

waves. 

 

Methodology 

 

A. Geometry and Computational Domain 

 

The geometry used for the 2-D domain of an RDC (Fig. 2) is obtained by unwrapping 

the 3-D combustion chamber design, based on the experimental test setup presented by 

Rankin et al. [26]. Subramanian et al [37] performed a mesh sensitivity study and compared 

it to experimental results presented in [26]. The same geometric model and mesh settings 

used by [37] are used in the present study.  The length of the 2-D domain is equal to the 

mean circumference of the coaxial cylinders used in the 3-D domain (459.6 mm) and the 

height of the 2-D domain is equal to the height of the combustion chamber (101.6 mm) in 

3-D geometry.  
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Fig. 2 2-D domain of RDC with probes to measure time averaged total pressure 

 

The effects of fuel-oxidizer inhomogeneity in the 2-D domain are model using 

numerical source terms at the inlet boundary of the 2-D simulation. Multiple probe points 

are placed at different axial locations to analyze the flow parameters such as detonation 

wave speeds, peak pressures, and temperatures. 4 sets (90° apart in the circumferential 

direction) of 11 axial probe points are created. Each probe point is 6.35 mm apart axially 

and the first probe point is located at 6.35 mm from the inlet of the 2-D domain. 

 

B. Solver 
 

Unsteady Reynolds-Averaged Navier Stokes (URANS) equations are solved, and the 

laminar flame concept is selected for turbulence/chemistry interaction. The source terms 

in the species mass transport equations are determined using detailed chemical kinetics, 

Arrhenius form for the rate coefficient, and ideal gas equation of state via the commercial 

software package STAR-CCM+, which utilizes the finite volume discretization method to 

solve a system of governing equations. The finite volume scheme used for the spatial 

discretization of the 2-D domain is the third order MUSCL scheme (Monotonic Upstream-
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Centered Scheme for Conservation Laws). This scheme is selected because it is a hybrid 

scheme that switches between 3rd order upwind (wherever shock wave to be resolved) and 

3rd order central difference scheme (to resolve normal flow field), as the flow field consists 

of a shock wave which are points of sharp discontinuity in the domain and third-order 

central difference scheme will face the issue of stability while resolving the region 

containing the shock wave. A second-order implicit backward differencing scheme is used 

for temporal discretization, and this scheme is neutrally stable for all Courant numbers. k-

ω turbulence model is chosen as a closure problem to a system of equations to be solved 

using the RANS approach for a turbulent reacting flow field. The detailed chemical kinetics 

with 9 species and 23 reactions based chemical mechanism [38] is used to model the 

combustion chemistry of H2 and air mixture. The transport properties and specific heat 

capacities are calculated using GRI-Mech 3.0 [39] thermodynamic and transport data files. 

The current research work utilizes the same operating condition as used in [37], where they 

performed a grid-independent study for 2-D numerical analysis of an RDC.  Thus, based 

on their study about the mesh sensitivity, the current work uses a structured mesh grid for 

the discretization of the 2-D domain, such that the grid size up to the height of the 

detonation wave front is 0.1 mm and gets progressively coarser towards the exit plane up 

to a maximum of 0.15 mm. The time step of 2.5 × 10−8 seconds is used in our 2-D 

simulation. HPC cluster with parallel processing is utilized for running 2-D reacting 

numerical simulations and about 1600 core hours are used per revolution of the detonation 

wave. All the subsequent analyses and post-processing were carried out once the detonation 

wave reaches a quasi-steady state except for the unstable cases as discussed in wave 

instability section. 
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C. Boundary Conditions 

 

The 2-D numerical analysis is carried out under a specific operating condition 

corresponding to case 2.2.1.3 mentioned in [26], where the inlet plenum pressure is 

maintained at 4.12 bar and the mass flow rate of fuel and air injected in the 2-D domain is 

0.0093 kg/s and 0.32 kg/s respectively, corresponding to a mean global equivalence ratio 

at unity. In a 2-D simulation, fuel-oxidizer mixture injection is modeled as a numerical 

source term and is applied to the first row of the 2-D domain grid structure. The injection 

of the fuel-oxidizer mixture is dependent on the downstream pressure of the detonation 

chamber. In the absence of the detonation wave, the amount of mass flow rate entering the 

2-D domain is calculated using the isentropic relation presented in Equation (1) 

 

�̇� =
𝑷𝒐𝑨√𝜸

√𝑹𝑻𝒐
𝑴 (𝟏 + (

𝜸−𝟏

𝟐
) 𝑴𝟐)

−(𝜸+𝟏)

𝟐(𝜸−𝟏)
                                                    (1) 

 

Where 𝑃𝑜 & 𝑇𝑜 are the total pressure and total temperature at the inlet of the 2-D 

simulation and are set to 4.12 bar and 300 K, respectively. The throat area A in Equation 

(1) is calculated from the geometry of the RDC presented in [40] and is found to be 

3.973𝑐𝑚2. The Mach number M as represented in Equation (1) is dependent on the cell 

static pressure P immediately downstream of the inlet domain and is calculated using 

Equation (2). 

 

𝑴 = √(
𝟐

𝜸−𝟏
) ∗ ((

𝑷

𝑷𝒐
)

−𝜸

𝜸−𝟏 − 𝟏)                                                              (2) 
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The downstream static pressure P determines the flow of mixture into the combustion 

chamber, based on the following conditions: 

 

1. When 𝑃 ≤ 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙, the flow is choked at the throat and the local static pressure 

P in Equation (2) takes a value of 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙, where  𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 represents the critical 

pressure of the nozzle at the sonic condition and in the absence of the detonation 

wave, fuel/air mixture is injected at the sonic condition. The value of 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 is 

obtained using the Equation (3) 

 

     𝑷𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 = 𝑷𝒐(
𝜸+𝟏

𝟐
)

−𝜸

𝜸−𝟏                                                                         (3) 

 

 

2. When 𝑃 < 𝑃𝑜 & 𝑃 > 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙, the flow is not choked and thus the value of P in 

Equation (2), is the actual static pressure of the cell obtained from the solver, 

from which the local Mach number M is obtained, which is subsequently used 

in Equation (1) to obtain the mass flow rate of fuel/air mixture in the domain. 

 

3. When 𝑃 > 𝑃𝑜, the chamber pressure is higher than the plenum pressure, and the 

flow rate is set to zero. In a realistic scenario, there will be a backflow of product 

into the injection manifold; however, the current simulation study is not 

considering the effects of product backflow on the performance of an RDC. 

 

The mass flux source term at the inlet boundary of the 2-D domain is calculated using 

Equation (4) and it considers the RDC geometry. 

 

𝑺𝒎 =
�̇�

𝒍𝒘
                                                                                                (4) 
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Where 𝑙 represent the detonation channel height and 𝑤 represent the channel width. 

 

Similarly, momentum and energy source terms are obtained using Equation (5) & (6), 

respectively 

 

𝑺𝒎𝒐𝒎 =
�̇�𝒖

𝒍𝒘
                                                                                          (5) 

 
 

 𝑺𝒆 =
�̇�𝑸

𝒍𝒘
                                                                                               (6) 

 
 

Where Q is the total energy and u is the flow velocity in the first row of the grid cell 

calculated based on Equation (7) & (8), respectively. 

 

𝑸 = 𝑪𝒑 ∗ (𝑻 − 𝑻𝒍𝒐𝒄𝒂𝒍)                     (7) 

 

 

𝒖 = √𝟐𝑪𝒑𝑻𝒐 (𝟏 − (
𝑷𝒐

𝑷
)

𝟏−𝜸

𝜸
)        (8) 

 

Here, the value of T is obtained using the isentropic flow equation as presented in 

Equation (9) and 𝑇𝑙𝑜𝑐𝑎𝑙 represent the static temperature in the first-row cells of the 2-D 

domain.  

 

𝑻

𝑻𝒐
= (𝟏 + (

𝜸−𝟏

𝟐
𝑴𝟐))

−𝟏

       (9) 

 

In actual RDCs, the fuel and air are injected from separate plenums, inducing 

inhomogeneous mixtures in the combustion chamber. The effects of mixture 

inhomogeneity are accomplished using a predefined lognormal distribution with a mean 

equivalence ratio of 1, to generate a fuel/oxidizer inhomogeneity in the 2-D numerical 
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simulation. The lognormal distribution was selected for two reasons: 1.) the PDF obtained 

from the 3-D non reacting simulation presented in [37] was positively skewed and the 

lognormal distribution is similar to the distribution obtained from 3-D simulation, and 2.) 

it ensures only positive values of equivalence ratio. To generate a spatial/temporal varying 

inlet boundary condition based on the lognormal PDF, a Java macro is developed to 

generate random numbers that follow the lognormal distribution, and subsequently, these 

generated random numbers are provided as fuel mass fraction at the inlet boundary of the 

2-D domain. The mass fraction of air satisfies the condition that the sum of the mass 

fraction in each of the cells is unity. 

 

The degree of inhomogeneity of fuel/oxidizer mixing is varied by changing the standard 

deviation of the PDF while maintaining the mean value as the global equivalence ratio of 

unity. In addition to this, the effects of the fuel/oxidizer stratification length scale are 

investigated by binning a given number of inlet boundary cells with the same fuel-air mass 

fraction (same equivalence ratio) and randomly updating them every three-time steps. The 

number of cells per bin is varied to investigate the effects of the fuel/oxidizer stratification 

length scale. The outlet boundary condition is set to atmospheric condition, and the other 

two boundaries of the 2-D domain are periodic. 

 

Results and Discussions 

 

The present study utilizes a lognormal PDF to investigate the effect of inhomogeneous 

fuel/oxidizer mixture on detonation wave propagation in an RDC. Also, the fuel/air 

stratification length scale is varied to investigate its effect on the flow physics of an RDC. 
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The unmixedness, which is defined as the standard deviation of the equivalence ratio 

divided by the mean global equivalence ratio (unity in this case), represents the degree of 

the inhomogeneous mixture, and is represented by Equation (10). 

 

𝐪 =

√(
∑(𝛟𝐢−𝛟𝐠𝐥𝐨𝐛𝐚𝐥)

𝟐

𝐍
)

𝛟𝐠𝐥𝐨𝐛𝐚𝐥
                     (10) 

 

 

Four cases are considered to represent varying levels of unmixedness (q = 0.3, 0.5,

0.6, &  0.7) with a constant mean (𝜙𝑔𝑙𝑜𝑏𝑎𝑙 = 1) (Fig. 3). These distributions of fuel mass 

fraction are used as inlet boundary conditions. As discussed in methodology (boundary 

condition) section, the flow is governed by the pressure difference between the first-row 

cells of the chamber and the plenum pressure at a given time step. The variation in local 

equivalence ratio obtained due to the introduction of unmixedness for a non-reacting flow 

field is shown in comparison with a perfectly premixed case in Fig. 4. The contour plot of 

the equivalence ratio shows how the mixture inhomogeneity creates localized pockets of 

rich and lean fuel-air mixture region in the detonation chamber. 

 

To investigate the effects of varying fuel/oxidizer stratification length scale two of the 

above cases (q = 0.3 & 0.7), were considered. These cases were selected to investigate the 

extreme ends of the mixture inhomogeneity with varying stratification length scale. To 

elucidate the effects of varying stratification length scale of the reactant mixture, four 

different length scales are considered (𝑙 = 7.6 𝑚𝑚, 5.1 𝑚𝑚, 3.8 𝑚𝑚, & 0.9 𝑚𝑚) for each 

of the two distribution (𝑞 = 0.3 & 0.7) of unmixedness. Changes in length scales are 

accomplished by binning a number of cells on the inlet boundary and providing identical 
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values of fuel/oxidizer mass fractions. Note during the unmixedness sweeps, no binning of 

cells was done, and the length scale for those cases correspond to 0.1mm (mesh size). The 

variation in the local equivalence ratio for varying stratification length scale for 𝑞 =

0.3 & 0.7 is shown in Fig. 5 & Fig. 6 respectively 

 

 

Fig. 3 Distribution plots of fuel mass fraction for varying level of unmixedness 

 

A. Effects of Mixture Inhomogeneity 
 

Unmixedness is systematically varied by modifying the standard deviation of a 

lognormal PDF and applying the distribution as a spatial/temporal varying boundary 

condition to independently assess the effects of unmixedness on detonation wave 

propagation in an RDC. Although the distribution is not physical, the use of a PDF allows 

an efficient method to independently change the unmixedness while maintaining all other 

variables constant. The following results highlight the effect of unmixedness on detonation 

wave speeds, pressures, wave structures, and detonation cell sizes. 
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Fig. 4 Contour plot of equivalence ratio in non-reacting flow field. Top Left-

Premixed case; Top Middle-Non-Premixed q=0.3; Top Right-q=0.5; Bottom Left-

q=0.6; Bottom Right-q=0.7 

 

 

 

Fig. 5 Contour plot of equivalence ratio in non-reacting flow field for 𝒒 = 𝟎. 𝟑. Top 

Left-7.6 mm length scale; Top Right-5.1 mm length scale; Bottom Left-3.8 mm 

length scale; Bottom Right-0.9 mm length scale 



 

 

21 

 

 

 

Fig. 6 Contour plot of equivalence ratio in non-reacting flow field for 𝒒 = 𝟎. 𝟕. Top 

Left-7.6 mm length scale; Top Right-5.1 mm length scale; Bottom Left-3.8 mm 

length scale; Bottom Right-0.9 mm length scale 

 

1. Detonation Wave Velocity 
 

Theoretical Chapman-Jouguet (CJ) velocity is obtained, using the analytical method 

presented in [37], whereby a system of non-linear equations is solved for the H2-air 

mixture. The detonation velocities for varying levels of unmixedness are obtained using 

the multiple probe points shown in Fig. 2 at different time steps. As the distance between 

the probe points is known, the time between peak static pressures at these probe points will 

provide the necessary information for calculating the local detonation velocity in the 

domain. Fig. 7 contains the mean detonation velocity for perfectly premixed, theoretical 

CJ velocity, experimental wave velocity obtained from Shank et al. [41], and four cases of 

varying unmixedness. 
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Fig. 7 Trend of Mean Detonation Velocity & % CJ velocity as a function of 

unmixedness 

 

The plot is shown above (Fig. 7) demonstrates the trend of mean detonation velocity for 

varying levels of unmixedness. It is evident from Fig. 7 that as the unmixedness increases, 

the mean detonation wave velocity decreases, which indicates an inverse relationship 

between mixture inhomogeneity and detonation wave speeds. Experimental detonation 

velocity (in Fig. 7) is presented since the geometrical dimensions and operating conditions 

used in the present study are the same, and to provide a perspective between CJ velocity 

and experimental value. Mean detonation velocity for the extreme case of inhomogeneity, 

𝑞 = 0.7, shows approximately 10% lower velocity as compared to the CJ value. Although 

the fuel distribution of the present study is not the same as that in the experiments, the 

predicted mean wave speeds are similar, which suggests similar levels of unmixedness; 

However, some other factors such as heat loss, product back flow, and product/reactant 

stratification which can have an impact on wave speeds are not considered in this study. 
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The distribution plot of detonation velocities for non-premixed simulations (Fig. 8), 

measured at different time steps, clearly indicates that localized pockets of varying 

equivalence ratio (as shown in Fig. 4) cause a significant change in the velocity 

distribution. One can see from the distribution plots that in the case of 𝑞 = 0.3 (least 

inhomogeneous condition), the detonation velocity is close to the theoretical CJ velocity 

and the span of the velocity distribution is also limited because the fuel-air mixture is more 

uniformly mixed as compared to the other cases. However, for the case 𝑞 = 0.7 (most 

inhomogeneous condition), due to a higher degree of mixture inhomogeneity, there is a 

larger variation in wave velocity and a wider span of the distribution as observed in Fig. 8. 

This significant variation in wave velocity is due to different chemical time scales between 

the fuel-rich and fuel-lean regions present. As the wave travels through a region close to 

stoichiometric condition, the wave accelerates due to higher heat release and pressure gain, 

while in the lean region the wave decelerates due to reduced heat release. This demonstrates 

that inhomogeneity affects both the mean detonation velocity and the span of the velocity 

distribution. 

 

2. Pressure Profile  
 

Peak static pressures are obtained at multiple probe points to compare the mean peak 

pressure profile for all cases. Fig. 9A shows the mean peak pressure comparison for varying 

unmixedness conditions. It can be observed, in Fig. 9A, that as the unmixedness increases, 

the mean peak pressure decreases. Also, as the effect of unmixedness increases, the 

variation in peak pressure is increasing (as shown by the error bar in Fig. 9A). Performing 

a cross-correlation on the peak pressure and equivalence ratio at each point shows that the 

peak pressure is lightly correlated (𝑅 ≅ 0.3) with the peak pressure values, whereas the 
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velocity magnitudes are more correlated with peak pressures (𝑅 ≅ 0.55). Peak pressures 

in a detonation wave occur just after the shock wave passes through the reactive mixture 

and before the reactions occur, which is known as the von Neumann pressure.  The von 

Neumann pressure depends on the wave speed which is a function of the equivalence ratio. 

Therefore, the mixture inhomogeneity and wave speeds will influence the pressure gain of 

the RDC. 

 

 

Fig. 8 Distribution of Detonation Velocity for Non-Premixed cases. Top Left 𝒒 =
𝟎. 𝟑; Top Right 𝒒 = 𝟎. 𝟓; Bottom Left 𝒒 = 𝟎. 𝟔; Bottom Right 𝒒 = 𝟎. 𝟕 

 

A similar comparison was made for the time averaged total pressure profile as shown in 

Fig. 9B. Time averaged total pressure is obtained from the multiple probes shown in Fig. 

2 at different time steps for all the four cases of non-premixed and for the perfectly 

premixed simulation. Interestingly, it can be observed in Fig. 9B that the time averaged 

total pressures show a decreasing trend with an increase in mixture inhomogeneity. 
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However, it is also evident that for the lower cases of unmixedness (𝑞 = 0.3, 0.5, & 0.6) 

time-averaged total pressures fall within the uncertainty limits of the total pressure obtained 

in premixed simulation. It is also noticeable in Fig. 9B that the difference in time averaged 

total pressures between a perfectly premixed and q = 0.7 (extreme case of inhomogeneity) 

is significant as the error bars (in Fig. 9B) of the time-averaged total pressure for the two 

cases are not coinciding for most of the axial locations and also this effect is prominent 

near the inlet of the 2-D domain and decreases with increase in axial distance. 

 

 

Fig. 9 Comparison between Premixed & Non-Premixed Cases: A) Time Dependent 

Peak Total Pressure (Left); B) Time Averaged Total Pressure (Right) 

 

PGC system promises to provide improved thermodynamic performance; however, due 

to the high speed, compressible, and unsteady flow field, it is difficult to quantify pressure 

gain and to draw a comparison with the conventional propulsion devices. Kaemming and 

Paxson [42] proposed a method to determine and quantify the pressure gain in an RDC 

using Equivalent Available Pressure (EAP) which represents the flow’s ability to do work 

or to provide the thrust if the flow were expanded isentropically to ambient pressure. Using 

the methodology defined by Kaemming and Paxson [42], EAP was determined for each 

20

20.5

21

21.5

22

22.5

23

23.5

0 0.2 0.4 0.6 0.8

P
e
a

k
 P

r
e
ss

u
r
e
 (

b
a

r
)

Unmixedness q

180

185

190

195

200

205

210

215

220

0 1 2 3 4 5 6 7 8

T
o

ta
l 

P
r
e
ss

u
r
e
 (

k
P

a
)

Axial distance (cm)

q = 0 q = 0.3 q = 0.5 q = 0.6 q = 0.7



 

 

26 

 

unmixedness case. Fig. 10 represents the time averaged EAP value for varying 

unmixedness conditions. It is evident from Fig. 10 that as the unmixedness increases, the 

mean EAP decreases (reduction in pressure gain). Also, the variance in EAP value is 

increasing with an increase in unmixedness as shown by error bars in Fig. 10. 

 

 

Fig. 10  Mean Equivalent Available Pressure (EAP) for varying unmixedness  

 

3. Detonation Wave Structure 
 

The detonation wave structure is analyzed based on the numerical schlieren imaging 

obtained from the 2-D simulation. To obtain the Numerical Schlieren plot, Equation (11) 

is used, which is presented in [43]. 

 

𝑺 = 𝒄 ∗ 𝒆𝒙𝒑 (
−𝒅(|𝜵𝝆|−|𝜵𝝆|𝒎𝒊𝒏)

(|𝜵𝝆|𝒎𝒂𝒙−|𝜵𝝆|𝒎𝒊𝒏)
)                                                                 (11) 
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∇ρ indicates the density gradient between the grid cells and c & d are the scaling 

constant (c=0.8 and d=1000 for this study), which are used to enhance the flow 

visualization even for small density gradients in the flow field.  

 

The height of the detonation wave front is similar (as shown in Fig. 11) for both the 

premixed and the non-premixed cases. The height of the detonation wave front is a function 

of inlet stagnation pressure only, which is in agreeance with Schwer and Kailasanath [30], 

and remains unaffected with changes in mixture inhomogeneity. A distinct slip line is 

visible from the numerical schlieren plots in Fig. 11, and this is caused by the difference in 

gas state and velocity across the slip line. A double layer vortex structure develops across 

the slip line which leads to a formation of a distinct wake profile (as shown by 𝛼 in Fig. 

11). This shear layer region is found to reduce the thrust or the performance of the engine 

[35]. Although the effect of unmixedness on the shear layer region is not significant (as 

compared to the premixed condition) for the lower cases of inhomogeneity the effect 

becomes prevalent for the cases of 𝑞 = 0.6 & 0.7, with more dominant shear region found 

for the case 𝑞 = 0.7 (as shown in Fig. 11). This will result in slightly higher performance 

losses for higher unmixedness cases as compared to perfectly premixed condition. 

 

The impact of unmixedness on the detonation wave structure can be seen in Fig. 11. The 

detonation wave front structure is highly influenced by the fuel/air mixture inhomogeneity. 

The detonation wave travels through regions of varying equivalence ratio and these 

localized variations in the fuel-air mixture, causes the wave front to get distorted. 

Moreover, due to the presence of unmixedness, vorticle structures are generated behind the 

wave front. With the increase in unmixedness, these vortical structures grow in size, as 
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elucidated in Fig. 12, providing a corrugated detonation wave front. A similar detonation 

wave profile was also observed in the 3-D simulation by Lietz et al. [44], and these large 

vortical structures are less efficient in allowing the mixing of a residual and post-detonation 

gas mixture, causing a reduction in combustion efficiency. This variance in fuel-air mixture 

inhomogeneity affects wave stability, detonation wave structure, and the shape of the 

detonation wave front. 

 

 

Fig. 11 Comparison of wave structure between premixed (Top left) and non-

premixed cases Top Middle-q=0.3; Top Right-q=0.5; Bottom left-q=0.6; Bottom 

Right-q=0.7 

 

The effects of unmixedness are significant on the detonation wave front. It is observed 

that flame front corrugation increases with an increase in mixture inhomogeneity. In order 

𝜶 

𝜶 
𝜶 

𝜶 𝜶 
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to elucidate this effect of mixture inhomogeneity on wave front structure a numerical 

shadowgraph contour for varying unmixedness is plotted, see Fig. 13. The numerical 

shadowgraph plot shown in Fig. 13 was created using Equation 12. Flows involving shock 

waves produce strong higher derivatives of density. Thus, the numerical shadowgraph is 

able to capture the salient features of the shock front in comparison to numerical schlieren. 

However, numerical schlieren is able to capture weaker disturbances and gradients within 

the flow field which usually are downplayed in numerical shadowgraph, as it is more 

sensitive than the shadowgraph technique. 

 

𝑺𝒉 =  𝜵. (𝜵𝝆)                                                                                               (12) 

 

 

 

Fig. 12 Vorticity contour for the cases Left - q=0.3 L = 0.1mm; Middle - q=0.7 L = 

0.1 mm; Right - q=0.7 L = 0.9 mm 

 

As shown in Fig. 13, as the unmixedness increases so does the flame front corrugation 

and the effect is quite prominent for the case of 𝑞 = 0.7 (as shown with the arrow on the 

bottom right), where the flame front corrugation is significant. Since the wave has to 
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periodically pass through regions of lean/rich mixtures with smaller chemical timescales, 

increased resistance to the wave motion causes a separation of the shock wave and the 

reaction zone [45-47], which generates the distortion of the wave front. The perfectly 

premixed condition has a smoother wave front compared to the non-premixed conditions. 

Furthermore, the increased resistance to wave motion causes a reduction in wave speeds, 

which helps explain why the premixed condition has a higher average wave speed and less 

variation in wave speeds. 

 

 

Fig. 13 Numerical Shadowgraph contour for premixed (Top left) and non-

premixed cases Top Middle-q=0.3; Top Right-q=0.5; Bottom left-q=0.6; Bottom 

Right-q=0.7 
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Another highlighting feature that is evident in Fig. 11 is the variance in flow features 

within the fill zone (shown by curly braces in Fig. 11). These variations are due to the effect 

of varying density gradients arising from inhomogeneous fuel/oxidizer injection. The 

increase in unmixedness causes an increase in the density gradients within the fill zone. 

Additionally, a secondary shock wave is visible in the fill zone (marked with an arrow in 

Fig. 11) and Schwer et al. [34] have shown that these secondary shock waves are the 

function of inlet stagnation and back pressure in the combustor. 

 

4. Detonation cell size 
 

Detonation cell size is a critical parameter for estimating the geometric dimensions of 

an RDC and is a function of the fuel type, initial pressure, temperature, and equivalence 

ratio. Cell size is defined as a distance between the two consecutive triple points, which 

originate due to the interaction of the detonation wave front with that of the transverse 

wave and the reflected shock wave. Bykovskii et al. [11] defined sizing criteria for 

geometric dimensions of an RDC based on detonation cell size, 𝜆. The minimum diameter 

of the combustor is estimated to be 𝑑 = 30𝜆 and the width of the annulus is estimated to 

be ∆= 2.5𝜆. In addition, Bykovskii estimated the height of the fresh mixture entering the 

annulus of the detonation combustor as ℎ = (12 ± 5)𝜆. These empirical correlations 

provide a good estimate to calculate the size of an RDC for different fuel propellants, and 

for a highly reactive H2-O2 mixture combustor diameters are on the order of 4-5 cm as 

compared to 0.5 m for less reactive hydrocarbon-based propellants [14]. The detonation 

cell size for an H2-air mixture is much smaller than hydrocarbon fuels [48], which is why 
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a significant amount of experimental research with RDCs has used H2-air as a fuel/oxidizer 

mixture. 

  
To obtain the detonation cell sizes for all cases, maximum pressure at each 

computational cell over a finite period is recorded and plotted. The individual cell size is 

calculated from the plot using the commercial software package called ImageJ and finally, 

the trend of mean cell size is plotted for varying unmixedness (as shown in Fig. 14). Due 

to uncertainty in the detonation cell size, only the extreme condition of q = 0.7 shows a 

mean cell size larger than the perfectly premixed case, see Fig. 14. As the mixture 

inhomogeneity increases, variation in equivalence ratio increases which in turn increases 

the mean detonation cell size. Several past studies have shown [20, 22, 47] that the variation 

in equivalence ratio affects the cell shape, cell structure, and similar features are observed 

in Fig. 16 where the detonation cell size pattern for inhomogeneous mixture differs from 

that of a perfectly premixed mixture. Analyzing the detonation cell size behavior for 

varying unmixedness (as shown in Fig. 16), it is evident that as mixture inhomogeneity 

increases, the detonation cell size pattern becomes distorted and staggered.  

 

 

Fig. 14 Mean Detonation cell size as a function of unmixedness 
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Prior studies [45, 49] have shown that the triple point reattaches the detonation wave 

front to the reaction zone, but in the present study, as unmixedness is increased, the triple 

point can pass through a region of non-detonable mixture causing it to extinguish. 

However, it reappears when it passes through conditions near stoichiometry. The 

intermittent phenomenon of extinguishing and reforming of triple point in the flow field 

leads to the irregular and staggered cell size patterns in the non-premixed cases. To 

explicate this intermittent extinguishing and reforming phenomenon of triple point, 

maximum pressure contour at different time steps were obtained for the case 𝑞 = 0.7 (as 

shown in Fig. 15), and it distinctly shows how mixture inhomogeneity impacts the cell size 

pattern and illustrates the phenomenon extinguishing and reforming triple points.  

 

 

Fig. 15 Max Pressure Contour at different time step for the case of 𝒒 = 𝟎. 𝟕 
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The impact of mixture inhomogeneity is visible on the cell size pattern (shown in Fig. 

16), especially for the case of 𝑞 = 0.7, where the cells are deformed from a diamond shape 

to a parallelogram shape. This is caused by local mixture concentration gradients within 

the domain. As the triple point gets extinguish in a non-detonable mixture, it causes a 

decoupling of the detonation wave front from the reaction zone and the onset of turbulent 

deflagration mode within the reaction zone [50], which in turn reduces the pressure gain 

and combustion efficiency of the RDC. 

 

 

Fig. 16 Contour of Detonation cell size of perfectly premixed (Top Left) and non-

premixed cases; q=0.3 (Top Middle), q=0.5 (Top Right), q=0.6 (Bottom Left), and 

q=0.7 (Bottom Right) 
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B. Effects of Stratification Length Scale 
 

2-D numerical analyses are carried out to investigate the effects of the stratification 

length scale on the detonation wave propagation in an RDC. Variations in the fuel-oxidizer 

stratification length scale will cause variations in turbulent mixing and eddy structures 

formed behind the detonation wave front [27]. As mentioned in results (effects of mixture 

inhomogeneity) section, two unmixedness cases (𝑞 = 0.3 & 0.7) are chosen for further 

investigation into the effects of the stratification length scale. The stratification length scale 

is varied by binning of computational cells on the inlet boundary (each bin has the same 

equivalence ratio). Four cases with 7.6 mm, 5.1 mm, 3.8 mm, & 0.9 mm length scale are 

studied for both 𝑞 = 0.3 & 0.7. In addition, a length scale of 0.1 mm is examined for 𝑞 =

0.7, which was taken from the unmixedness sweeps in result (effects of mixture 

inhomogeneity) section. 

 

1. Detonation Wave Structure  
 

The stratification length scale of the fuel-air mixture affects the wave structure, 

detonation wave front, and wave stability. The present section illustrates the effect of 

varying length scales for a relatively, well-mixed system and a poorly mixed system on the 

detonation structure and stability. Fig. 17 shows numerical schlieren images, calculated 

using Equation (11), of varying stratification length scale with an unmixedness of q = 0.3. 

Since 𝑞 = 0.3 has a low degree of unmixedness, the variation of the fuel-oxidizer length 

scale does not have a major impact on the structure of the detonation wave front. However, 

as the stratification length scale is increased, turbulent mixing and size of vortical structure 

behind the detonation wave front increases, as shown in Fig. 17 (top left & right marked 



 

 

36 

 

with a circle). Another interesting observation visible in Fig. 17 (marked with 𝛽), that as 

the stratification length scale increases, the shear layer region dominance increases, which 

leads to slightly higher losses in the combustor [35]. 

 

 

Fig. 17 Comparison of wave structure for the cases of q=0.3 with varying 

stratification length scales: Top Left-7.6 mm; Top Right-5.1 mm; Bottom Left-3.8 

mm; Bottom Right-0.9 mm 

 

Fig. 18 represents the varying stratification length scale for the case of 𝑞 = 0.7. 

Although four length scales of 7.6 mm, 5.1 mm, 3.8 mm, & 0.9 mm are considered, due to 

increased unmixedness (𝑞 = 0.7), in combination with increased stratification lengths 

scale, detonation wave instability is observed for 7.6 mm, 5.1 mm & 3.8 mm length scale 

configurations, and the detonation wave cannot be sustained for those cases. The detailed 
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discussion about wave instability and the factors involved in it is explained in the next 

section. Thus, the wave structure for stratification length scale of 0.9 mm is compared to 

the q = 0.7 case from the results (effects of mixture inhomogeneity) section, which 

corresponds to a length scale of 0.1 mm, and the comparison is shown in Fig. 18. As the 

stratification length scale is increased, the detonation wave front becomes skewed and the 

intensity of turbulent mixing and the size of vortical structures behind the wave front is 

more notable (as marked by a circle in Fig. 18). 

 

 

Fig. 18 Comparison of wave structure for the cases of 𝒒 = 𝟎. 𝟕 with varying 

stratification length scales: Left-0.9 mm; Right-0.1 mm 

 

Apart from this, the detonation wave front is fairly flat with the increase in the 

stratification length scale for the case of 𝑞 = 0.3 as shown in Fig. 17 (marked with an 

arrow). However, in the case of 𝑞 = 0.7, the wave front develops a parabolic curvature (as 

shown in Fig. 18 marked with an arrow). The combination of stratification length scale and 

fuel inhomogeneity together affects the curvature of the wave front. Calhoon et al. [18] 

have shown that concentration gradients of fuel/air mixture lead to the formation of a 
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parabolic detonation wave front, and Ettner et al. [20] have shown that the magnitude of 

concentration gradient impacts the curvature of the detonation front.   

 

A previous study by Prakash et.al [51] showed that the increase in stratification length 

scales leads to an increase in wave front curvature, due to the increased distance between 

the triple point collision. Triple points originate once the mixture ignites and travel along 

the detonation front. The collision of the triple points causes the corrugation in the wave 

front, and as the distance between the triple point collision increases, it allows the ignition 

of the fuel patch to accelerate, leading to higher distortion in the wave front. In order to 

corroborate this fact, a shadowgraph contour (as shown in Fig. 19) is plotted for the case 

of 𝑞 = 0.7. It can be observed in Fig. 19 that as the stratification length scale is increasing, 

so does the distance between the triple point collisions (marked with curly braces in Fig. 

19), which leads to higher distortion of the wave front. 

 

 

Fig. 19 Shadowgraph contour for non-premixed cases of 𝒒 = 𝟎. 𝟕 Left-0.1 mm; 

Right-0.9 mm 
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2. Detonation Wave Stability 
 

While performing the sweeps of stratification length scale for the case  𝑞 = 0.7, unstable 

wave propagation was observed for length scales 7.6 mm, 5.1 mm, 3.8 mm, and 0.9 mm. 

Interestingly, two modes of unstable wave propagation are observed. The first mode was 

observed for the higher stratification length scales (7.6 mm, 5.1mm, & 3.6 mm), whereby 

wave instability leads to flame quenching and subsequently wave failure. The second mode 

of unstable wave propagation was observed for the stratification length scale of 0.9 mm. In 

this instability mode, the existing detonation wave disintegrates over time and a new wave 

generates near the inlet of the 2-D domain which overrides the existing disintegrating wave. 

While performing sweeps of stratification length scales for the case of 𝑞 = 0.3, no sign of 

unstable wave propagation was observed. Based on these results, higher unmixedness and 

higher stratification length scales can lead to unstable wave propagation and possibly wave 

failure.  

 

Schwer et al. [52] and Fotia et al. [53] have shown high pressure regions behind the 

detonation wave interact with the fuel/oxidizer injection manifolds. This high pressure 

interaction can cause variation in fuel/oxidizer composition and can lead to the onset of 

wave instability. Similarly, Anand et al [54] have shown that wave instability is closely 

related to the plenum pressure and fuel/air injector sizing. The study showed that higher 

plenum pressure will help in faster recovery of the fuel plenum affected by the high-

pressure interaction of the detonation wave. In addition, the study also showed that with a 

higher number of fuel orifices (smaller the orifice diameter), the effects of wave pressure 

on the injection plenum are reduced. The variation in fuel plenum pressure and the number 
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of fuel injectors can cause variations in mixture composition and can lead to fuel/oxidizer 

stratification which promotes unstable wave propagation. 

   

In the current study, the stratification length scale is varied by binning the computational 

cells on the inlet boundary, and for the case of 𝑞 = 0.7 with lengths scale greater than 0.9 

mm, wave instability and transition to deflagration mode are observed.  Relating back to 

the previous studies, the interaction of the high-pressure detonation wave with the feed 

plenums can result in increased unmixedness and the number of injectors will directly 

impact the stratification length scales. The higher the number of injectors should generate 

smaller stratification length scales, thus decreasing the risk of wave instability. As the 

results from the current work are in congruence with the postulation put forth in [54], it is 

imperative that fuel/oxidizer injection sizing is one of the critical parameters in a successful 

continuous operation of an RDC. Furthermore, interactions of detonation wave with 

fuel/oxidizer injection systems must be considered for predicting sustained detonation. 

 

To illustrate the wave instability and wave failure, Fig. 20 shows total temperature 

contours for 𝑞 = 0.7 and stratification length scale of 3.8 mm, temporally spaced by 

~ 2.5 𝜇𝑠. Going from figure A to figure C it is evident that the fresh reactant mixture is 

penetrating the wave (as shown by the black circle in Fig. 20) and the curvature of the wave 

front increases with time. Higher mixture inhomogeneity leads to a larger variation in the 

local equivalence ratio. In addition, higher stratification length (larger localized pocket 

size) with varying mixture composition, generates shear stress between the adjacent layers 

and can lead to wave instability and the onset of deflagration combustion. A similar 
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observation was reported for the case of 7.6 mm and 5.1 mm length scale configuration 

(𝑞 = 0.7) as well. 

 

Fig. 20 Total Temperature Contour at different time steps for the case 𝒒 = 𝟎. 𝟕 & 

3.8 mm length scale showing the phenomenon of wave instability and quenching 

 

Another interesting phenomenon known as wave overriding is shown in Fig. 21 (for the 

case 𝑞 = 0.7 with a 0.9 mm length scale). In this event, it is observed that a new detonation 

wave generates near the inlet of the 2-D domain (as shown by the black circle in figure B) 

and at the same time the existing detonation wave is progressively dissipating (marked by 

an arrow in figure B). As the simulation progresses in time, the new wave gradually 

overrides the existing wave. During the wave instability, cool unburned reactants penetrate 

through the existing wave front (as shown with an arrow in figure A). However, if the 

pressure in the system is strong enough to reignite this unburned reactant mixture near the 

inlet, leads to the formation of a new overdriven detonation wave (shown by the black 

circle in figure B) which catches up with the existing wave with time. If the local pressure 

is not high enough to reignite the reactant mixture then the existing wave front will lift off 
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leading to the failure of the existing detonation wave, which occurs with 7.6 mm, 5.1 mm 

& 3.8 mm length scales. Similar observations were also presented by Schwer et al in [52]. 

 

Fig. 21 Total Temperature Contour at different time steps for the case 𝒒 = 𝟎. 𝟕 & 

0.9 mm length scale showing the phenomenon of wave overriding  

 

3. Detonation Wave Velocity 
 

This section investigates the effect of stratification length scales on detonation velocity. 

Fig. 22 represents the plot of mean detonation velocity for varying stratification length 

scale for the case 𝑞 = 0.3 & 0.7. As the stratification length scale increases, the mean 

detonation wave remains relatively constant, and the variance of wave speeds increases, as 

evident by the increase in error bars in Fig. 22. As the stratification length scale increases, 

the pocket size of localized fuel/air mixture composition increases, and these localized 

pockets are randomly distributed within the domain. Each of these pockets can cause the 

wave speed to accelerate or decelerate.  The adjacent pockets will generate additional shear 

stress, and the larger length scales lead to an increase in the time at which the wave is 

traveling through the localized pocket. Thus, an increase in the stratification length scale 
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allows the additional time for the wave to accelerate/decelerate (localized pocket of fuel-

rich/lean mixture), which causes a wider span of wave speeds but does not have a large 

impact on the mean wave speed. 

 

The variations in the stratification length scale for the case 𝑞 = 0.7 are shown in Fig. 

22. Since 7.6 mm, 5.1 mm & 3.8 mm length scale configurations were unstable, these 

points are not shown in Fig. 22. Again, a similar trend as discussed in the case of 𝑞 = 0.3 

is seen for the two cases with 𝑞 = 0.7. The mean detonation velocity decreases and the 

span of the distribution increase with an increase in the stratification length scale. However, 

since the effect of fuel inhomogeneity is high (for 𝑞 = 0.7), the range of detonation 

velocities is greater than the cases with 𝑞 = 0.3. This is caused by high variations in the 

local equivalence ratios between the adjacent fuel mixture patches. Therefore, detonations 

wave speeds are functions of both unmixedness and stratification length scales; however, 

unmixedness has a larger impact. 

 

 

Fig. 22 Trend of Mean Detonation Speed as a function of Stratification length scale 

for 𝒒 = 𝟎. 𝟑 & 𝟎. 𝟕 
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4. Pressure Profile 
 

This section illustrates the effects of varying stratification length scales on pressure 

profile.  Peak static pressures are obtained at multiple probe points. Fig. 23 shows the mean 

peak pressure comparison between varying stratification length scales of 𝑞 = 0.3 & 0.7. It 

can be observed, in Fig. 23, that the mean peak pressure for 𝑞 = 0.3 for varying 

stratification scales is similar. However, one can infer that as stratification length scales 

increase for the cases with unmixedness, 𝑞 = 0.7 , the peak pressures decrease.  Therefore, 

for relatively well-mixed systems stratification length scales do not have a major effect on 

RDC performance, primarily due to the decrease in shear stress between two adjacent 

pockets of fuel/air mixtures. 

 

 

Fig. 23 Mean Peak Static Pressure for varying stratification of 𝒒 = 𝟎. 𝟑 & 𝒒 = 𝟎. 𝟕  

 

Time averaged total pressure (Fig. 24) is obtained from the multiple probes (shown in 

Fig. 2) at different time steps for varying stratification lengths of 𝑞 = 0.3 & 0.7, along with 
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a perfectly premixed condition. The time averaged total pressures show a decreasing trend 

with both increase in mixture inhomogeneity and stratification length scales. However, for 

the lower case unmixedness (𝑞 = 0.3), varying stratification length scales does not show 

significant variation in time-averaged total pressures and fall within the uncertainty limits 

of the total pressure obtained in premixed simulation. But on the contrary, the stratification 

length scales of 𝑞 = 0.7 has shown significant variation in time averaged total pressure. 

The difference in time averaged total pressures between perfectly premixed and varying 

stratification length scales of q = 0.7 is significant as the error bars (as shown in Fig. 24) 

of the time-averaged total pressure for the two cases (L=0.9 mm & L=0.1 mm) are not 

coinciding for most of the axial locations pressure of premixed case. This effect is 

prominent near the inlet of the 2-D domain and decreases with an increase in axial distance. 

Also, with the increase in stratification length scales for a higher case of unmixedness (𝑞 =

0.7), there is an apparent reduction in time averaged total pressure in comparison to the 

lower cases of unmixedness. 

 

As defined by Kaemming and Paxson [42], EAP is determined for varying stratification 

length scales of the cases 𝑞 = 0.3 & 𝑞 = 0.7. Fig. 25 shows time averaged EAP value for 

both cases of 𝑞 = 0.3 & 𝑞 = 0.7 for varying length scales. One of the key observations 

from Fig. 25 is that the variation in mean EAP value for lower case of unmixedness (𝑞 =

0.3) is not as significant as that for the higher case of unmixedness (𝑞 = 0.7) with varying 

length scales. Also, the variation in EAP value (as represented by the error bars) for 𝑞 =

0.3 is similar with varying length scales. However, for the case 𝑞 = 0.7 the variation in 

EAP value (as represented by the error bar) is significant with varying stratification length 
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scales. Therefore, the reduction in pressure gain becomes more noticeable for high levels 

of unmixedness and stratification length scale. 

 

 

Fig. 24 Time Averaged Peak Total Pressure for varying stratification 𝒒 =
𝟎. 𝟑 & 𝟎. 𝟕 

 

 

Fig. 25 Mean Equivalent Available Pressure (EAP) for varying stratification 

length scales of 𝒒 = 𝟎. 𝟑 & 𝟎. 𝟕 
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5. Detonation Cell size 
 

As mentioned in results (Effect of mixture inhomogeneity/Detonation cell size) section, 

an empirical correlation between the cell size and the geometric dimensions of an RDC has 

been determined by Bykovskii et al [11], and detonation cell size is a critical parameter for 

RDC design. This section illustrates the effect of varying stratification length scales (for 

the cases 𝑞 = 0.3 & 0.7) on detonation cell size. Fig. 26 shows contours of detonation cell 

size for varying stratification length scales (7.6 mm, 5.1 mm, 3.8 mm, & 0.9 mm) with 𝑞 =

0.3. With increasing stratification length scale, the cell size pattern becomes more 

staggered and elongated, especially for the case of the 7.6 mm length scale (top left).  

 

 

Fig. 26 Contour of Detonation Cell Size 𝒒 = 𝟎. 𝟑 with varying stratification length 

scale; 7.6 mm (Top Left), 5.1 mm (Top Right), 3.8 mm (Bottom Left), and 0.9 mm 

(Bottom Right) 
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Mixture inhomogeneity creates local patches of rich and lean fuel mixtures at the 

specified length scales. With the increase in the stratification length scale, the wave travels 

through a patch of the given fuel composition, for a longer duration. Hence, as the wave 

passes through a large region of a non-detonable mixture, the triple point is allotted enough 

time to extinguish and reappears when the wave travels through a detonable mixture. In 

order to explicate this fact, maximum pressure contour at different time steps (as shown in 

Fig. 27) was obtained for the case of 𝑞 = 0.7 with a 0.9 mm length scale. It can be observed 

from Fig. 27 that the phenomenon of triple point getting extinguished and reappear with 

time (shown with an arrow in Fig. 27), which is dependent on whether the wave is passing 

through a detonable or non-detonable fuel/air patch within the domain. Because of this 

phenomenon, detonation cell boundaries are more discontinuous in nature. The distance 

between the triple point collisions depends on the size of the fuel-air pocket [51]. 

 

Fig. 28 shows the cell size contour for the case 𝑞 = 0.7 with 0.9 mm and 0.1 mm length 

scale configuration. As seen in Fig. 28, the cell size pattern for the 0.9 mm length scale 

seems significantly distorted and elongated compared to the baseline configuration. Thus, 

one can conclude that smaller stratification length scales and more homogeneous mixing 

are desired for RDC designs, which can be achieved by optimizing fuel/oxidizer injection 

designs, such as the number of injectors/injectors spacing.  This also infers that there is 

likely a minimum injector spacing for sustained detonation.  
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Fig. 27 Contour of Max Pressure 𝒒 = 𝟎. 𝟕 for 0.9 mm length scale at different time 

steps 

 

 

Fig. 28 Contour of Detonation Cell Size 𝒒 = 𝟎. 𝟕 with varying stratification length 

scale; 0.9 mm (Left), Baseline Configuration 0.1 mm (Right) 
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Conclusion 

 

Understanding the impact of unmixedness and stratification length scales is critical for 

successful design of a low-pressure loss fuel/oxidizer injection system in an RDC.  In the 

present study, a computationally efficient 2-D CFD simulation of an RDC was used to 

investigate the effect of unmixedness and stratification length scale on detonation wave 

propagation and structure. To account for unmixedness, the standard deviation of a 

lognormal PDF is varied while maintaining a constant mean, which is then used to generate 

a spatially/temporally varying boundary condition. Additionally, the cells on the inlet 

boundary are binned to replicate the effect of the stratification length scale. Results indicate 

that the mean detonation velocity decreases and detonation wave speed variance increase 

with an increase in unmixedness. Peak pressures occur after the shock wave due to 

compression across the shock. Larger detonation wave speeds result in larger peak 

pressure, and equivalence ratios affect the detonation wave speed. The detonation wave 

propagating through an inhomogeneous mixture is corrugated as compared to the planar 

wave front in a premixed case. Also, as unmixedness increases, the vortical structures 

behind the detonation front increases in size, which originates from the corrugated wave 

front. The mean detonation cell size increases with increasing levels of unmixedness due 

to triple points extinguishing in the non-detonable mixture causing a separation of the wave 

front from the reaction zone. This also causes the detonation cell shape to become distorted 

and irregular. Wave instability and quenching are influenced by both stratification length 

scales and unmixedness. In addition, the phenomenon of wave overriding/separation was 

observed, whereby a cool local pocket of unburned reactant mixture penetrates through the 

wave front near the inlet. If local conditions are favorable, the cooled unburnt mixture gets 
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reignited upstream of the existing detonation wave and creates a new detonation wave that 

overrides the existing wave and sustains the detonation process. However, if local 

conditions are not favorable, the mixture is quenched, and the original wave separates, and 

leading to wave instability/failure. As the effect of the stratification length scale increases 

the mean detonation velocity remains relatively unchanged, but the span of the distribution 

increases. As the wave travels through the local pockets of fuel/air mixtures, the wave 

accelerates or decelerates. Shear stress is introduced between the different mixture pockets, 

and the amount of acceleration/deceleration increase with stratification length scales 

leading to an increase in the span of the distribution. With the increase in the stratification 

length scale, the detonation cell size pattern becomes more irregular and distorted. The 

combination of high unmixedness and increased stratification length scale has a significant 

impact on the cell size pattern. Time average EAP values for all cases were determined and 

indicate that the performance of an RDC will depend on both stratification length scales 

and unmixedness. As these values increase the potential pressure gain available decreases. 
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Appendix 

 

A. Appendix A – Java code to generate random number for varying unmixedness 

 

Star-CCM+ has the capability to allow user defined Java macro. This Java macro code is used to generate random number for varying 

unmixedness and is appended to the inlet boundary of the 2-D domain as a species mass fraction of fuel/air mixture.  

 

Note: 

1. Line 78 in the code consist of variable ‘n_cells’ whose value depends on the numbers of cells in the first row of the 2-D domain.  

o In the current study mesh size is 100 microns, and the length of the 2-D domain is 459.6 mm. Therefore ‘n_cells’ value is 4596. 

 

2. The code requires three csv files: 

o element.csv – mass fractions of fuel generated for given unmixedness condition (q value) 

o weightage.csv - Weightage of numbers mentioned in the above csv file 

o x_coordinate.csv – Consist of cell centroid x coordinates 
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Code: 

 

package macro; 

import java.util.*; 

import star.common.*; 

import star.base.neo.*; 

import star.flow.*; 

import star.coupledflow.*; 

import star.species.*; 

import star.energy.*; 

import star.vis.*; 

import java.io.*; 

import java.util.*; 

import org.openide.util.Exceptions; 

import java.io.File; 

import java.io.IOException; 

import java.io.FileNotFoundException; 

import java.io.FileWriter; 

import java.io.FileReader; 

import java.io.BufferedWriter; 

import java.io.BufferedReader; 

import java.util.ArrayList; 

import java.util.Arrays; 

import java.util.Collections; 

import java.util.Random; 

import java.util.Scanner; 

import java.lang.StringBuilder; 

 

 

public class unmixedness extends StarMacro { 

 

  public void execute() { 
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    execute0(); 

  } 

   

  private void execute0() { 

 

    Simulation simulation_0 = 

      getActiveSimulation();  

  

FileTable fileTable_0 =                   

 (FileTable)simulation_0.getTableManager().createFromFile(resolvePath("BC_Mf.csv")); 

     

Region region_0 = simulation_0.getRegionManager().getRegion("Region"); 

 

Boundary boundary_0 = region_0.getBoundaryManager().getBoundary("2D_RDE.Inlet"); 

       

MassFractionProfile massFractionProfile_0 = boundary_0.getValues().get(MassFractionProfile.class); 

 

ScalarProfile scalarProfile_0 = massFractionProfile_0.getMethod(CompositeArrayProfileMethod.class).getProfile(1); 

 

scalarProfile_0.getMethod(XyzTabularScalarProfileMethod.class).setTable(fileTable_0); 

     

scalarProfile_0.getMethod(XyzTabularScalarProfileMethod.class).setData("Mass Fraction of H2"); 

     

ScalarProfile scalarProfile_1 = 

massFractionProfile_0.getMethod(CompositeArrayProfileMethod.class).getProfile(5); 

 

scalarProfile_1.getMethod(XyzTabularScalarProfileMethod.class).setTable(fileTable_0); 

     

scalarProfile_1.getMethod(XyzTabularScalarProfileMethod.class).setData("Mass Fraction of N2"); 

 

ScalarProfile scalarProfile_2 = 

massFractionProfile_0.getMethod(CompositeArrayProfileMethod.class).getProfile(7); 

 

scalarProfile_2.getMethod(XyzTabularScalarProfileMethod.class).setTable(fileTable_0); 



 

 

59 

 

     

scalarProfile_2.getMethod(XyzTabularScalarProfileMethod.class).setData("Mass Fraction of O2");  

  

/*----Initializing random number------*/ 

  

Random r = new Random (); 

int n_cells = 4596;    //----- Numbers of cells in the first row of the 2-D domain-------------------------------------------------------------------------------------- 

         

//------------Initialize species mass fraction variables ---------------------------------------------------------------------------------------------------------------------- 

         

        Double [] H2 = new double [n_cells]; 

        Double [] N2 = new double [n_cells]; 

        Double [] O2 = new double [n_cells];  

           

         

//------------Declare input csv files-------------------------------------------------------------------------------------------------------------------------------------------- 

         

        File elements, weightages, x_coords; 

        Scanner p, p1, x; 

        ArrayList<Double> weightageList, elementList, H2_MF, x_coordinates; 

        Double nextPoint, top, weightage, element, bottom, r_value, x_c; 

   

        String elements_file = simulation_0.getSessionDir() + File.separator + "elements.csv"; 

        String weightages_file = simulation_0.getSessionDir() + File.separator + "weightage.csv"; 

        String x_coords_file = simulation_0.getSessionDir() + File.separator + "x_coordinate.csv"; 

        String BC_file = simulation_0.getSessionDir() + File.separator + "BC_Mf.csv"; 

   

//------------element and weightage list -------------------------------------------------------------------------------------------------------------------------------------- 

 

  elements = new File(elements_file); 

  weightages = new File(weightages_file); 

  x_coords = new File(x_coords_file); 
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//------------Initialize element, weightage, H2 mass fraction list --------------------------------------------------------------------------------------------------------- 

 

weightageList = new ArrayList<>(); 

  elementList = new ArrayList<>(); 

          H2_MF = new ArrayList<>(); 

     

  try{ 

           

  p = new Scanner(weightages); 

  p1 = new Scanner(elements); 

            

                while(p.hasNext()){ 

                weightage = p.nextDouble();          

                weightage = weightage*n_cells; 

                weightageList.add(weightage); 

            } 

 

             while(p1.hasNext()){ 

             element = p1.nextDouble(); 

             elementList.add(element); 

            } 

    

   nextpoint = elementList.get(0); 

   top = elementList.get(1); 

   

   x = new Scanner(x_coords_file); 

   x_coordinates = new ArrayList<>(); 

             

   while(x.hasNext()){ 

   x_c = x.nextDouble(); 

   x_coordinates.add(x_c); 

   } 

   

     int counter = 1; 
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     for(int i = 0; i<weightageList.size(); i++){ 

     for(int j = 0; j<(Math.round(weightageList.get(i))); j++){ 

      bottom = nextPoint; 

      r_value = bottom + ((top - bottom) * r.nextDouble()); 

      H2_MF.add(r_value); 

     } 

      nextPoint = top; 

      counter++; 

       if (counter<elementList.size()){ 

       top = elementList.get(counter); 

      } 

     } 

      

     H2_MF.add(top); 

 

//------------ Shuffle numbers in different cells ------------------------------------------------------------------------------------------------------------------------------ 

      

     for (int iter=1; iter<10000000; iter++) { 

     simulation_0.getSimulationIterator().run(3); 

     Integer [] indices = new Integer[(n_cells)]; 

 

      for (int k =0; k<(n_cells); k++){ 

       indices [k] = k; 

      } 

 

      Collections.shuffle(Arrays.asList(indices)); 

       

      for (int s=0; s<(n_cells); s++) { 

           

H2 [s] = H2_MF.get(indices[s]); 

      N2 [s] = 0.77*(1-H2 [s]); 

      O2 [s] = 0.23*(1-H2 [s]); 

      s++; 
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     } 

 

    FileWriter f = new FileWriter(BC_file); 

    BufferedWriter b = new BufferedWriter(f); 

    StringBuilder built = new StringBuilder(); 

 

built.append("\"H2 MF\"").append(",").append("\"O2 MF\"").append(",").append("\"N2 

MF\"").append(",").append("\"x (m)\"").append(",").append("\"y (m)\"").append(",").append("\"z (m)\"").append("\n"); 

     

    for (int i=0; i<n_cells; i++){ 

 

built.append(H2[i]).append(",").append(O2[i]).append(",").append(N2[i]).append(",").append(xcoordinates.get(i)).append(",").append(0).append(",").a

ppend(0); built.append("\n"); 

    } 

     

b.write(built.toString()); 

    b.close(); 

    fileTable_0.extract(); 

   

  } 

  } 

   

  catch (IOException e) { 

   simulation_0.println("Error"); 

   e.printStackTrace(); 

   } 

  

  } 

} 
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B. Appendix B – Java Code to generate random number for varying stratification length scales 
 
This Java code generate random number for varying stratification length scales and is appended to 2-D inlet boundary as species mass 

fraction of the fuel/air mixture.  

 

Note: 

 

1. Line 81 in the code consist of variable ‘n_cells’ whose value depends on the numbers of cells in the first row of the 2-D domain.  

o In the current study mesh size is 100 microns, and the length of the 2-D domain is 459.6 mm. Therefore ‘n_cells’ value is 4596. 

 

2. Line 82 in the code contain variable ‘no_of_injectors’ which indirectly represents the stratification length scale in 2-D simulation. 

o example – If the no_of_injectors are 500 then it represents the stratification length scale value of L = 0.9 mm. 
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Code: 
 

package macro; 

import java.util.*; 

import star.common.*; 

import star.base.neo.*; 

import star.flow.*; 

import star.coupledflow.*; 

import star.species.*; 

import star.energy.*; 

import star.vis.*; 

import java.io.*; 

import java.util.*; 

import org.openide.util.Exceptions; 

import java.io.File; 

import java.io.IOException; 

import java.io.FileNotFoundException; 

import java.io.FileWriter; 

import java.io.FileReader; 

import java.io.BufferedWriter; 

import java.io.BufferedReader; 

import java.util.ArrayList; 

import java.util.Arrays; 

import java.util.Collections; 

import java.util.Random; 

import java.util.Scanner; 

import java.lang.StringBuilder; 

 

 

public class stratification extends StarMacro { 

 

public void execute() { 

    execute0(); 
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  } 

   

  private void execute0() { 

 

    Simulation simulation_0 = 

      getActiveSimulation();  

  

FileTable fileTable_0 =                   

 (FileTable)simulation_0.getTableManager().createFromFile(resolvePath("BC_Mf.csv")); 

     

Region region_0 = simulation_0.getRegionManager().getRegion("Region"); 

 

Boundary boundary_0 = region_0.getBoundaryManager().getBoundary("2D_RDE.Inlet"); 

       

MassFractionProfile massFractionProfile_0 = boundary_0.getValues().get(MassFractionProfile.class); 

 

ScalarProfile scalarProfile_0 = massFractionProfile_0.getMethod(CompositeArrayProfileMethod.class).getProfile(1); 

 

scalarProfile_0.getMethod(XyzTabularScalarProfileMethod.class).setTable(fileTable_0); 

     

scalarProfile_0.getMethod(XyzTabularScalarProfileMethod.class).setData("Mass Fraction of H2"); 

     

ScalarProfile scalarProfile_1 = 

massFractionProfile_0.getMethod(CompositeArrayProfileMethod.class).getProfile(5); 

 

scalarProfile_1.getMethod(XyzTabularScalarProfileMethod.class).setTable(fileTable_0); 

     

scalarProfile_1.getMethod(XyzTabularScalarProfileMethod.class).setData("Mass Fraction of N2"); 

 

ScalarProfile scalarProfile_2 = 

massFractionProfile_0.getMethod(CompositeArrayProfileMethod.class).getProfile(7); 

 

scalarProfile_2.getMethod(XyzTabularScalarProfileMethod.class).setTable(fileTable_0); 
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scalarProfile_2.getMethod(XyzTabularScalarProfileMethod.class).setData("Mass Fraction of O2");   

  

/*----Initializing random number------*/ 

  

Random r = new Random (); 

int n_cells = 4596;   //----- Numbers of cells in the first row of the 2-D domain--------------------------------------------------------------------------------------- 

 

//----- Number of injectors ----------------------------------------------------------------------------------------------------------------------------------------------------- 

int no_of_injectors = 500;  

 

//----- Stratification length scale ---------------------------------------------------------------------------------------------------------------------------------------------- 

 

double bin_length = no_of_cells/no_of_injectors; 

   

//------------Initialize species mass fraction variables ---------------------------------------------------------------------------------------------------------------------- 

         

        Double [] H2 = new double [n_cells]; 

        Double [] N2 = new double [n_cells]; 

        Double [] O2 = new double [n_cells];  

        Double [][] Bundle = new double [(no_of_injectors+11)][(int)(Math.floor(bin_length))]; 

   

//------------Declare input csv files-------------------------------------------------------------------------------------------------------------------------------------------- 

         

        File elements, weightages, x_coords; 

        Scanner p, p1, x; 

        ArrayList<Double> weightageList, elementList, H2_MF, x_coordinates; 

        Double nextPoint, top, weightage, element, bottom, r_value, x_c; 

   

        String elements_file = simulation_0.getSessionDir() + File.separator + "elements.csv"; 

        String weightages_file = simulation_0.getSessionDir() + File.separator + "weightage.csv"; 

        String x_coords_file = simulation_0.getSessionDir() + File.separator + "x_coordinate.csv"; 

        String BC_file = simulation_0.getSessionDir() + File.separator + "BC_Mf.csv"; 
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//------------element and weightage list -------------------------------------------------------------------------------------------------------------------------------------- 

 

  elements = new File(elements_file); 

  weightages = new File(weightages_file); 

  x_coords = new File(x_coords_file); 

 

//------------Initialize element, weightage, H2 mass fraction list --------------------------------------------------------------------------------------------------------- 

 

weightageList = new ArrayList<>(); 

  elementList = new ArrayList<>(); 

          H2_MF = new ArrayList<>(); 

     

  try{ 

           

  p = new Scanner(weightages); 

  p1 = new Scanner(elements); 

            

                while(p.hasNext()){ 

                weightage = p.nextDouble();          

                weightage = weightage*n_cells; 

                weightageList.add(weightage); 

            } 

 

             while(p1.hasNext()){ 

             element = p1.nextDouble(); 

             elementList.add(element); 

            } 

    

   nextPoint = elementList.get(0); 

   top = elementList.get(1); 

   

   x = new Scanner(x_coords_file); 

   x_coordinates = new ArrayList<>(); 
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   while(x.hasNext()){ 

   x_c = x.nextDouble(); 

   x_coordinates.add(x_c); 

   } 

 

   int counter = 1; 

 

   for(int i=0; i<weightageList.size(); i++){  

   for(int j=0; j<(weightageList.get(i)/bin_length); j++){ 

     bottom = nextPoint; 

     r_value = bottom + ((top - bottom) * r.nextDouble()); 

       

       for(int k=0; k<Math.floor(bin_length); k++) 

       { 

        H2_MF.add(r_value); 

       } 

      } 

      nextPoint = top; 

      counter++; 

       if (counter<elementList.size()) { 

       top = elementList.get(counter); 

      } 

     } 

      

     H2_MF.add(top); 

 

     Collections.sort(H2_MF); 

      

//------------ Shuffle numbers in different cells ------------------------------------------------------------------------------------------------------------------------------ 

      

   int fwd_counter = 0; 

      

   for(int fuel_bin = 0; fuel_bin < (no_of_injectors+10); fuel_bin++){ 

   for(int cell_bin = 0; cell_bin < Math.floor(bin_length); cell_bin++) 
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      { 

       Bundle[fuel_bin][cell_bin] = H2_MF.get(fwd_counter); 

       fwd_counter++; 

      } 

for(int cell_bin = 0; cell_bin < (n_cells - ((no_of_injectors+10)*(Math.floor(bin_length)))); cell_bin++) 

      { 

Bundle[(no_of_injectors+3)][cell_bin] = H2_MF.get(fwd_counter); 

       fwd_counter++; 

      } 

      

      

     Integer[] indices = new Integer[(no_of_injectors+11)]; 

      

     for (int i=0; i<=(no_of_injectors+10); i++){ 

       indices [i] = i; 

     } 

        

     for(int iter=1; iter<100000000; iter++){ 

      

     simulation_0.getSimulationIterator().run(3); 

     Collections.shuffle(Arrays.asList(indices)); 

      

     int cell_count = 0; 

 

     for (int i=0; i<=(no_of_injectors+10); i++) 

     { 

      if (indices [i] != (no_of_injectors+10)) 

      { 

       for(int j=0; j < Math.floor(bin_length); j++) 

       { 

        H2 [cell_count] = Bundle[(indices[i])][j]; 

        N2 [cell_count] = 0.77*(1-H2 [cell_count]); 

        O2 [cell_count] = 0.23*(1-H2 [cell_count]); 

        cell_count++;         
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       } 

      } 

      else 

      { 

       for(int j=0; j<(n_cells-((no_of_injectors+10)*(Math.floor(bin_length)))); j++) 

       { 

        H2 [cell_count] = Bundle[no_of_injectors][j]; 

        N2 [cell_count] = 0.77*(1-H2 [cell_count]); 

        O2 [cell_count] = 0.23*(1-H2 [cell_count]); 

        cell_count++; 

       } 

      } 

     } 

      

    FileWriter f = new FileWriter(BC_file); 

    BufferedWriter b = new BufferedWriter(f); 

    StringBuilder built = new StringBuilder(); 

 

built.append("\"H2 MF\"").append(",").append("\"O2 MF\"").append(",").append("\"N2 

MF\"").append(",").append("\"x (m)\"").append(",").append("\"y (m)\"").append(",").append("\"z (m)\"").append("\n"); 

     

    for (int i=0; i<n_cells; i++){ 

 

built.append(H2[i]).append(",").append(O2[i]).append(",").append(N2[i]).append(",").append(xcoordinates.get(i)).append(",").append(0).append(",").a

ppend(0); built.append("\n"); 

    } 

     

b.write(built.toString()); 

    b.close(); 

    fileTable_0.extract(); 

   

  } 

  } 
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  catch (IOException e) { 

   simulation_0.println("Error"); 

   e.printStackTrace(); 

   } 

  

  } 

} 

 


