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ABSTRACT  

Shock-flame interactions (SFI) occur in a variety of combustion scenarios of scientific and 

engineering interest, which can distort the flame, extend the flame surface area, and subsequently 

enhance heat release. This process is dominated by Richtmyer-Meshkov instability (RMI) that features 

the perturbation growth of a density-difference interface (flame) after the shock passage. The main 

mechanism of RMI is the vorticity deposition results from a misalignment between pressure and 

density gradients. This paper focuses on the multi-dimensional interactions between shock wave and 

flame in a hydrogen-air mixture. The simulations of this work were conducted by solving three-

dimensional fully-compressible, reactive Navier-Stokes equations using a high-order numerical 

method on a dynamically adapting mesh. The effect of wall friction on the SFI was examined by 

varying wall boundary condition (free-slip/no-slip) on sidewall. The results show that the global flame 

perturbation grows faster with the effect of wall friction in the no-slip case than that in the free-slip 

case in the process of SFI. Two effects of wall friction on SFI were found: (1) flame stretching close to 

the no-slip wall, and (2) damping of local flame perturbation at the no-slip wall. The flame stretch 

effect leads to a significantly higher growth rate in the global flame perturbation. By contrast, the 

damping effect locally moderates the flame perturbation induced by RMI in close proximity to the no-

slip wall because less vorticity is deposited on this part of flame during SFI. 

Keywords: Shock-flame interaction; Richtmyer-Meshkov instability; Vorticity; Wall friction; 

Baroclinic torque; Numerical simulation 

1 INTRODUCTION 

Shock-flame interactions occur in a variety of combustion scenarios of scientific and engineering 

interest, including supernova explosions [1-4], space propulsion [5-7], and industrial explosions [8-

10]. A large number of experiments and numerical simulations [11-19] were conducted to study 

shock-flame interactions. These studies suggest that shock waves interacting with a flame can distort 

the flame, extend the flame surface area, and subsequently enhance energy release. Moreover, shock-

flame interactions play an important role in the onset of deflagration-to-detonation transition (DDT) 

[14, 20-24].  

Previous studies show that flame distortion induced by the interaction of a single-mode flame and 

shock wave is close to laminar flamelet regime [13, 25]. The fundamental mechanism during this 

process is the Richtmyer-Meshkov instability (RMI) that is generally created at the interface between 

two fluids of different densities [26, 27]. A kind of physically acceptable viewpoint to understand the 

RMI evolution from Zabusky et al. [28, 29] is on the basis of vortex dynamics. Vorticity is deposited 

at the interface through baroclinic torque when there is a misalignment between pressure and density 

gradients (  p) [28-33]. This leads to growth of interface perturbation. Interactions between shock 

and single-mode perturbated inert interface were extensively studied, and different effective models 

were proposed to describe the growth of RMI [12, 26, 34]. For chemically reacting flows such as 

flames, the main features and mechanism of flame perturbation were found to be similar to those of 

inert RMI [13, 25]. The effect of shock strength, perturbation amplitude, and wavelength has been 

examined [13, 17]. On the basis of inert growth model of RMI, Yang and Radulescu [17] recently 

suggested a model for describing the flame perturbation development.  

Wall friction generally can play an important role in the dynamics of flame [35, 36] and shock 

wave [37-39] in practical systems. Wall friction in the presence of viscosity can have an effect on the 

generation/amplification of acoustic and shock waves [35, 36, 40-43]. Interactions between wall 
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friction and shock wave could induce boundary layer behind shock [37-39]. Wall friction was 

considered in the processes of shock reflection and interaction with flame using the multi-dimensional 

computations [20, 38, 39]. They showed that development of lamda-shock as a result of wall friction 

facilitates shock-flame interaction and DDT. However, the influence of the wall friction on the 

development of RMI induced by shock-flame interactions received less attention since these studies 

were mainly focused on the effect of boundary layer on detonation initiation. Yang and Radulescu [17] 

speculated in their experimental analysis that wall friction may play a role in the flame deformation 

induced by RMI in the process of shock-flame interactions, but there was a lack of definitive proof. 

Overall, complete understanding of the effect of wall friction on shock-flame interaction has yet to be 

obtained, especially for 3D RMIs. 

The purpose of this paper is to study the effect of wall friction on shock-flame interactions, 

especially on the induced RMI. This study is done by solving the 3D fully-compressible reactive 

Navier-Stokes equations using a high-order numerical algorithm and adaptive mesh refinement. 

2 NUMERICAL METHOD AND PHYSICAL MODEL 

The fully-compressible, reactive 3D Navier-Stokes equations are adopted to simulate the reactive flow 

[44]:  
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where  – density, kg/m3; Y – mass fraction of reactant; ui – ith component of the velocity, m/s; D – 

mass diffusion coefficient, m2/s; 𝜔 – reaction rate, s-1; p – pressure, Pa; ij – viscous stress tensor, 

kg/(m∙s2); E – energy, J/kg; K – thermal conductivity, J/(m∙s∙K); q – chemical heat release, J/kg; M – 

molecular weight, g/mol; R – universal gas constant, J/(mol∙K);  – kinematic viscosity, m2/s; ij – unit 

tensor,  – specific heat ratio. 

The simplified, calibrated chemical-diffusive model (CDM) [45, 46] is used to model the 

reaction, 
𝑑𝑌

𝑑𝑡
≡ 𝜔 = −𝐴𝜌𝑌 𝑒𝑥𝑝( − 𝐸𝑎/𝑅𝑇), (8) 

where A – pre-exponential factor, m3/(kg∙s); Ea – activation energy, kJ/mol. The kinematic viscosity 

(), mass diffusivity (D), and thermal diffusivity () are dependent upon temperature [46, 47], 

𝜈 =
𝜈0𝑇
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𝜌
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0.7
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, 𝛼 =
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𝜌
, (9) 

where 0, D0, and 0 are constants. The input parameters of CDM and computed flame properties for 

the stoichiometric hydrogen-air mixture initially at 294 K and 17.24 kPa are summarized in Table 1. 

These initial conditions model the experiments of Yang and Radulescu [17]. The computed flame 

properties matches those calculated using Cantera python library [48] with a detailed reaction 

mechanism of Burke et al. [49].  
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Table 1. Input model parameters and output flame properties for stoichiometric hydrogen and air 

initially at 17.24 kPa and 294 K. 

Input parameters   

 1.1648 Specific heat ratio 

M 24.2 g/mol Molecular weight 

A 1.332  108 m3/(kg∙s) Pre-exponential factor 

Ea 33.24 RT0 Activation energy 

q 48.70 RT0/M Heat release 

0 = D0 = 0 3.648  10-6 kg/(s∙m∙K0.7) Transport constants 

Combustion properties   

Sl 1.97 m/s Laminar burning velocity 

Tb 2320 K Adiabatic flame temperature 

L 0.375 cm Laminar flame thickness 

0 0.1707 kg/m3 Unburned gas density 

Figure 1 shows the schematic computational configuration with dimensions of 53.06 cm  3.79 

cm  0.95 cm (Lx  Ly  Lz). The configuration corresponds to a quarter of one flame cell in the 

experiments of Yang and Radulescu [17, 20]. To achieve that, symmetry boundary conditions are 

applied at z = 0, y = 0, and y = Ly. Non-reflecting boundary condition is used at x = 0 and Lx. To 

investigate the effect of wall friction on shock-flame interactions, two different types of wall boundary 

conditions (BCs) are considered at z = Lz: (1) adiabatic no-slip BC (no-slip case) and (2) adiabatic 

free-slip (free-slip case). 

 

Figure 1. A snapshot of three-dimensional (3D) computational domain. 

An incident shock is set initially at a distance of xS = 0.2 cm from the left boundary. Between the 

left boundary and the shock, there is a uniform flow with the post-shock parameters determined from 

the Rankine-Hugoniot conditions for a shock with a given Mach number, MS = 1.9 (corresponding to 

the experiment). The flame is placed ahead of the shock, at a distance xf = 27.205 cm from the left 

boundary. The initial flame front is assumed partially cylindrical to simulate a 1/4 of a sine wave 

(wavelength  = 4Ly) corresponding to experiment configuration by Yang [17], and is defined with the 

flame coordinates (x, y), 

𝑥 = (𝑥𝑓 + 𝐿𝑦) − √𝐿𝑦
2 − 𝑦2, (10) 

A fifth-order WENO scheme with HLLC Riemann explicit solver [56] is used to solve the 

governing equations. The time integration is advanced by using a third-order Runge-Kutta algorithm 

[37, 40]. The computational grid is dynamically refined using adaptive mesh refinement [57]. The 

refinement criterion is obtained based on the maximum error for each grid cell, eij = max (φx, φy, φxy, 

φyx), in x, y, and both diagonals [47] where 

𝜑𝑥 =
|𝜌𝑖−1,𝑗−2𝜌𝑖,𝑗+𝜌𝑖+1,𝑗|

0.03|𝜌𝑖,𝑗|+|𝜌𝑖+1,𝑗−𝜌𝑖−1,𝑗|
, (11) 
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The quantities φy, φxy, φyx are calculated similarly. In order to refine the regions with strong shear 

flows and boundary layers, an additional criterion using a gradient of velocity is given ‖∇�⃑� ‖1. A cell 

is tagged for refinement if eij > εref or ‖∇�⃑� ‖1 > TVGGR, where εref = 0.3 and TVGGR = 1  104 is the 

threshold of velocity gradient for grid refinement. Grid resolution tests show that the calculation is 

converged at dxmin = 0.006 cm. Thus, the results of this work will be presented for this minimum grid 

size, corresponding to 63.24 cells per flame thickness at the initial conditions. 

Figure 2 shows the (a) numerical and (b) experimental [17] flame perturbation () as a result of 

shock-flame interaction. Figure 3 compares the numerical simulations and the experiment. The value 

of the  (simulation) corresponds to the experimental measurement of . The present numerical results 

for  show a good agreement with the experimental observations  by Yang and Radulescu [17], as 

shown in Fig. 3.  

 

Figure 2. (a) 3D schlieren image of the flame after shock passage in the no-slip case (no-slip BC is set 

at z = Lz) and (b) measurement of the amplitude  in the experiment by Yang and Radulescu [17]. 

Two types of the perturbation were calculated in the computations: (1)  , the amplitude of flame 

perturbation at the slice of z = 0 (corresponding to that in the experiment), and (2) max, the maximum 

perturbation amplitude of flame in the entire computational domain (as it will be discussed below).  

 

Figure 3. Comparison of the present simulation and the experiment by Yang and Radulescu [17]. 0 is 

the initial amplitude of the flame. 
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3 RESULTS AND DISCUSSION 

3.1 Development of flame perturbation 

Figure 4 shows the time evolution of flame perturbation after the passage of a shock wave with a 

Mach number of 1.9 in (a) free-slip case and (b) no-slip case. The time was normalized by the 

characteristic time of the shock passing through the flame, t* = t/(0/VS), where 0 is the amplitude of 

the flame before shocked and VS = 651.7 m/s is the shock speed. The images in the first row show the 

state of incident shock wave and flame front just before the shock arrives at the flame in the two cases. 

The flame perturbation () can be divided into two stages, i.e., shock compression (S1) and 

perturbation growth stages (S2), as shown in Fig. 3.  

 

Figure 4. Time sequence of computed 3D schlieren-type images in the case of (a) free-slip BCs and (b) 

no-slip BCs. The letters indicate the incident shock (S), the flame (F), the reflected waves (RW), and 

the transmitted waves (TW), secondary instability (SI), stretched flame front (FS). Here, t* = t/(0/VS) 

is the normalized time. 
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The flame shows different distortions in the z-direction. In the free-slip case, the initially steady 

flame is flattened in the x-direction as the shock wave penetrates, as shown at t* = 0.242 in Fig. 4a. 

The flame amplitude is reduced to a minimum value in x-direction at the end of stage S1 (t* = 1.091), 

as shown in Fig. 4a. As the flame perturbation enters stage S2, the flame front evolves into a funnel-

shaped interface and appears as a classical RMI structure, as shown at t* = 1.912. As the perturbation 

continues to grow, the flame develops a very long neck (see t* = 4.050). The flame impacted by a 

shock wave in the free-slip case here can be considered to be a 2D case. In the no-slip case, the two-

dimensional perturbation is broken and the dynamical process becomes three-dimensional because of 

the presence of wall friction. The flame is significantly stretched, consequently leading to rapid growth 

of global flame perturbation, as shown at t* = 0.810. The flame continues to be stretched after the 

shock wave in stage S2, causing a significantly large global flame perturbation, as shown at 4.053. 

 

3.2 Perturbation growth rate 

Figure 5 shows the normalized amplitude of the flame perturbation (/0) as a function of normalized 

time in a comparison between numerical simulations with different wall BCs and the theory by Meyer 

and Blewett [12]. For the free-slip case, the amplitude of flame perturbation at the slice of z = 0  is 

given here since it is equivalent to a 2D perturbation, while for the no-slip case, the maximum flame 

amplitude max is measured in addition to that at z = 0 (). The measurements of flame amplitudes 

were illustrated in Section 2.   

 

Figure 5. Normalized amplitudes of flame perturbation as a function of normalized time in the 

numerical simulations, experiment by Yang and Radulescu [19] and theory of Meyer and Blewett [12].  

The perturbation growth in stage S2 starts shortly after the incident shock completely leaves the 

flame at about t* = 1.091 and 1.082 for the free-slip and no-slip cases, respectively. The global 

perturbation max starts to increase around t* = 1.016 in the no-slip case, as shown in Fig. 5. Previous 

studies [17, 58] suggest that growth of flame perturbation in early stages is dominated by the inert 

RMI because the time scale for RMI is significantly shorter than that for chemical reactions. The 

evolution of RMI can be considered linear when amplitude satisfies k < 1 (k = 2/ is the wave 

number of the perturbation) [12, 26, 31, 59]. Here, we compare the perturbation growth of flame with 

the linear model of RMI proposed by Meyer and Blewett (MB model) [12], 
𝑑𝜂

𝑑𝑡
= 𝑘

𝜂++𝜂0

2
𝛥𝑢𝐴+, (12) 

where u – the flame speed imparted by the shock, m/s; 𝐴+ = (𝜌1 − 𝜌2)/(𝜌1 + 𝜌2) – post-shock 

Atwood number, + – perturbation amplitude after shock passage, cm.  

Both the growth rates of flame perturbation  at stage S2 in the two cases of different wall BCs 

show a good agreement with that of MB model, as shown in Fig. 5. However, the growth rate of 
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global flame perturbation is significantly larger in the no-slip case than that in the free-slip case in 

both the compression and perturbation growth stages due to the flame stretching near the no-slip wall. 

Note that even at z = 0 slice, the perturbation starts to grow slightly faster in the perturbation growth 

stage in the no-slip case. This implies that the entire flame is influenced by the wall friction in the 

growth stage. 

 

3.3 Effect of wall friction on the shock-flame interactions 

3.3.1 Flame stretch 

Wall friction can lead to the development of non-uniform flow that stretches the flame, increases 

flame surface and thus causes flame acceleration [42, 43]. To estimate the influence of wall friction on 

the shock-flame interaction, the flame stretch caused by the non-uniform flow is discussed here. This 

stretch rate can be calculated as [36, 60], 

𝜅𝑠 = (𝛿𝑖𝑗 − 𝑛𝑖𝑛𝑗)
𝜕𝑢𝑖

𝜕𝑥𝑗
, (13) 

where ni – the ith component of the unit vector normal to the flame surface.  

 

 

Figure 6. Tangential stretch rate 𝜅𝑠 at the flame surface where Y = 0.5 during the process of shock-

flame interactions in the (a) free-slip and (b) no-slip cases. 

Figure 6 shows the calculated stretch rate 𝜅𝑠 at the flame surface (iso-surface where Y = 0.5) 

during the process of shock-flame interactions in the two cases. In the free-slip case, the flame is 

stretched at the intersection of shock and flame with 𝜅𝑠 ~ 105, while the rest of the flame is only 

weakly stretched with 𝜅𝑠 ~ 0, as shown at t* = 0.242 and 1.011 in Fig. 6a. After the shock passes the 

flame, the entire flame is weakly stretched with 𝜅𝑠 ~ 0, as shown at t* = 2.263 in Fig. 6a. In the no-slip 

case, the flame is significantly stretched with 𝜅𝑠 ~ 105 in the near-wall region by the non-uniform flow 

induced by the interactions between shock and wall friction, see at t* = 0.241 and 1.024 in Fig. 6b. 
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The flame continues to be stretched by the non-uniform flow near the no-slip wall even after the shock 

penetrates the flame, see at t* = 2.240 in Fig. 6b.  

3.3.2 Damping of local flame perturbation close to the no-slip wall 

Previous studies suggested that baroclinic vorticity generation resulting from the misalignment of 

the pressure gradient of the shock with the density gradient across the interface (flame) leads to the 

development of RMI on the interface (flame) [25, 28, 29]. Thus, we aslo discuss the effect of wall 

friction on shock-flame interactions in terms of vorticity dynamics. Figure 7 shows the vorticity fields 

near the flame front at the slices of z = 0 and z = 0.98Lz (very close to the free-slip or no-slip wall) in 

the two cases of different wall BCs in the perturbation growth stage. Here, we display the vorticity in 

z-direction considering the direction of cross product of density and pressure   p.  

 

Figure 7. Fields of vorticity in z-direction z at different z-slices in the cases of two wall BCs. The 

black lines are the contours of unburned mass fraction.  

It can be found that the difference of z-vorticity deposited on flame at z = 0 slice is minor (e.g., t* 

= 1.011 or 1.024 in Fig. 7) although it is affected to some extent by the wall friction (Fig. 6). This 

explains the similar growth rates in the two cases at z = 0, as shown in Fig. 5. The vorticity in z-

direction localized on flame in close proximity to the no-slip wall (z =0.98Lz) slice is much less than 

that at z = 0 in the no-slip case. The difference in the vorticity deposition on the flame in z-direction at 

different z-slices leads to the non-uniform perturbation evolution. This effect and the flame stretching 

due to wall friction ultimately cause a significantly higher perturbation growth rate in the no-slip case 

(Fig. 5). 

To quantify the difference in the magnitude of vorticity in z-direction, here we discuss vortex 

transport terms in the vortex balance equation to approach it. The vorticity balance equation can be 

derived by the curl of the momentum equation [32, 33], 
𝜕𝜔𝑖

𝜕𝑡
+ 𝑢𝑘

𝜕𝜔𝑖

𝜕𝑥𝑘
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−휀𝑖𝑗𝑘
1

𝜌

𝜕𝜌

𝜕𝑥𝑗
(
𝜕𝜏𝑘𝑙

𝜕𝑥𝑙
)

⏟          
𝑇2

+
𝜀𝑖𝑗𝑘

𝜌
(
𝜕2𝜏𝑘𝑙

𝜕𝑥𝑗𝜕𝑥𝑙
)

⏟      
𝑇3

−𝜔𝑖
𝜕𝑢𝑘

𝜕𝑥𝑘⏟    
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+
1

𝜌2
휀𝑖𝑗𝑘

𝜕𝜌

𝜕𝑥𝑗

𝜕𝑝

𝜕𝑥𝑘⏟        
𝑇5

, (14) 

where, i = ijk∂uk/∂xj is the ith component of the vorticity, ijk is the permutation tensor. 

The left-hand side of Eq. (12) is the rate of the variation of vorticity in a Lagrangian packet of 

fluid. The first term on the right (T1) is the vortex stretching term; the second term (T2) is the viscous 

torque term due to the misalignment between the gradients of viscous stress and density; the third term 

(T3) describes the viscous dissipation; the fourth term (T4) denotes the vorticity destruction by dilation; 
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the last term (T5) is the baroclinic torque term that is responsible for inducing RMI in shock-flame 

interactions. 

Figure 8 shows the area integrals of each transport term (Tm, m = 1~5) for z-vorticity 𝜔𝑧 at the 

flame at different z-slices in the free-slip and no-slip cases. During the shock-flame interactions, 

vorticity is generated by baroclinic term and then amplified by the dilation term. These two terms are 

up to ~105 in both cases, as shown in Fig. 8. The wall friction makes a difference to vortex dynamics 

by the terms of vortex stretching T1, viscous torque T2, and viscous dissipation T3. At z = 0 slice, it is 

shown that the magnitude of these three terms is very small and can be neglected, compared to the 

baroclinic and dilation terms in both cases, as shown in Fig. 8a and b. At z = 0.98Lz slice, the vortex 

stretching term has a positive contribution to the vorticity generation, whereas both the viscous torque 

and the viscous dissipation have considerable negative effects, as shown in Fig. 8c. The net 

contribution of these three terms is negative and partially cancels out the last two terms (T4 and T5), 

leading to a lower magnitude of vorticity in z-direction deposited on flame.  

 

Figure 8. Integral of vortex transport terms at of the flame at different z-slice as a function of time in 

the two case of different wall boundary conditions. 

4 CONCLUSIONS 

Multi-dimensional shock-flame interactions were investigated by solving the three-dimensional (3D) 

fully-compressible reactive Navier-Stokes equations coupled to a single-step chemistry model using a 

fifth-order scheme on a dynamically adapting grid in this paper. The thermochemical parameters were 

calibrated to reproduce the properties of the combustion waves in a stoichiometric hydrogen-air 

mixture. Two types of wall boundary conditions (free-slip/no-slip) on the sidewall of the domain were 

adopted to examine the effect of wall friction on the shock-flame interaction. Overall, the numerical 

simulations showed flame perturbation growth similar to experiment observation and theory prediction 

[12].  

The results show that wall friction has a significant influence on the shock-flame interaction and 

flame perturbation growth. In general, the flame perturbation during shock-flame interaction can be 

divided into two stages, i.e., shock compression (S1) and perturbation growth stages (S2). The effect of 

wall friction leads to more drastic flame deformation in both stages in the no-slip case, especially in 

stage S2. For the free-slip case, the perturbation development as well as the flame dynamics in stage S2 

is dominated by the Richtmyer-Meshkov instability (RMI) induced by the shock. For the no-slip case, 

the flame perturbation is not only promoted through RMI but also strongly enhanced by the stretching 

effect of wall friction, and thus the growth rate of global perturbation is much higher than that in the 

free-slip case.  

Two effects of wall friction on flame-shock interaction are concluded: (1) flame stretching, and 

(2) damping of local flame perturbation very close to the no-slip wall. The flame stretch effect leads to 

non-uniform development of the perturbated flame and thus a significantly higher growth rate in 

global flame perturbation in the no-slip case compared to the free-slip case. By contrast, the damping 

effect locally moderates the flame perturbation in close proximity to the no-slip wall because less 

vorticity is deposited on this part of flame.  
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