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1 Introduction

Detonation–turbulence interaction (DTI) differs from shock–turbulence interaction
(STI) due to exothermicity, and the presence of a detonationlengthscale, intrinsic
fluctuations of the unstable detonation front and a self-excited unstable region which
supports intrinsic time scales. Downstream of the wavefront, a global instability ex-
ists due to self-excited acoustic coupling. Linear analysis found selective wave am-
plification that depends on both the turbulence lengthscaleand the half-reaction dis-
tance [4]. A subsequent DNS found that the preshock perturbations strongly affect
the postshock statistics [3]. This paper examines the evolution of the autocorrelation
of the longitudinal velocity fluctuations for STI and DTI, some of which have been
presented in [3]. Local homogeneity and isotropy are assumed.
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Fig. 1 Schematic of computational domain.
Details of the physical model and numer-
ical approach can be found in [3]; hence, the remarks here arekept brief for the sake
of space. The computational domain is shown in Fig. 1.

The equations to be solved are the conservation equations for a reactive, com-
pressible gas:

ρt +(ρu j)x j = 0, (1a)

(ρui)t +(ρuiu j + pδi j −σi j)x j = 0, i = 1,2,3, (1b)

(Et)t +(Etu j +u j p+q j −uiσi j)x j = 0, (1c)

(ρλ )t +(ρλu j +ρJ j)x j = (ρ −ρλ )r(T ), (1d)
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where the stress tensor, heat flux vector and mass diffusion velocity are given by

σ =
µ
Re

(

∇u+∇uT − 2
3

I∇ ·u
)

, (2a)

q =− γ
γ −1

µ
RePr

∇T, (2b)

ρJ =− µ
RePr Le

λ . (2c)

In the equations above,µ = (T/T0)
0.7 is the viscosity,Re is the Reynolds number,

Pr = 0.72 is the Prandtl number,Le = 1 is the Lewis number,I is the identity matrix
and λ is the reaction progress variable with 0 being the unburnt state and 1 the
completely burnt state. The definition of the Reynolds number is discussed below.

The total energy of the fluid is given by

Et = p/(γ −1)+ρ
(

u2
i /2− Q̃λ

)

, (3)

with Q̃ being the nondimensional heat release. A single-step mechanism for the
reaction rate

r(T ) = K0exp(−Ẽ/T ) (4)

is used whereK0 is the pre-exponential factor and̃E is the non-dimensional activa-
tion energy. Physically, the heat release and the activation energy are

Q ≡ Q̃/(p0/ρ0) = Q̃/(γMt) = γ(M2−1)2/[2(γ2−1)M2] (5a)

E ≡ Ẽ/(p0/ρ0). (5b)

whereγ = 1.2. The turbulent Mach numberMt ≡ urms/
√

γ p0/ρ0. The parameter
K0 is provided via the half-reaction distanceL1/2 through a new nondimensional
parameterN ≡ L1/2/λ0, λ0 being the Taylor microscale. In the present study,N =
except in unforced cases where it is undefined. Despite the simplicity, this single-
step mechanism is able to capture the essential physical features of a detonation
wave [1, 3]. The subscript 0 refers to the incoming (preshock) state of the gas.

The preshock turbulent field is homogeneous and characterized by the RMS of

the longitudinal velocity fluctuationsurms =
√

u′2 , λ0, the preshock unperturbed
densityρ0 and the gas constantR. Assigning a value toMt determines the mean
preshock pressurep0. The Reynolds number is based on the acoustic velocity and
the half-reaction distanceReL1/2

≡√
p0ρ0L1/2/µ0 = Reλ N/(

√γMt). In the present
study,ReL1/2

≈ 200. In forced cases,Mt ≈ 0.2 which yields a fluctuation Reynolds
number based on the Taylor microscale ofReλ ≈ 100.

The velocity perturbations are modeled by the temporal decay of compressible,
homogeneous, isotropic turbulence (CHIT) in a cube with periodic boundary condi-
tions with an initial Gaussian kinetic energy spectrum given by [2]

E (k) = 16
√

2/π exp[(−2k2/k2
0)k

4]/k5
0 (6)
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wherek0 = 6π/L whereL is the size of the periodic computational box. Thus,k0 is
three times the wavenumber of the first overtone.

The CHIT field is allowed to decay, starting with a solenoidalvelocity field
∇ · u = 0, no pressure and density fluctuations, an initial turbulent Mach number
Mt ≡ urms/

√

γ p0/ρ0 = 0.5 andReλ ≡ ρ0urmsλ/µ0 = 100. The temporal evolution
is stopped when the velocity derivative skewness [5]

Su ≡ (∂u/∂x)3/[(∂u/∂x)2]3/2 ≈−0.5.

A shock-capturing method solved for the conservation equations with third- and
fifth-order accuracy in time and space respectively. The algorithm was verified
against predictions of the linear growth of the detonation normal mode instability.
Grid resolution was checked with a coarse grid of 500×101×101 and a fine grid
of 500×151×151. The results show that the coarse grid was adequate.

3 Results and Discussion
Table 1 Cases studied.

Excitation M0 E Q

A Inert Unforced 4 – –
B }

Low

{

Unforced
Vortical
Entropic

}

4 12 19.18C
D
E }

High

{

Unforced
Vortical
Entropic

}

5.5 20 38.57F
G

The cases studied are shown in Table
1. The Mach numbers of 4 and 5.5
were arbitrarily chosen to reflect a low
and a high heat release situation. More-
over, an inert case, that is, an STI, was
included for completeness. The non-
forced condition has no preshock tur-
bulence and fluctuations arise naturally.
Vortical forcing refers to forcing due to preshock turbulent velocity fluctuations. In
entropic forcing, vortical fluctuations are absent and a fluctuating temperature field
(related to the fluctuating velocity field via the strong Reynolds analogy) is imposed.
Due to space constraints, only cases E–G will be discussed.

The computations produce an ensemble of 200 datasets for each case. Flow prop-
erties at an axial location is assumed to be stationary, homogeneous and isotropic
in the transverse plane. Thus, rms of the velocity fluctuations(u, v, w)rms were ob-
tained by averaging data for{n = 100, 200, 1}. A similar averaging procedure was
applied to the autocorrelation coefficient ofu′(X , t), evaluated numerically by

ru′u′(X),
∑i u′2i

u′2
∈ {−1, 1} (7)

The normalized axial distanceX = x/λ0 except for cases A, B or E where it is
X = x/L1/2.

Plots of the velocity fluctuations against an appropriatelynormalized distance are
shown in Fig. 2. The circles along the abscissa are sampling locations for the corre-
lations. The plots include the 95 percent confidence levels to the rms values. Only
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the vortical forcing case possess incoming velocity fluctuations. As can be seen, the
detonation wave causes an immediate drastic increase inurms to a higher degree than
vrms, wrms. This is expected due to the longitudinal straining of the turbulence field,
as seen in STI studies by other investigators. While not shown, Cases A–D shows
that the heat release increases unsteadiness above that dueto the shock itself.

(a) Case E: unforced.

(b) Case F: vortical forcing.

(c) Case G: entropic forcing.

Fig. 2 Time-averaged rms values of the Cartesian velocity components.

Crossplane isotropy is preserved throughout the interaction. Isotropy in all direc-
tions appear to be achieved byX ≈ 3 for the nonforced and vortical forcing cases
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but further downstream for the entropic forcing case. For all cases, a unsteadiness
remains even at the exit plane.

Consider next the autocorrelations shown in Fig. 3. Figure 3(a) shows the sole
effect of the detonation wave. Instability waves are manifested by pseudo-random
velocity fluctuations. The figure shows organization along the y andz axes which
dies down. In addition, the lack of isotropy is evident in thediamond-shaped auto-
correlation. This shape is thought to be due to the transverse waves reflecting off
the boundaries of the computational domain [3, 6, 7]. Next, Fig. 3(b) shows that
initial velocity fluctuations cause a weak distortion of theautocorrelation function.
The diamond shape is still evident. Entropic forcing causesa severe distortion of the
autocorrelation as seen in Fig. 3(c). An elliptical shape with a horizontal major axis
is observed. Finally, note that the autocorrelation coefficients are the actual auto-

correlation functions normalized by
√

u′2. Thus, the actual autocorrelations weaken
rapidly past the initialurms peak. Nonetheless, the persistence of the velocity fluctu-
ations, either from the rms or from the autocorrelation is striking.

4 Conclusions

The mutual interaction between a detonation wave and a homogeneous, isotropic
turbulent field was studied using DNS. The detonation wave front suffers distortion
from the incoming disturbances, which were either vorticalor entropic. Entropic
forcing created more severe distortions to the fluctuating velocity field. Entropic
forcing also masks the transverse waves that propagate in the computational domain.

References

1. Kessler DA, Gamezo VN, Oran ES (2010) Simulations of Flame Acceleration and Deflagration-
to-Detonation Transitions in Methane–Air Systems. Combust Flame 157(11):2063–2077.

2. Mahesh K, Lele SK, Moin P (1997) The Influence of Entropy Fluctuations on the Interaction
of Turbulence with a Shock Wave. J Fluid Mech 334:353–379.

3. Massa L, Chauhan M, Lu FK (2011) Detonation–Turbulence Interaction. Combust Flame (in
press).

4. Massa L, Lu FK (2011) The Role of the Induction Zone on the Detonation-Turbulence Linear
Interaction. Combust Theory Modelling 15(3):347–371.

5. Tavoularis S, Bennett JC, Corrsin S (1978) Velocity-Derivative Skewness in Small Reynolds
Number, Nearly Isotropic Turbulence. J Fluid Mech 88(1):63–69.

6. Deledicque V, Papalexandris MV (2006) Computational Study of Three-Dimensional Gaseous
Detonation Structures. Combust Flame 144(4):821–837.

7. Dou H, Tsai HM, Khoo BC, Qiu J (2008) Simulations of Detonation Wave Propagation in
Rectangular Ducts Using a Three-Dimensional WENO Scheme. CombustFlame 154(4):644–
659.



6 Lu, et al.

(a) Case E: unforced.

(b) Case F: vortical forcing.

(c) Case G: entropic forcing.

Fig. 3 Local time-averaged autocorrelation correlationsru′u′ (X).


