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Abstract 

Regimes of shock boundary layer interaction are proposed in consideration of shock tube kinetic exper- 
iments. For this, we examine three ways that the reflected shock wave interacts with the boundary layer: 
incipient separation occurs when the shock is just strong enough to subject the flow to an adverse pressure 
gradient leading to flow reversal; shear layer instabilities manifest after a certain length of time and can cause 
inhomogeneities in the test gas; and shock bifurcation occurs when the back pressure of the test gas is suf- 
ficient to contain the boundary layer fluid within a stagnation bubble causing severe inhomogeneities in the 
test gas. Theory delineating these regimes is developed, and these delineations are compared to simulations of 
shock tube experiments as well as experimental data, where reasonable agreement is found. Through the the- 
ory applied to the incipient separation regime, it is determined that boundary layer separation likely occurs in 

most shock tube experiments; however, separation is unlikely to affect a chemical kinetic experiment except at 
long test times. To quantify the effect of the boundary layer, a bifurcation Damköhler number is introduced, 
which is found to perform sensibly well at classifying strong and weak ignition in shock tubes, implying that 
these combustion phenomena are determined by a competition of physical and chemical timescales. Finally, 
simulations suggest that tailoring the incident shock Mach number for a given experiment could provide 
opportunities for mitigating inhomogeneities in the test gas. 

© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Shock tubes are a primary tool for chemi-
cal kinetic measurements, providing ignition de-
lay times, species time-histories, and elementary
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reaction rates [1] . They replicate constant-volume 
reactors to high accuracy for test times up to 

the millisecond range allowing for idealized zero- 
dimensional modeling of the combustion process. 
Furthermore, the test temperature is well-defined 

as inferred from the speed of the incident shock. 
An x − t diagram illustrating relevant regions in a 
shock tube experiment is shown in Fig. 1 . 

The ideal combustion mode for shock tube ex- 
periments is strong ignition, which is characterized 
ier Inc. All rights reserved. 
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Fig. 1. Diagram illustrating a typical shock tube exper- 
iment. Regions are labeled in accordance with standard 
convention [2] . Shock waves are shown by solid red lines, 
the contact surface is depicted with dashed green lines, 
and the expansion fan is represented by thin blue lines. 
(For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this 
article.) 
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y the uniform ignition of the test gas at the end
all. However, inhomogeneous or weak ignition
as been found in shock tube experiments under
ertain conditions; weak ignition can occur when
ockets of explosive gas ignite prior to the bulk gas.
oevodsky and Soloukhin [3] first studied weak ig-
ition in shock tubes for stoichiometric H 2 /O 2 mix-
ures and showed correlation of the weak-to-strong
ransition with the second explosion limit of the
ixture. Subsequently, Oppenheim and coworkers

4,5] found correspondence with the weak-to-
trong transition boundary with an isopleth of the
artial derivative of ignition delay with respect to
emperature (i.e., ∂ τign /∂ T 5 

∣∣
p 5 

= constant ), imply-
ng that weak ignition results from gas dynamic
uctuations in the test mixture. Yamashita et al.

6] investigated stoichiometric acetylene mixtures
nd found a correspondence between the origin
f ignition kernels and the height of a bifurcating
hock wave. Shock wave bifurcation refers to the
ormation of a λ-shock under certain critical
onditions that will be discussed in more detail in
ection 2.3 . Additionally, reacting simulations of 
eak ignition in stoichiometric H 2 /O 2 mixtures

howed that hydrodynamic instabilities resulting
rom the slip line in a bifurcating shock wave are
he primary mechanism for the development of 
gnition kernels in a shock tube [7,8] . 

There has been increased interest in recent years
or chemical kinetics measurements in shock tubes
ithin the negative temperature coefficient (NTC)

egion due to advancements in extending shock
ube test times [1,9] . However, boundary layer ef-
ects can influence the ignition properties for fuels
xhibiting NTC characteristics due to an increased
sensitivity to the cooler near-wall test gas. Hence,
the regimes of interaction of the shock wave with
the boundary layer must be understood in order
to circumvent inhomogeneous ignition. Therefore,
the objectives of this work are to identify the shock
boundary layer interaction (SBLI) regimes the-
oretically, confirm the existence of these regimes
through simulations, develop a strategy to amelio-
rate SBLI, and develop a SBLI regime diagram. 

The remainder of this paper proceeds with
an analysis of the proposed regimes of SBLI in
Section 2 , isolating the relevant timescales of the
physical processes. This is followed by a description
of the mathematical model used for simulations of 
the SBLI in Section 3 . Next, the paper discusses the
regimes of SBLI and their occurrence in the simu-
lations in Section 4 . Finally, a comparison of the
simulations and experimental data against the pro-
posed regimes are presented in Section 5 . 

2. Shock boundary layer interaction 

The interaction of a stationary shock wave with
an incoming boundary layer is a well-studied phe-
nomenon [10] . However, the interaction of the
reflected shock wave with the incident boundary
layer in a shock tube experiment primarily differs
from canonical configurations in that the process
is fundamentally unsteady; as the reflected shock
propagates, it encounters a thickening boundary
layer, which alters the character of the interaction.
Hence, this gives rise to certain timescales that de-
marcate regimes where certain effects of the SBLI
are introduced or become prevalent. The remain-
der of this section presents three regimes of SBLI
(i.e., incipient separation, shear layer instability,
and shock bifurcation) with a focus on the relevant
timescales of these regimes. 

2.1. Incipient separation 

Incipient separation occurs when the adverse
pressure gradient imposed by the reflected shock
is just sufficient to induce flow separation; this
condition is illustrated in the frame of the reflected
shock in Fig. 2 (a). As depicted in this figure, the
boundary layer encounters the reflected shock wave
and is either shocked in the supersonic outer layer,
decelerated through Mach compression waves in
an inviscid inner layer, or passed through a sublayer
dominated by viscous effects near the wall. Due to
the inability of the fluid to slip at the wall, the shock
wave is unable to extend fully to this boundary.
Hence, the shock spreads out as a series of com-
pression waves, which brings the boundary layer
gas in the inviscid region to the test pressure, p 5 .
Since the reflected shock wave encounters a bound-
ary layer of weakening attachment to the wall as
the shock propagates, there exist a certain time, τ IS ,
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Fig. 2. Illustrations of the postulated SBLI regimes in 
shock tube experiments. Velocities are given in the frame 
of the reflected shock. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

at which the reflected shock wave overcomes the
fluid’s attachment to the wall and reverses the flow.

Chapman et al. [11] proposed that the compres-
sion in the inviscid layer is akin to a Prandtl–Meyer
compression process that adjusts to the displace-
ment of the boundary layer. Additionally, it was
recognized that the scaling of the viscous layer at
the wall is dependent on the pressure gradient of 
the free-stream; from these considerations, the fol-
lowing relationship was proposed [11] : 

p(x s2 − x ) − p 2 
ρ2 ( U s2 + u 2 ) 

2 = 

(2 C f ) 1 / 2 (
M 

2 
s2 − 1 

)1 / 4 F 

(
x s2 − x 

l IS 

)
, (1)

where x s2 is the location of the reflected shock, U s2
is the speed of the reflected shock, u 2 is the velocity
of the gas in region 2 in the laboratory frame, M s2
is the Mach number of the reflected shock, F (ξ )
is a universal function with argument ξ , and the in-
cipient separation lengthscale is denoted by l IS . The
coefficient of friction, C f , is evaluated at the loca-
tion where the boundary layer encounters the shock
wave and is found from the similarity solution of 
Mirels [12] . 
Incipient separation was found to correspond 

well to a value of the universal function F CRIT = 

4 . 22 [13] ; for this case, the pressure at the separa- 
tion point is taken to be p 5 . Additionally, the skin 

friction coefficient is related to the incipient separa- 
tion timescale by C 

−2 
f ∝ x s2 + x s1 = τIS (U s2 + U s1 ) , 

where x s1 indicates the distance that the incident 
shock would have traveled beyond the end wall if 
it did not reflect. Using this relation, Eq. (1) can be 
rewritten as 

τIS = 

4 C 

2 
f 

M 

2 
s2 − 1 

(
x s2 + x s1 

U s2 + U s1 

)[ 

ρ2 ( U s2 + u 2 ) 
2 

p 5 − p 2 
F CRIT 

] 4 

, 

(2) 

where the thermodynamic variables and velocities 
are known as a function of the incident shock 

Mach number, M s1 , and the specific heat ratio, γ , 
through normal shock relations [2] . 

2.2. Shear layer instability 

When the reflected shock wave is sufficiently 
strong, the flow reverses direction in the laboratory 
frame, and a separated shear layer forms. An illus- 
tration of this process is shown in Fig. 2 (b). After 
a certain timescale, instabilities in the shear layer 
become non-linear, and cool boundary layer fluid 

mixes with the test gas. This effect would not be 
conducive to shock tube experiments as it increases 
the inhomogeneity in the test gas’s core region and 

can create cold-spots; it is proposed that these cold- 
spots could ignite before the bulk gas. Hence, a 
characteristic timescale for the boundary layer in- 
stability, τ INST , is estimated using the lengthscales 
and timescales of the linear instability as well as 
physical dimensions of the boundary layer. 

A metric for the inhomogeneity in the test gas 
is postulated to be V BL / V , where V BL is the vol- 
ume of the fluid mixed into the test gas from the 
boundary layer, and V is the total volume of fluid 

behind the reflected shock at a given time; the total 
volume is related to the instability timescale by V 

∼ τ INST U s2 D 

2 . The volume of the mixed boundary 
layer fluid is found from the characteristic length- 
scale of the instability and an estimated character- 
istic rate at which non-linear vortices form: V BL ∼
V VORT f VORT τ INST , where f VORT is the vortex forma- 
tion frequency. The volume of the vortex should 

scale with the wavenumber of the most unstable 
mode of the separated shear layer, α, and the di- 
ameter, D , yielding V VORT ∼ D / α2 . Similarly, the 
growth rate of the most unstable mode, ω, of the 
separated shear layer is considered to be related to 

the formation frequency by f VORT ∼ ω. Hence, the 
ratio of the volume of mixed boundary layer fluid 

to that of the test gas is given by 

V BL 

V 

= β−1 / 2 ω 

U s2 Dα2 
, (3) 
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here β is some constant. Furthermore, suggest-
ng that α−2 ∼ δ2 

2 and ω 

−1 ∝ δ2 , the instability
imescale may be extricated from Eq. (3) by noting
he scaling δ2 

2 ∼ x s2 + x s1 = τINST (U s2 + U s1 ) : 

INST = β

[(
V BL 

V 

)
CRIT 

(
U s2 Dα2 

ω 

)]2 ( x s2 + x s1 

U s2 + U s1 

)
, 

(4)

here ( V BL / V ) CRIT is a critical ratio of boundary
ayer fluid to test gas such that the inhomogeneity
ecomes an appreciable effect; hence, it is postu-

ated that below a critical mixing ratio, the number
f discrete pockets of boundary layer fluid are in-
ufficient to yield a probable preignition. 

.3. Shock bifurcation 

In the bifurcating shock regime, the reflected
hock wave is sufficiently strong such that the back
ressure, p 5 , is greater than the stagnation pressure
f the boundary layer, p 0,BL . A schematic of the
hock bifurcation is shown in Fig. 2 (c). A stagna-
ion bubble forms behind the shock and increases
n size in an approximately linear fashion in time
14] . A hydrodynamically unstable slip line extends
rom the triple shock point and is a source of inho-
ogeneity in the test section. However, shock bi-

urcation is not a sufficient condition for weak ig-
ition, and the relevant timescales for the bifurcat-

ng shock regime must be considered. It is reason-
ble to assume that weak ignition will not occur if 
he ignition delay time is much less than a charac-
eristic timescale for the bifurcation (i.e., τ IGN 

�
BIF ) since the kinetics of the mixture will be unaf-
ected by the physical processes of the bifurcation.
 straightforward characterization of the bifurca-

ion timescale is to consider the time at which the
ifurcation height, h , equals half the radius, D /4, of 
he shock tube: 

τBIF = 

D 

4 U s2 h ′ 
. (5)

he growth of the bifurcation with respect to the
istance from the end wall, h ′ , is assumed to be con-
tant and is taken from the empirical relation of Pe-
ersen and Hanson [14] : 

h ′ = 0 . 104 M 

1 . 07 
s1 γ −2 . 66 

(
W 

W O 2 

)−0 . 37 

, (6)

here the constant of the original relation is altered
y non-dimensionalizing the molecular weight, W ,
y that of O 2 and by adjusting for the location of 
he pressure probe to yield the growth of the bi-
urcation rather than simply the height at a given
ocation. 

The theoretical results that have been developed
n this section are subsequently verified through
imulations in Section 4 and compared against ex-
erimental data in a regime diagram in Section 5 . 
 

3. Set-up of the simulations 

The theoretical analysis presented in Section 2 is
complemented by simulations of SBLI in a shock
tube. The flow-field is described by the compress-
ible Navier–Stokes equations: 

∂U 

∂t 
+ 

∂ 

∂x j 

(
F 

c 
j − F 

v 
j 

) = 0 , (7)

where U is the state vector, and F 

c 
j and F 

v 
j are the

convective and viscous fluxes, respectively. These
vectors have the following definitions: 

U = [ ρ, ρu i , ρe t ] T , (8a)

F 

c 
j = [ ρu j , ρu j u i + pδi j , u j (ρe t + p)] T , (8b)

F 

v 
j = 

[
0 , τi j , u i τi j − q j , 

]T 
, (8c)

for i , j ∈ {1, 2, 3}. The total internal energy is de-
noted by e t = p/ (γ − 1) + u 2 i / 2 , the viscous stress
tensor is given by τ = μ

[∇u − (∇u ) T 
] − [2 μ(∇ ·

u ) / 3] I , and the heat flux is assumed to obey
Fourier’s law: q = −k∇T . The ideal gas law is used
as the state equation, Sutherland’s law is used for
the viscosity and thermal conductivity, and the gas
is assumed to be calorically perfect. For these sim-
ulations, a reaction source term is not considered
since the development of the SBLI is unlikely to be
significantly affected by the relatively slowly chang-
ing composition of the test gas. 

In this study, 2D simulations are performed to
allow the SBLI to be examined at long timescales
necessary for the postulated instability mechanism
to manifest; additionally, the 2D simulations are
performed parametrically by considering a realis-
tic domain. Also, a 3D simulation is performed to
study the effects of turbulence and to examine the
statistics of the flow. 

The governing equations are solved using a
block-structured adaptive mesh refinement (AMR)
method, which is implemented in the object-
oriented framework AMROC (Adaptive Mesh Re-
finement in Objective-oriented C++) [15–17] . Both
the two-dimensional and three-dimensional cases
are solved using three levels of adaptive mesh re-
finement ensuring that all physical processes in
smoothly varying regions are properly resolved.
Approximately 80 cells across the boundary layer
thickness are used for all cases. The smallest grid
size at the finest level of refinement is 12.5 μm
which is kept constant for all cases, and the ob-
served SBLI regimes are found to be insensitive to
further refinement. 

For the 2D simulations, the computational do-
main consists of a symmetric planar shock tube,
having a length of 24 cm, and a height of 3 cm.
Each simulation is initialized as a Riemann prob-
lem, and the boundary layer is allowed to develop
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Fig. 3. Comparison of different initial temperatures on the quality of the flow field. Details of the operating conditions 
of the simulations are presented in Table 1 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 
Summary of the parametric two-dimensional simula- 
tions. All mixtures are n-heptane/O 2 with an equivalence 
ratio of φ = 0 . 5 , a test temperature of T 5 = 700 K, a test 
pressure of p 5 = 2 . 7 bar, and 78.3% diluent of N 2 or Ar. 
The wall temperature is set to T w = 300 K. The specific 
heat ratio is evaluated at the test temperature. The abbre- 
viations Dil., Sep., Inst., and Bif. stand for diluent, bound- 
ary layer separation, shear layer instability, and shock bi- 
furcation, respectively. A “Y” indicates the occurrence of 
the effect during the simulation. 

ID Dil. T 1 [K] M s1 γ Sep. Inst. Bif. 

N2-300 N 2 300 2.05 1.33 Y Y Y 

N2-400 N 2 400 1.64 1.33 Y Y N 

N2-500 N 2 500 1.35 1.33 Y N N 

Ar-300 Ar 300 1.79 1.47 Y Y N 

Ar-400 Ar 400 1.47 1.47 Y N N 

Ar-500 Ar 500 1.25 1.47 Y N N 
behind the shock as it propagates towards and is
reflected off the end-wall. 

Since the 3D simulation is substantially more
demanding computationally than the 2D cases, a
reduced domain in a shock-fixed frame is used.
The domain consists of a spanwise-periodic pla-
nar shock tube, having a length of 30 boundary
layer thicknesses, a height of 10 boundary layer
thicknesses, and a width of 5 boundary layer thick-
nesses. The self-similar boundary layer profile of 
Mirels [12] is injected at the inlet with a thickness
of δ99 = 1 mm, and outflow boundary conditions
are prescribed at the top and end of the domain. 

For all simulations, an isothermal, no-slip
boundary condition is prescribed at the bottom
wall. The wall temperature is set to be approxi-
mately room temperature (i.e., 300 K), and for the
3D case, the wall translates at a speed equal to that
of the reflected shock in the laboratory frame. The
flow-field is initialized by a stationary shock using
normal-shock relations [2] . 

Cases are selected for an inert n-heptane mix-
ture with an equivalence ratio of φ = 0 . 5 , a test
temperature of T 5 = 700 K, and a test pressure of 
p 5 = 2 . 7 bar. The matrix of cases for the 2D simula-
tions are presented in Table 1 . The cases are selected
to span the SBLI regimes, demonstrating the qual-
itative differences of the SBLI for different diluent
gases (i.e., modification of the specific heat ratio),
and test gas preheat temperatures (i.e., modification
of the incident shock Mach number). 

4. Simulation results 

4.1. Parametric 2D simulations of n-heptane 
mixtures 

Pseudocolor plots of the temperature field for
each simulation listed in Table 1 are shown in
Fig. 3 . These results demonstrate that for both the
nitrogen and argon diluted mixtures, the severity 
of the SBLI decreases as the initial temperature 
increases (i.e., as the strength of the incident shock 

decreases). Nitrogen is shown to yield a much more 
inhomogeneous flow for comparable conditions 
than argon. However, the flow becomes quiescent 
for some initial temperature between 400 K and 

500 K. Argon is shown to yield roller vortices that 
are ingested by the test gas for the 300 K case; 
however, the flow becomes quiescent at some initial 
temperature between 300 K to 400 K. Additionally, 
the nitrogen-diluted cases are shown to span the 
proposed SBLI regimes with the 500 K, 400 K, 
and 300 K cases corresponding to Fig. 2 (a), (b), 
and (c), respectively. 

The results of these simulations suggest that 
preheating the mixture may provide a hitherto 

unconsidered opportunity for reducing some of 
the inhomogeneities in the flow field by weakening 
the incident shock wave. Although the feasibility in 

obtaining a uniformly heated test gas and chemical 
effects such as fuel pyrolysis may make the appli- 
cation of this strategy challenging, a preheated 
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Table 2 
Summary of the test data in Fig. 6 . 

Investigators Mixture T 5 [ K ] p 5 [bar] φ

Meyer & Oppenheim [4] H 2 /O 2 900–1350 0.2–2 1 
Yamashita et al. [6] C 2 H 2 /O 2 550–1450 0.5–2 1 
Penyazkov et al. [25] C 3 H 8 /Air 1000–1750 2–20 0.5, 1, 1.5 
Lam et al. [26] C 3 H 8 /O 2 /Ar 980–1400 6–60 0.5 
Pang et al. [27] H 2 /O 2 /Ar 908–1118 3–3.7 1 

Fig. 4. Snapshot of the 3D simulation colored by Mach 
number. Interpolated mid-plane data is shown. Results 
correspond to a test time of τTEST = 1 . 3 ms, or spatially, 
a distance of 42 cm from the end wall. (For interpretation 
of the color in this figure, the reader is referred to the web 
version of this article.) 
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Fig. 5. Profiles for the window x / δ ∈ [5, 10]. The spatial ig- 
nition delay curve is determined from a reduced n-heptane 
mechanism. (For interpretation of the color in this figure, 
the reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

est gas could assist in exploring low-temperature
utoignition chemistry. Additionally, it is noted
hat preheating the test gas is utilized in some
apid compression machine and flow reactor ex-
eriments [18,19] , and preheating has been utilized

n shock tubes to prevent fuel condensation [20] . 

.2. 3D simulation and evaluation of flow statistics 

A pseudocolor plot of Mach number is shown
n Fig. 4 . The conditions of this 3D simulation
orrespond to the Ar-300 case listed in Table 2 .
he equivalent distance of the shock from the
nd wall (42 cm) is selected to be much larger
han the 2D case so that end-wall effects would be
egligible. It is postulated that due to the thicker
oundary layer in this simulation as compared to
he 2D simulation, a λ-shock structure with weak
blique shock waves develops. However, this struc-
ure is observed to be static for the duration of 
he simulation. Hence, the primary characteristic
f this regime is the instabilities that manifest from
he shock-separated boundary layer, and as shown
n the figure, a highly turbulent shear layer near the
ide wall of the shock tube. 

Profiles of normalized temperature, ignition de-
ay, and total pressure for the window of x / δ ∈ [5,
0] are shown in Fig. 5 . The ignition delay time is
aken from an adiabatic, isobaric (HP) reactor us-
ng the time at which the concentration of the OH
adical has peaked. The chemistry is modeled with
 94-species reduced n-heptane mechanism derived
rom the detailed mechanism due to Mehl et al.
21] using the procedure of Stagni et al. [22] . 
The temperature profile is shown to be highly
stratified due to the turbulent mixing and the hy-
drodynamic blockage of the separated boundary
layer. Since the temperature increases nearly mono-
tonically with distance from the side wall, the cal-
culated ignition delays demonstrate NTC behavior;
at a normalized height of y/δ = 4 . 1 , the ignition
delay is shown to be reduced by 10% from the test
condition. Hence, it is postulated that the tempera-
ture stratification induced by the SBLI is a possible
mechanism for near wall preignition. 

It is shown that the total pressure of the near
wall fluid is less than the test pressure; this sug-
gests that the boundary layer fluid ought to be
encapsulated in a stagnation bubble as theorized
by Mark [23] . However, since a growing stagna-
tion bubble is not observed in the simulation, it
is posited that the turbulent momentum flux of 
the separated boundary layer balances the pressure
gradient. 

5. Diagrams of the proposed SBLI regimes 

5.1. Examination of the bifurcation timescale and 
the stagnation pressure ratio 

From the ignition delay time and the bifurca-
tion timescale, discussed in Section 2.3 , a bifurca-
tion Damköhler number may be formulated as 

Da BIF = 

τBIF 

τIGN 

. (9)

Figure 6 plots the bifurcation Damköhler num-
ber against the boundary layer stagnation pressure
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Fig. 6. Diagram of different bifurcation regimes in a 
shock tube. Particulars of the data are given in Table 2 . 
× indicates observed strong ignition, ◦ observed weak ig- 
nition, and � that the quality of the ignition was not re- 
ported. For the 2D simulations, ∗ indicates that the flow is 
found to be quasi-stable, � that the flow shows instability 
from the separated shear layer, and 
 that the simulation 
shows bifurcation. (For interpretation of the color in this 
figure, the reader is referred to the web version of this ar- 
ticle.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ratio. The specifics of the test data are given in
Table 2 , and details of the simulations are given
in Table 1 . The detailed natural gas mechanism of 
Petersen et al. [24] is used with an adiabatic, iso-
choric reactor (UV) model to infer the ignition de-
lays for the data of Meyer and Oppenheim [4] ,
Yamashita et al. [6] , and Penyazkov et al. [25] ;
otherwise, the ignition delays are those reported
from the sources. For the simulations, the bifurca-
tion Damköhler number is evaluated to be Da BIF =
τBIF /τSIM 

. 
Three regimes are delineated in Fig. 6 : Quasi-

Stable Flow, Unstable Flow/Fast Chemistry, and
Unstable Flow/Slow Chemistry. The Quasi-Stable
Flow regime is delineated using the critical pressure
ratio of 0.8 as given by Mark [23] . Experiments in
the Quasi-Stable Flow regime have back pressures
sufficiently low such that bifurcation is unlikely to
occur. The flow is referred to as quasi-stable since
there will likely be an unstable separated shear layer
within the test time of the experiment; however, the
incident shock wave is unlikely to be strong enough
to induce instabilities that manifest within the test
time. In the Unstable Flow regimes, the back pres-
sure of the test gas is such that bifurcation is likely
to develop. Closer to the boundary between the
Unstable and Quasi-Stable Flow, 2D simulations
show that non-linear instabilities from the sepa-
rated shear layer manifest; however, strong bifurca-
tion is not shown. This suggest that this line should
be treated as a demarcation of where inhomogene-
ity will likely be injected into the flow by the sep-
arated boundary layer, and the distance from this 
line is indicative of its severity. The correlation of 
this line to the manifestation of instability is likely 
due to the similar functional relationship between 

the pressure ratio and the instability timescale 
through the incident shock Mach number. 

The Unstable Flow/Fast Chemistry and Unsta- 
ble Flow/Slow Chemistry regimes differ by the bi- 
furcation Damköhler number. As shown in Fig. 6 , a 
bifurcation Damköhler number of unity is found to 

reasonably classify weak and strong ignition in the 
test mixtures shown. Hence, above approximately 
this bifurcation Damköhler number, the chemistry 
is sufficiently fast such that the gas dynamics of 
the instabilities and bifurcation are unable to affect 
the quality of the ignition. However, below this bi- 
furcation Damköhler number, gas dynamics have a 
significant effect on the chemistry and weak igni- 
tion may occur. 

The simplicity of the diagram shown in 

Fig. 6 enables a quick evaluation of the likely 
test regime of an experiment with respect to shock 

boundary layer interaction. Hence, the application 

of such a diagram could be fruitful for shock tube 
experiments that seek to reduce the dilution of the 
test gas. 

5.2. Comparison of SBLI and chemical timescales 

A comparison of the SBLI and chemical 
timescales is presented in Fig. 7 . The simulation 

timescales, τ SIM 

, is a reference time for the simu- 
lations, taken to be the time at which the reflected 

shock propagates 20 cm; the snapshots of these 
cases are shown in Fig. 3 . As shown in Fig. 7 , 
the timescale of incipient separation is O(10 –100) 
ns for the Mach numbers shown. This timescale 
is much faster than the ignition delay at the given 

Mach number for most chemical kinetic experi- 
ments. Hence, it is likely that incipient separation 

occurs in nearly all shock tube experiments due 
to the relatively high incident shock Mach number 
needed to raise the test gas from the ambient tem- 
perature to the test temperature. 

The instability timescales are found using the 
same test pressure and diameter as the 2D sim- 
ulations. From the 2D simulations, the constants 
in Eq. (4) are determined to be β = 0 . 05 , and 

( V BL /V ) CRIT = 1 × 10 −3 . With these parameters, 
reasonable agreement is shown between the ob- 
served mixing of boundary layer fluid with the core 
gas and the theory outlined in Section 2.2 (i.e., the 
slope of the instability timescale with respect to the 
Mach number is sufficient to classify the transition 

between a fast and slow chemistry regime). Hence, 
the instability of the shear layer is proposed as a 
plausible source of inhomogeneity in shock tube 
experiments – one which could potentially lead to 

weak ignition in the NTC regime. 
Preheating the test gas is shown to shift the ig- 

nition delay towards a lower Mach number. The 
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Fig. 7. Comparison of the SBLI and chemical timescales. 
Test gas is a n-heptane mixture with 78.3% dilution and 
φ = 0 . 5 . Red denotes argon dilution at 2.7 bar, blue de- 
notes nitrogen dilution at 2.7 bar, and green denotes ar- 
gon dilution at 27 bar. ∗ indicates that the flow is found to 
be quasi-stable, � that the flow shows instability from the 
separated shear layer, and 
 that the simulation shows bi- 
furcation. The ignition delays, τ IGN 

, are determined from 

a reduced n-heptane mechanism created from the proce- 
dure outlined in Stagni et al. [22] . The lowest Mach num- 
ber for each ignition delay curve corresponds to a test tem- 
perature of T 5 = 700 K. Shading corresponds to the af- 
fected mixtures: gray for all mixtures; purple for the low 

pressure mixtures; blue for the nitrogen diluted mixture: 
and green for the high pressure mixture. (For interpreta- 
tion of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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redominant effect of this is to push ignition de-
ay times past the critical pressure ratio, which al-
ows for more test times in the quasi-stable and fast
hemistry regime. Additionally, the lower Mach
umbers for the preheated test gases correspond to
 higher instability timescale, indicating that less
nhomogeneity will likely be in the test gas for a
iven test temperature as confirmed by simulation.

In addition to preheating the test gas, these re-
ults indicate that increasing the test pressure may
meliorate non-ideal gas dynamic effects as well.
pecifically, the higher pressure reduces the ignition
elay and decreases the inhomogeneities caused by
he separated shear layer. The latter is due to the
hinner boundary layer at higher pressure, which
imits the amount of boundary layer fluid that may
e mixed into the test section. 

. Conclusions 

The character of the interaction of a reflected
hock wave with the boundary layer requires under-
tanding to circumvent inhomogeneous ignition.
hrough the analysis of three SBLI regimes (i.e.,

ncipient separation, shear layer instability, and
shock bifurcation) the following conclusions can be
drawn: 

1. Boundary layer separation likely occurs in
most shock tube experiments; however, there
exist a substantial test window before insta-
bilities affect the test gas. 

2. Instabilities due to the separated boundary
layer can add inhomogeneities to the flow
even when the shock wave does not bifurcate.

3. A bifurcation Damköhler number is pro-
posed, which classifies weak and strong ig-
nition in shock tubes for a wide range of 
mixtures and test facilities reasonably well.
This implies that the delineation of strong
and weak ignition is a competition of chem-
ical and physical timescales more so than a
chemical sensitivity parameter. 

4. Simulations show that reducing the Mach
number of the incident shock can attenu-
ate the inhomogeneity in the test gas. This
is demonstrated through simulations by al-
tering the temperature of the test gas. Ad-
ditionally, it is observed that increasing the
test pressure could mitigate some of the non-
ideal gas dynamics. 

Hence, different regimes of SBLI can contribute
in unique ways to the preignition of a test gas.
Additionally, dust particles or fragments from the
ruptured diaphragm may contribute to inhomoge-
neous ignition in the NTC regime; these particles
could provide a heat sink for the flow allowing their
cooler boundary layer to preignite. 
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