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Detonation interaction with an interface was investigated, where the interface separated a
combustible from an oxidizing or inert mixture. The ethylene-oxygen combustible mixture had a
fuel-rich composition to promote secondary combustion with the oxidizer in the turbulent mixing
zone �TMZ� that resulted from the interaction. Sharp interfaces were created by using a
nitro-cellulose membrane to separate the two mixtures. The membrane was mounted on a wood
frame and inserted in the experimental test section at a 45° angle to the bulk flow direction. The
membrane was destroyed by the detonation wave. The interaction resulted in a transmitted and
reflected wave at a node point similar to regular shock refraction. A detonation refraction analysis
was carried out to compare with the measured shock angles. It was observed that the measured angle
is consistently lower than the predicted value. An uncertainty analysis revealed possible
explanations for this systematic variation pointing to factors such as the incident wave curvature and
the role of the nitro-cellulose diaphragm. Analysis of the TMZ and Mach stem formed from the
reflection of the transmitted shock wave off the solid boundary were carried out and found to justify
the size and strength of these features as a function of the test gas composition. The role of
secondary combustion in the TMZ was also investigated and found to have a small influence on the
wave structure. © 2007 American Institute of Physics. �DOI: 10.1063/1.2768903�

I. INTRODUCTION

When a detonation wave propagating in a gaseous com-
bustible mixture is confined by a noncombustible gas, a com-
plex interaction results between the detonation and mixture
interface. The details of this interaction, termed detonation
refraction, are dependent on the mixture compositions, the
relative geometry of the detonation and interface, and the
characteristic thickness of the interface.

The interface, a composition gradient between the com-
bustible and noncombustible mixtures, is classified by com-
paring the cell size of the detonation with the interface thick-
ness. A sharp interface occurs when the detonation cell size
is much greater than the interface thickness. Diffuse inter-
faces result when the cell size is comparable to or much less
than the interface thickness. In this study we limit our dis-
cussion to sharp interfaces practically implemented using a
nitro-cellulose membrane at a 45° angle to the oncoming
detonation wave.

Detonation propagation through an interface results in a
complex interaction producing a transmitted and reflected
wave as well as a contact surface that develops into a turbu-
lent mixing zone �TMZ� as shown in Fig. 1. It is possible for
subsequent combustion to occur in the TMZ by choosing a
combustible mixture such that the combustion products are
incompletely oxidized. This allows further reactions to take
place if the mixture downstream of the interface contains an
oxidizer.1

There has been limited experimental research carried out
in this area. Experiments2 were carried out using a methane-
oxygen detonation that propagated through a nitro-cellulose

interface at various angles to the oncoming flow. The test gas
mixtures were less sensitive methane-oxygen mixtures or air.
Other studies3,4 have investigated detonation diffraction be-
tween multiple combustible mixtures with varying sensitiv-
ity, separated in parallel channels. In these experiments, ob-
lique detonation waves were observed to propagate in the
less sensitive mixture.

There has been some previous work that included chemi-
cal reactions in a shock-polar analysis5,6 to investigate the
role of ideal gas dissociation during shock wave refraction
with an interface and multiple shock wave interaction. One
more relevant work7 has modeled the deflection of a contact
surface arising from a detonation propagating through a
channel with a compressible, nonreacting boundary for the
limiting case of the detonation velocity being normal to the
interface.

The aim of the following study is to experimentally
record the detonation refraction process and address the key
physical features that result. A detonation refraction ana-
lysis is developed analytically as a basis of comparison to
the experimental observations. Some of the main issues to
be discussed are the geometry of the transmitted and re-
flected waves, the growth of the turbulent mixing zone,
and formation of a Mach stem along the top boundary. The
presence of secondary combustion between the partially oxi-
dized detonation products and oxidizer in the TMZ is also
examined.

II. EXPERIMENTAL SETUP

The experiments were carried out using the GALCIT
detonation tube �GDT�,8,9 which is 7.3 m long with an insid-
ediameter of 280 mm. It is connected to a 0.762 m long
square test section with inside dimensions of 15 cm by
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15 cm. A wave cutting device extends 1 m into the end of
the GDT to cut out a square section of the circular detonation
front before entering the test section. A sliding valve assem-
bly separates the ethylene-oxygen combustible mixture in the
GDT from the oxidizer or inert diluent in the test section
during the experimental preparation. A nitro-cellulose mem-
brane, mounted on a wood frame is placed in the window of
the test section.

Figure 2 is a view of the test section illustrating the
location of the end flange of the GDT, the sliding valve as-
sembly, and the test section. Visualization for the experi-
ments, using a schlieren system,8 was made through an op-
tical viewport that could be arranged in two separate
positions. The first position is located 27.5 cm downstream
of the sliding valve and is referred to as port 1. The second
viewport position is located 56 cm downstream of the sliding
valve �Fig. 2� and is referred to as port 2. The locations of
the pressure transducers and a quartz window on the end wall
used for fluorescence imaging are also shown. Fuel rich
ethylene-oxygen mixtures with equivalence ratios �=1 and
2.5 occupied the GDT, and either oxygen, nitrogen, or ni-
trous oxide occupied the test section. The initial pressure and
temperature for all experiments were 15 kPa and 298 K, re-
spectively. Detonations were initiated in the GDT by dis-
charging a 2 �F bank of capacitors charged to 9 kV through

a 0.16 mm copper wire. Detonation velocities were mea-
sured to within 5% of the Chapman-Jouguet �CJ� speed. The
cell sizes of the detonations were measured using the soot
foil technique10 and were in all cases below 5 mm.

Nitro-cellulose membranes were used to create a sharp
interface between the combustible mixture and the oxidizer
�or inert gas�. The primary constituents of the membrane
solution are nitro-cellulose and castor oil and was prepared
in a fume hood. The membrane solution was spread out on a
bed of water and allowed to dry. A rectangular wood frame
made out of 3 mm thick and 9.5 mm wide cedar strips and
coated with adhesive was placed on the dry membrane solu-
tion and then removed from the water surface. The frame
was mounted in the GDT with two brackets to hold the frame
in place. Nitro-cellulose membranes prepared in this fashion
were measured to be on the order of 1 to 10 �m thick.11

In some cases the frame would be slightly warped when
prepared, and when mounted in the test section, it would
then further change shape slightly. Given the extreme fragil-
ity of the membrane, it was impossible to correct for this and
it was difficult to measure the extent of warping due to the
nature of the installation of the membrane.

Difficulties in the filling procedure arise because of the
use of a nitro-cellulose membrane. It is necessary to fill si-
multaneously on both sides of the membrane to avoid tearing
it.12 In the current setup, the additional complexity is that the
combustible mixture needs to be mixed once it is loaded into
the GDT. The filling is accomplished by closing the sliding
valve to separate the test section from the GDT. The GDT is
then filled with the combustible mixture and mixed, and then
the test section is filled with the test gas. At the end of this
procedure the test gas is on both sides of the nitro-cellulose
membrane situated at port 1.

Replacing the slug of test gas mixture between the slid-
ing valve and membrane with the combustible mixture in the
GDT is accomplished by opening the sliding valve and al-
lowing the gravity current to sweep out and mix with the test
gas. The technique is based on observations made during
prior experiments.13 The sliding valve is left open for 2 min,
and then the fire button is pressed.

The technique of using a gravity current to displace and
mix with the remaining slug of test gas mixture was vali-
dated by propagating a detonation into the test section with-
out an interface. A slightly nonplanar detonation observed

FIG. 1. A schlieren image of a detonation propagating
from left to right through an interface �Exp. #1922�.
The measured growth rate angle �exp and angle �gap

between the transmitted shock and TMZ are defined.
Velocities U1 and U2 in the TMZ reference frame, and
the shear layer thickness �G, a function of x, are
included.

FIG. 2. A schematic of the test section with the sliding valve assembly and
the end flange of the GDT.
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during these tests is shown in Fig. 3 with a detonation veloc-
ity within 10% of the predicted Chapman-Jouguet value. The
volume of test gas initially between the sliding valve and the
membrane represents 1.3% of the GDT volume.

III. DETONATION REFRACTION THEORY

Consider a detonation wave propagating through sharp
interfaces at an oblique angle �Fig. 1�. We analytically deter-
mine the strength of the transmitted and reflected waves as
well as the thermodynamic states resulting from the interac-
tion to compare with experimental results. Two limiting
cases are considered. First, the interaction is sufficiently far
from the interaction point �node� such that the combustion
products are in chemical equilibrium. Second, the interaction
is considered sufficiently near the node, i.e., much smaller
than the induction zone length, such that no chemical reac-
tions have occurred and the composition can be considered
frozen but the gas is otherwise in thermal equilibrium.

The Zeldovich, von Neumann, and Doering �ZND�
model is used to quantify the length scales associated with
the inner and outer solutions. The induction length is the
critical length scale that separates the chemical equilibrium
�outer� and frozen �inner� regions. For the mixtures in this
study, corresponding to an ethylene-oxygen detonation at
�=2.5 and 15 kPa initial pressure, the induction length, �
=0.06 mm, and the solution is close to chemical equilibrium
at �equil=0.4 mm. The reaction zone thickness is defined as
the distance behind the incident shock at which the tempera-
ture approaches 1% of its chemical equilibrium value. By
definition, the inner and outer region scales are related to the
reaction zone and equilibrium lengths by

�outer � �equil � � � �inner.

The submillimeter induction zone length indicates that we
will not be able to observe the frozen region in these experi-
ments. No further discussion is given here of this case.

The problem of shock wave refraction can be classified
by the “refractive” index14 at the contact discontinuity, de-
fined by the ratio of the incident wave to the transmitted

wave velocities Ui and Ut, respectively. If Ui�Ut, then
the refraction is considered slow-fast. On the other hand if
Ui�Ut, the refraction is considered fast-slow. If Ui=Ut there
is no refraction. For a given refractive index there are two
types of wave systems: regular and irregular that are sepa-
rated by an interface angle denoted the critical angle. Regular
refraction consists of only waves that are straight and inter-
sect at a single point called the node. Irregular refraction
encompasses all scenarios that are not regular. Typically, ir-
regular refraction exhibits added features such as Mach re-
flections and precursor shock waves. The type of reflected
wave �expansion or shock� depends on the state of the deto-
nation products �region 2, Fig. 4�, the test gas composition,
and the angle ��, Fig. 4� between the detonation wave and
the interface. This is most easily visualized on a pressure
versus deflection plot. If the pressure-deflection locus for re-
gion 2 is situated inside the transmitted shock polar, a re-
flected expansion wave occurs. If the pressure-deflection lo-
cus for region 2 is situated outside the transmitted shock
polar, a reflected shock wave occurs. Calculations with vari-
ous fuel-oxidizer mixtures and test gases were carried out
and determined that both solution types are physically pos-
sible. For example, if a detonation wave propagates from a
lean hydrogen-oxygen mixture into a pure nitrous oxide test
gas, a reflected shock wave will result.

A. Analytical description of equilibrium region

The following analysis considers a detonation wave D,
propagating through a contact surface CS1 that is inclined at
an angle � to the wave propagation direction shown in Fig.
4. The resulting transmitted wave T, reflected expansion and
contact surface CS2 are illustrated for a typical interaction.
The analysis, carried out in the reference frame of the node,
has five uniform regions, labeled 1–5. Region 1 corresponds
to the combustible gas and region 5 to the inert or oxidizing
test gas. These regions contain unprocessed gas still in its
initial state. Traversing the domain counterclockwise, re-
gions 1 and 2 are separated by the detonation wave and re-
gion 2 contains equilibrium detonation products. The gas
from region 2 then expands through the reflected wave,

FIG. 3. A schlieren image of a detonation propagating from left to right
corresponding to Exp. #1903. The sting entering from the top is a remnant
from a previous experiment.

FIG. 4. Detonation refraction configuration and labeling showing states,
particle paths, and wave angles.
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shown as an expansion, and reaches a new state in region 3.
Region 4 contains gas from region 5 that has been processed
by the transmitted shock. Particle paths P1 and P2 illustrate
the trajectory of gas through the system of waves with the
angle 	-� measuring the deflection of P1 across the detona-
tion wave. The angles of the waves are all referenced to the
axis labeled x and measured in the counterclockwise direc-
tion. The initial orientation of the contact surface or interface
is �; the complement of � is the angle between the detona-
tion and contact surface. The angles �1 and �2 denote the
orientations of leading and trailing characteristics of the re-
flected expansion, respectively, while � and 
 define the con-
tact surface deflection and transmitted shock wave angles,
respectively.

The analysis assumes that the detonation is a discontinu-
ity with the state of the products determined by the
Chapman-Jouguet �CJ� detonation theory. The shock waves
are also considered as discontinuities. The thermodynamic
state of a mixture passing from one state to another is deter-
mined by equilibrium chemistry computed with a program
based on the Cantera chemical equilibrium software. Diffu-
sional and viscous effects as well as body forces are omitted
from this study. The program first determines the specific
angle where no reflected wave occurs, i.e., ��, and then im-
poses an expansion wave or shock wave as the reflected
wave. The angle �� at which no reflected wave results is
determined by a separate analysis13 and, for the mixtures in
regions 1 and 5 of interest in this study, occur at �=��

�88°. When ��88°, a reflected expansion results.

1. Geometrical relations

In the reference frame of the node, we consider that the
unreacted mixture in region 1 and inert or oxidizer gas in
region 5 are moving with velocities

w� 1 = − VCJî − VCJ tan � ĵ , �1�

w� 5 = w� 1, �2�

where the detonation velocity is denoted by VCJ. The direc-
tions of the velocities are tangent to the particle paths P1 and
P2, depicted in Fig. 4�a�. The velocity in region 2 is deter-
mined by the post-detonation conditions and is given as

w� 2 = − c2î − VCJ tan � ĵ , �3�

	 = tan−1� c2 tan �

VCJ
� + � , �4�

where w� 2 is the velocity of the detonation products moving at
an angle 	, and c2 is the sound speed in region 2. The ve-
locities w� 3= fn��3−	 ,�� and w� 4= fn�
 ,�� are expressed as
functions of the flow deflection angles �3 and �4, the trans-
mitted shock angle 
, contact surface angle �, and the ther-
modynamic states of regions 2 and 5.

2. Governing equations and matching conditions

The geometric relations in Sec. III A 1 are used in con-
junction with the conservation equations, equation of state,
and matching conditions to uniquely determine the wave
structure and thermodynamic states of the system. To treat
oblique shock waves, the one-dimensional shock jump con-
ditions must be solved iteratively since the enthalpy h of an
equilibrium ideal gas mixture is a nonlinear function of tem-
perature and pressure. The subscripts n and v denote the
velocity components normal and perpendicular to the trans-
mitted shock wave, respectively. The local pressure, density,
and velocity are denoted by p, �, and w, respectively. The
flow deflection angle �E, resulting from the reflected ex-
pansion fan is obtained by integrating

FIG. 5. Graphical solution of an ethylene-oxygen deto-
nation with equivalence ratio of 2.5 propagating into
oxygen with contact surface �=20 and initial tempera-
ture and pressure of 295 K and 15 kPa, respectively. �a�
Pressure vs flow deflection. �b� Polar plot indicating the
wave structure.

FIG. 6. Normalized pressure vs flow deflection plot showing the locus of
solutions to regions 3 and 4 for �= �0,90�. Region 1: Ethylene-oxygen with
�=1, 2, 2.5, 3. Region 2: Molecular oxygen. The initial pressure and tem-
perature are 15 kPa and 295 K, respectively.
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dE =
�Ma2 − 1

1 + �� − 1�Ma2

dMa

Ma
, �5�

where � is the fundamental gas derivative and Ma is the
Mach number. � is defined as15

� 	
c4

2v3� �2v
�P2�

s

=
1

c
� ���c�

��
�

s

�6�

with subscript s denoting a path with constant entropy. To
evaluate �6� at a given state a script was written that calcu-
lated the finite difference approximation to the derivative by
perturbing the initial density by 0.1% and then equilibrating
with constant entropy and density to determine the new state.
For a perfect gas, the fundamental gas derivative reduces to
�= ��+1� /2.

Pressure and flow deflection must match at the interface
between regions 3 and 4, a requirement that closes the
problem.15 This sets up a system of nonlinear algebraic equa-
tions

�3��E,�,S1� = �4�
,�,S5� , �7�

P3��E,�,S1� = P4�
,�,S5� , �8�

relating the transmitted shock angle and the flow deflection
through the reflected expansion fan. The flow deflection
angle between region 2 and region 3 is defined as �E	�3

−	, and S1 and S5 refer to the thermodynamic states in these
regions. Figure 5�a� is the shock polar graphical solution for
a contact surface angle �=20°. The mixture in region 1 is
ethylene-oxygen with equivalence ratio of 2.5 and in region
5 is molecular oxygen. The initial temperature and pressure
of regions 1 and 5 are 295 K and 15 kPa, respectively. The
thermodynamic state of region 2 is determined by the CJ
detonation solution. If we considered the possibility of over-
driven detonations, there would exist a locus of end states for
region 2 on the pressure flow deflection plane;9 however, this
is not shown in Fig. 5�a�. The corresponding wave structure
is shown in Fig. 5�b� on a polar plot to highlight the wave
angles. The expansion fan is bounded by the two Mach
waves, �1 and �2, of regions 2 and 3, respectively. The de-
flected contact surface CS� separating regions 3 and 4 has a
calculated flow deflection angle of 225°.

For a given �, there is a unique geometrical wave solu-
tion with a specified �i and Pi with subscript i denoting re-
gion 3 or 4. Figure 6 plots the pressure Pi normalized by the
pressure in region 1 versus flow deflection angle �i for angles
of 0���90. The lines refer to solutions with ethylene-
oxygen mixtures with equivalence ratios of 1, 2, 2.5, and 3.
The initial temperature and pressure for regions 1 and 5 are
295 K and 15 kPa, respectively. Molecular oxygen is the gas
that comprises region 5.

TABLE I. Table of transmitted shock angle �, angle �exp, and transmitted-shock-TMZ angle �gap with
ethylene-oxygen mixtures, with equivalence ratio �, and oxygen, nitrogen, or nitrous oxide as the test gas.
Subscript “exp” denotes an experimental measurement.

Shot # � Test gas �exp � �exp �exp �gap

1906 2.5 N2 44 72.1 69 4.5 6

1907 2.5 N2 41 70.4 67 6.5 3.5

1912 2.5 O2 45 71.4 67 6 6

1914 2.5 O2 43 70.2 63 6 3

1915 2.5 O2 44 70.8 67 4 5

1916 2.5 N2O 44 67.1 62 5 3

1917 2.5 N2O 44 67.1 65 5 2

1919 1 N2O 45 68.3 65 6.2 2

1920 1 N2O 44 67.7 65 6 3

1921 1 N2O 44 67.7 65 8.5 2

1922 2.5 N2 45 72.7 70 7 7

1923 1 O2 45 72.1 65 4.8 5

1925 1 O2 44 71.6 67 4 5

1926 1 O2 45 72.1 5.5

1927 1 O2 45 72.1 67 4.5 6

FIG. 7. A sequence of schlieren images showing the
interaction between a detonation and an interface. The
interface is at 45° with ethylene-oxygen ��=2.5� on the
left side and nitrogen on the right side of the interface.
The timing of the images with respect to P2 is �a� 0 �s,
�b� 8 �s, and �c� 27 �s.
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For the limiting case when �=0°, the solution is identi-
cal to the case studied by Dabora.7 The detonation products
in the node fixed frame travel at the speed of sound of the
burned products causing the angle of the expansion fan head
to coincide with the detonation wave. In the limit of �
=90°, the interface becomes parallel to the detonation wave.
Although this is a nonphysical solution, the result indicates
that the detonation wave never reaches the contact surface
and continuously propagates in the combustible mixture. The
deflection angle approaches 270° as the inflow velocity goes
to infinity, which compacts the reflected and transmitted
waves together.

The detonation refraction analysis will be compared to
the experimentally observed refraction angles. In addition,
this analysis will serve as a starting point to examine the
growth of the turbulent mixing zone at the deflected contact
surface CS�. Specifically, the thermodynamic states and ve-
locities in regions 3 and 4 can be used to estimate shear layer
growth �Sec. IV B�.

IV. DETONATION REFRACTION EXPERIMENTS

The key features in the detonation refraction experi-
ments are shown in Fig. 1. The schlieren image shows a
detonation propagating from left to right in a �=2.5
ethylene-oxygen mixture through a nitro-cellulose membrane
interface mounted on a wood frame into nitrogen. The mem-
brane was glued onto the right-facing surface as viewed in all
the figures showing the detonation-interface interaction. A
transmitted shock wave and a turbulent mixing zone result
from this interaction. There is also a reflected shock wave
that originates from the wood frame. Detonation refraction
theory predicts a weak reflected expansion for this interface-
detonation configuration. One additional flow feature is a
small Mach stem located along the top wall at the end of the
transmitted wave. Small particles are visible around the
TMZ; these are remnants of the membrane.

The experiment is sufficiently repeatable so that it is
possible to construct a time sequence with the schlieren im-
ages. Figure 7 shows three images corresponding to experi-
ments #1907, #1922, and #1906. These experiments use a
�=2.5 ethylene-oxygen combustible mixture and nitrogen as
the test gas. The varying image capture times relative to
image �a� are �b� 8 �s, and �c� 27 �s. It is observed that as
the detonation moves from left to right the node, or point of
origin of the transmitted shock, and TMZ moves progres-
sively down the interface. The difference in frame size in
Fig. 7 is due to frames �a� and �c� being constructed using
9 mm thick wood strips versus frame �b�, which used 3 mm

thick wood strips. Additionally strips of tape were placed
along the edges of the frame to seal any gaps that might exist
between the frame and the test section walls.

In the present study, the ethylene-oxygen equivalence
ratio and test gas mixture were varied. The results are quan-
tified by measuring the angles of the transmitted shock wave,
shear layer, and the gap between the two of them �Fig. 1�.

The angles of the various features are measured and
compared with the detonation refraction theory. The geom-
etry of the detonation refraction waves in Sec. III is the mir-
ror image of the experiment reflected along the horizontal
axis, and is related by subtracting 180° from the computed
angles. A typical example is shown in Fig. 7�a�. The interface
angle is measured to be 42.5° from the horizontal and the
detonation wave is perpendicular to the horizontal axis and
the transmitted shock wave is measured to be at an angle of
67°±1°. For this experiment, the detonation refraction theory
predicts a transmitted wave angle of 70.4°. The resulting
difference between experiment and theory is 6%. Theory pre-
dicts that the contact surface angle should be 66°; however it
does not factor in the growth of the mixing zone. In this
experiment the TMZ is bounded between 60° and 64°.

The measured transmitted shock angles reported in Table
I are systematically lower than the predicted values by an
average value of 4°. A list of possible errors are shown in
Table II. The magnitudes of the uncertainties, measured in
degrees are reported if estimated. The largest source of error
results from a nonplanar detonation wave a product of the
gas filling procedure used to sweep out the test gas. Other
sources of error are from the warped wood frame and mea-
suring the angles. The assumption that the deflected interface
is treated as a contact surface and does not result in a shear
layer also contributes to the error. The mixing-layers’ dis-
placement thickness was shown to be a function of heat

FIG. 8. A set of schlieren images showing Mach stems
for different test gases. The interface is at 45° with
ethylene-oxygen ��=2.5� on the left side and �a� nitro-
gen �Exp. #1922�, �b� oxygen �Exp. #1915�, and �c�
nitrous oxide �Exp. #1916� on the right side of the
interface.

TABLE II. Possible sources of error addressing the discrepancy between the
measured and predicted transmitted shock angle.

Source of error Uncertainty

Nonplanar detonation wave ±4°

Measurement error ±1°

Warped wood frame ±2°

Nonideal contact surface ±2°

Schlieren light beam off axis �0.1°

Schlieren stigmatism negligible

Curved transmitted shock wave

Membrane fragments
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release,16 which modifies the matching conditions and thus
the wave structure.

One important observation is that in the region close to
the node where the transmitted shock and TMZ coalesce, the
wave curves and tends to a smaller angle �. This is observed
in Figs. 7�a� and 7�b� where the detonation, TMZ, interface,
and transmitted shock do not all meet at one point. Instead
there is the intersection between the transmitted shock, TMZ,
and frame and an intersection between the frame and deto-
nation. The diaphragm or complex detonation-interface inter-
action in the vicinity of the nitro-cellulose membrane might
be in part responsible for this behavior.

The formation of the Mach stem and growth of the tur-
bulent mixing zone are two features that are explored in
Secs. IV A and IV B, respectively. The shear layer is char-
acterized by the growth rate �model, which is related to the
local shear layer thickness �G�x� by

�model = tan−1��G�x�
x

� .

The measured values �exp are listed in Table I along with the
gap angles �gap.

A. Mach reflection

The Mach stem was observed to depend on the type of
test gas. Figure 8 shows three Mach stems with �a� nitrogen,
�b� oxygen, and �c� nitrous oxide. The overall size and thick-
ness increases from image �a� to �c�. The role of the test gas
on Mach stem formation is investigated to determine what
role if any, secondary combustion in the TMZ plays in ef-
fecting the Mach stem size.

The condition for the onset of Mach reflection17 is cal-
culated for the gas moving from state 2 to state 3 �Fig. 9�. It
is necessary to carry out the analysis in a convective frame of
reference coinciding with the point of intersection between
the incident shock wave and the wall of the regular reflec-
tion. The incident shock Mach number and angle � are speci-
fied from the experimental conditions and determine the fluid
state 2 that is deflected toward the solid boundary. This
analysis calculates the maximum angle the flow can turn
from state 2 to state 3 with a reflected shock wave. If the
angle is less than the incident deflection angle then Mach
reflection results. In the case of a perfect gas the oblique
shock equation

tan  = 2 cot �
Ma2 sin2 � − 1

Ma2�� + cos 2�� + 2
, �9�

which relates the flow turning angle , to the incident Mach
number Ma, and the oblique shock angle �, is maximized at
fixed Mach number. The critical value of � is calculated for
a given value Ma, which is then substituted into Eq. �9� to
result in a maximum flow deflection angle �max. Table III
lists the flow deflections after the incident oblique shock and
the maximum turning angle possible using a reflected shock.
In all cases, the Mach number Ma2 of the fluid after the
incident shock is too small to generate the reflected shock
needed to turn the parallel to the wall. Therefore, the regular
solution is not possible and corroborates the appearance of a
Mach stem. In some cases the post-incident-shock Mach
number is less than 1a, which guarantees that a reflected
shock cannot occur and therefore there is no value for �mx.
The convective velocity at the intersection of the incident
shock and the top wall is determined using the geometrical
construction shown in Fig. 10. The detonation-shock-
interface structure is compared in two positions to determine
the relationship between the detonation velocity and oblique
shock velocity

U = VCJ�1 −
tan �

tan �
� . �10�

An oblique shock pressure-deflection graph is shown in
Fig. 11�a� based on the regular reflection configuration �Fig.
9�. The incident flow velocity is fixed at U=1399 m/s as
determined by Eq. �10� for the case of �=45° and �=65°

FIG. 9. A sketch of regular and Mach reflection with states 1, 2, and 3 and
the incident �S� and reflected shocks �RS� labeled. The flow behind the
Mach stem �MS� is subsonic with a slip line �SL� separating states 3 and 4.

TABLE III. Table of flow deflection angle from state 1 to state 2 �� and
maximum flow deflection angle from state 2 to state 3 �max� resulting from
a regular reflection with Ma2 referring to the Mach number in state 2.

Test gas � �  max �exp Ma2

N2O 2.5 45 49.3 7.45 65 1.30

N2O 1 45 47.5 5.53 65 1.24

N2 2.5 42 41.5 0.25 66 1.03

N2 1 45 38.2 66 0.98

O2 2.5 45 41.7 1.05 65 1.08

O2 1 45 39.5 0.43 65 1.04

FIG. 10. A schematic of the detonation-interface interaction at two instants
in time. The detonation and transmitted shock �1�, and the fully emerged
transmitted shock �2� are used to determine the shock velocity U. The in-
terface angle and shock angle are denoted by � and �, respectively.
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using nitrous oxide corresponding to the experimental con-
ditions of shot #1916. The reflected shock �R� solution is
also plotted. Graphically the reflected shock polar must cross
the vertical axis for a regular reflection to occur. As this is
not the case, a Mach stem forms to produce post-shock states
over the range SMa occupying the region between the vertical
axis and the intersection point between the reflected and in-
cident shock polars.17

It is also interesting to plot the nonstandard shock polar
obtained when the inflow velocity U is constrained by the
angle � in Eq. �10�. In this configuration, the locus of solu-
tions for the incident pressure-deflection map is solely a
function of � since detonation refraction theory determines
the value of � as a function of �. The shock polar shows the
possible states of the experiment. The reflected shock polar is
determined the same way as in Fig. 11�a�, by fixing the Mach
number in state 2 and varying the shock angle �.

The Mach reflection discussion to this point has consid-
ered the composition to be frozen. Including the effect of
dissociation and chemical reaction has been shown18 to ei-
ther enhance or weaken the turning potential of the oblique
shock. Generally, endothermic reactions result in larger flow
deflection angles, while exothermic reactions result in
smaller flow deflection angles. Of the test gases used in this
study, oxygen and nitrogen are endothermic while nitrous
oxide is exothermic.13

For the shock Mach numbers dealt with in this study
�Ma�9� both oxygen and nitrogen are treated using frozen
composition. Equilibrium analysis using of the decomposi-
tion of nitrogen and oxygen behind shock waves indicated
that for shock Mach numbers below nine, less than 5% of
molecular oxygen or nitrogen dissociates. However, nitrous
oxide readily decomposes exothermically at these conditions.

Detailed chemical reaction calculations are carried out to
resolve the decomposition of nitrous oxide behind the shock
wave. The calculations were carried out using Cantera solv-
ing the same equations used to determine the ZND solution
with the difference that the incident shock velocity is im-
posed instead of the CJ condition. Equilibrium is reached as
t→� when the flow conditions reach a steady value. Practi-
cally the time limit of the calculation was set to 1000 s. The
calculations used the GRI3.0 reaction mechanism validated
for use in nitrous oxide detonations. The distance �or time�
behind the shock at which equilibrium is reached decreases
with increasing Mach number, a consequence of the Arrhen-

ius dependent kinetics. To determine when equilibrium and
frozen chemistry simplifications are valid it is important to
compare the residence time of a convected fluid particle �r to
the reaction time scale, defined as the time to attain 90% of
the peak thermicity. The comparison is made in Fig. 12,
where the reaction time is plotted as a function of Mach
number for the exothermic decomposition of nitrous
oxide. The fluid residence time scale was calculated to be
�r�62 �s based on the detonation traveling 152.4 mm, the
length of the wood frame. For the equilibrium regime it is
necessary that the reaction time be much less than the con-
vective time. In this study two orders of magnitude are im-
posed to separate the frozen from the equilibrium regions.
These regions are shown as bounded by the lines �fr and �eq

in Fig. 12. The Mach numbers corresponding to the frozen
and equilibrium boundaries are Ma=6 and Ma=8, respec-
tively. Between these two bounds, the transient behavior de-
pends on the details of the chemical reaction process.

For Mach numbers greater than eight the decomposition
of nitrous oxide occurs sufficiently fast compared to the mo-
tion of the fluid through the field of view such that the de-
composition region can be considered thin compared to the
other length scales in the experiment.

Ultimately, the point of the equilibrium calculations is to
show what effect they have on the flow deflection and thus
the presence of a Mach stem. The goal is to resolve the
observable differences in Mach stem size between the nitrous
oxide and oxygen or nitrogen schlieren images �Fig. 8�. Fig-
ure 13 presents two pressure-deflection plots that compare
frozen chemistry with equilibrium chemistry using nitrous

FIG. 11. Oblique shock polar normalized pressure
P / P1 as a function of flow deflection angle  for inci-
dent �I� and reflected �R� waves in nitrous oxide. �a�
The inflow velocity U=1399 m/s, and �b� the inflow
velocity U is determined by Eq. �10� and is a function
of �.

FIG. 12. The chemical dissociation reaction time of nitrous oxide as a
function of Mach number Ma. The particle residence time �r, equilibrium
time threshold �eq, and frozen threshold �fr, are shown.
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oxide as the test gas. In Fig. 13�a�, the incident velocity is
U=2622 m/s, which corresponds to the detonation velocity
of a �=2.5 ethylene-oxygen mixture. The shock angle is
varied from �=sin−1�c1 /U� to �=90°. The equilibrium curve
shows that at small shock angles, the reaction time is large,
resulting in a frozen composition. As the angle � increases,
the nitrous oxide dissociates, denoted by the arrow from the
frozen curve to the equilibrium curve. One important obser-
vation is that the equilibrium pressure-deflection curve lies
inside the frozen curve. This is opposite to what occurs in
endothermic dissociation with oxygen or nitrogen.6 Figure
13�b� is a pressure deflection curve calculated by varying the
interface angle �, thus fixing the shock angle � and the in-
cident inflow Mach number using the detonation-refraction
analysis and Eq. �10�, respectively.

When the contact surface angle �=45°, the post-shock
solution is shown to lie on the frozen pressure deflection
curve since the transmitted shock �Man=3.9� has a decom-
position reaction time larger than �fr. This is consistent with
the images obtained from experiments #1916, 1917, and
1921, where immediately behind the dark line corresponding
to the transmitted shock there is a light section that ends at
the leading edge of the darkly shaded turbulent mixing zone.
The Mach stem in the case with a nitrous oxide test gas �Fig.
8�c�� is slightly curved and is measured to move at a mean
velocity of VCJ=2622 m/s. At this velocity, the post-shock
state behind the Mach stem is most accurately represented
using equilibrium chemistry. Experimentally the Mach stems
are thick dark lines, possibly indicating the decomposition of
nitrous oxide. The exothermicity of the nitrous oxide en-
hances the role of the Mach stem because it increases the
normal component of the post-shock velocity and therefore
reduces the maximum flow deflection angle shown in Fig.
13�a�. The CJ detonation velocity was calculated to be
VCJ=1691 m/s for nitrous oxide decomposition. Thus the
Mach stem velocity corresponds to a nitrous oxide detona-
tion that is overdriven by a factor of 1.55.

B. Shear layer growth

The turbulent mixing zone visible in sharp interface ex-
periments �Fig. 1� forms as a result of a mismatch in flow
velocity at the post-detonation contact surface CS�. Under-
standing the growth, entrainment of fluid, and subsequent
mixing is essential in assessing the TMZ impact on the over-

all flow structure and the extent to which secondary combus-
tion occurs. A vast amount of research has been carried out
in the field of turbulent shear layers,19,20 which is used to
guide the following discussion. The analysis in this section
estimates the growth angle of the shear layer and the entrain-
ment that results from both free streams. In order to make
use of the existing theories and models it is essential to char-
acterize the key parameters involved in shear layer forma-
tion.

1. Shear layer classification

Shear layer entrainment and growth is highly dependent
on the free stream flow conditions and free stream thermo-
dynamic states. The Reynolds number defined as

Re =
�G�U

�
�11�

plays an important role in classifying the type of mixing and
growth that results. �G, �U, and � represent the local shear
layer thickness, the difference in velocity of the two streams,
and the kinematic viscosity, respectively. Re�104 corre-
sponds to the critical Reynolds number above which a tran-
sition to intense molecular mixing occurs in the shear
layer.21,22 The transition to a turbulent mixing layer results in
visibly different shear layer behavior. The value of Re for the
current experimental data was calculated over the length of
the shear layer and found to be equal to the transition Re for
shear layer thicknesses, �G�1−2 mm. Practically, this
means that the shear layers are always turbulent and involve
intense molecular mixing. Calculations of the Schmidt num-
ber yield Sc�1 over the range of parameters in the sharp
interface experiments. It is convenient to analyze the shear
layer in a reference frame convecting with velocity Uc that is
in the range

U2 � Uc � U1, �12�

where U1 and U2 are the velocities of the fast and slow
streams, respectively, shown in Fig. 1. The value of Uc for
incompressible flow is determined19 to be

FIG. 13. Oblique shock normalized pressure P / P1 as a
function of flow deflection angle  plotted for nitrous
oxide with equilibrium and frozen composition. �a�
Varying shock angle � with U=VCJ. �b� Varying shock
angle �, with U obtained by Eq. �10�.
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Uc

U1
�

1 + r�s

1 + �s
�13�

using the continuity and momentum equations under the con-
dition that the pressures on either side of the shear layer are
equal. The parameters r=U2 /U1 and s=�2 /�1 relate the ve-
locity and density of the top and bottom streams. In the cur-
rent experiments the velocities U1 and U2 are obtained using
the detonation refraction analysis. U1 corresponds to the ve-
locity of the partially oxidized detonation products, and U2 is
the velocity of the shocked test gas. The velocities w� 3, w� 4,
and w� 1 and the contact surface deflection angle � in the node-
fixed reference frame are used to specify

U1 = 
w� 3
 − 
w� 1
cos�� − � − �� , �14�

U2 = 
w� 4
 − 
w� 1
cos�� − � − �� . �15�

It is convenient to define convective Mach numbers,

Mac1 =
U1 − Uc

c1
,

Mac2 =
Uc − U2

c2
,

to gauge the compressibility of the two streams. Here, Mac1

and Mac2 correspond to U1 and U2, respectively, and c1 and
c2 are the local sound speeds of each stream. It was
observed23 that the growth rate of a shear layer decreases
with increasing free stream Mach number. The influence of
compressibility appears to be minimal with the largest con-
vective Mach numbers found in the nitrous oxide mixtures
on the order of Mac=0.18. The convective flow is considered
subsonic in all cases.

The shear layer thickness �G, scales with the coordinate
x, defined as the downstream distance measured from the
point of first contact of the two streams �Fig. 1�. The growth
rate of the shear layer, i.e., �G /x, can be expressed19 as a
function of the density ratio and velocity ratio to be

�G

x
�r,s� � C�

�1 − r��1 + �s�
2�1 + r�s�

�1 −
�1 − �s�/�1 + �s�

1 + 2.9�1 + r�/�1 − r�
� ,

�16�

for shear layers where the convective Mach number of both
streams, Mac�0. The constant C� was determined23 to lie
between the values

0.25 � C� � 0.45. �17�

The range in C� is attributed to the role that the initial flow
conditions play on the shear layer growth.19

The growth rates are corrected for compressibility24 by
the functional relationship

� �G

x
�

Mac1

� �G

x
�

Mac1�0

= �1 − f��e−3Mac1
2

+ f�. �18�

Equation �18� relates the ratio of the compressible shear
layer with convective Mach number Mac1 to the growth rate
of an equivalent system with Mac1�0 as a function of Mac1.
The asymptotic value of the constant was determined to be
f�=0.2.

It is now a question of relating the computed values to
those measured in the experiments. The difficulty lies in
choosing the appropriate value of the coefficient C�. The
shear layer growth angle �exp, is measured for each experi-
ment and reported in Table I. Each measurement has an un-
certainty of 1°. The angle �gap is listed and defined as the
angle between the transmitted shock and the leading edge of
the TMZ �Fig. 1�.

The experimentally measured growth angle �exp is plot-
ted as a function of density ratio s in Fig. 14, with data
corresponding to the experiments listed in Table I. For com-
parison the predicted growth rate angle is shown by the solid
line with C�=0.35. Upper and lower bounds of the calcula-
tion are included in the figure to illustrate the range of pos-
sible values by varying C� from 0.25 �lower curve� to 0.45
�upper curve�. The experiment and theory are consistent for
low density ratios where either nitrogen or oxygen was used
as the test gas. The experimental results for large density
ratio are lower than the predicted growth angle.

The dependence of C� on initial conditions adds com-
plexity when trying to estimate the growth rate. A methodol-
ogy was developed25 to calculate C� using the ratio of the
experimental growth rate to the compressibility-corrected
growth rate normalized by the unknown coefficient C�, with
results shown in Table IV. As shown, C� ranges over the
previously observed values 0.25�C��0.45 depending on
the initial conditions.

The volumetric entrainment ratio Ev relates the entrain-
ment of high-speed fluid to the low-speed fluid. It was

FIG. 14. The experimental and calculated Eq. �16� growth angle plotted as
a function of density ratio.
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observed21 that the two streams do not contribute equally to
the shear layer, and a model was proposed26 for the entrain-
ment ratio,

Ev =
U1 − Uc

Uc − U2
�1 + Cl

1 − r

1 + r
� . �19�

The value of coefficient Cl is approximately equal to 0.68.
Table IV gives the entrainment ratio values computed using
Eq. �19� and corrected for compressibility27 over the range of
initial conditions that are important when considering com-
bustion and subsequent energy release in the shear layer. The
entrainment ratio of the partially oxidized detonation prod-
ucts and test gas in the shear layer is around 2–2.5.

The effect of chemical reactions inside the shear layer
has been shown16 to decrease the growth rate and conse-
quently, the volumetric entrainment, linearly as a function of
the heat release. This is because the expansion due to the
heat release reduces the entrainment requirements of the
shear layer. Experiments with different equivalence ratios
�Table I� were carried out, and it was found that the shear
layer growth angle decreases when nitrous oxide is used as
the test gas while the growth angle does not change for oxy-
gen as the test gas.

The Damköhler number

Da 	
�m

�i
�20�

is the ratio of the mixing time scale �m to the chemical time
scale �i. The chemical reaction time scale, calculated using
the homogeneous mixing ignition time, is on the order of
1 �s for partially oxidized combustion products mixed with
oxygen or nitrous oxide. The calculations are carried out
with �=45°, which is consistent with the experiments. �m is
estimated using the ratio of the downstream distance x, and
the convective entrainment velocity Uc−U2. The mixing
time is on the order of 1 ms using the half-height of the GDT
as a value for x, which results in Da�1000. The high
Damköhler number for the conditions in the experiments in-
dicates that the chemical reaction rate is much faster than the
mixing rate meaning that the “fast” chemistry limit is rel-
evant in most cases. This means that as soon as fluid from
the two streams are molecularly mixed, the chemical reac-
tions proceed to form products determined by the local
equivalence ratio. The limit of fast chemistry results in

�p��m, where �p is the thickness of the region where chemi-
cal reactions have reached completion. Since �p depends on
the local equivalence ratio, a function of position in the shear
layer, the total region where chemical reactions have reached
completion will always be less than �m. For gas phase
flows19 with Re�104, results in the ratio

�m

�G
= 0.49. �21�

The ramification of Eq. �21� is that only half of the visible
turbulent shear layer is mixed on a molecular level which
can then react to form products based on the local mixture
composition.

V. SUMMARY

Detonation refraction experiments were carried out that
used a nitro-cellulose membrane to separate an ethylene-
oxygen mixture from either oxygen, nitrogen, or nitrous ox-
ide. The experimentally measured wave angles were found to
be consistently a couple of degrees less than the prediction of
the detonation refraction analysis. The choice of combustible
mixture allowed for secondary combustion to occur in the
TMZ. Mixture equivalence ratios of 1 and 2.5 were tested
and determined to have minimal impact on the wave features
observed.

A Mach stem formed in all experiments because the
transmitted oblique shocked fluid could not be deflected back
tangent to the wall with a reflected shock wave. The en-
hanced Mach stem when nitrous oxide was used as the test
gas is attributed to the exothermic decomposition that occurs
behind the normal shock that is visible in the experimental
images as a thick dark Mach stem compared to cases with
oxygen and nitrogen. Both oxygen and nitrogen are endot-
hermic, and within the time scales of this analysis the com-
position of the test gas remains frozen.

Analysis of the shear layer growth, mixing, and ignition
process revealed that the combustion rate is limited by the
rate of molecular mixing. In addition, the thickness of the
mixing region is estimated to be only half the visible thick-
ness of the turbulent shear layer. The experimentally mea-
sured shear layer growth angles were found to agree with the
calculated values within the range of accepted values of the

TABLE IV. Table comparing the calculated and experimentally averaged growth angles �model and �exp for
ethylene-oxygen mixtures, with equivalence ratio �, and oxygen, nitrogen, or nitrous oxide as the test gas. The
convective Mach numbers, velocity ratio, density ratio, and entrainment ratio, Ev, are listed.

Test gas � r s Mac1 Mac2 Uc �m/s� �model �exp Ev C�

O2 2.5 0.45 3.67 0.13 0.04 183.3 6.6 5.3 2.3 0.28

N2 2.5 0.60 3.28 0.08 0.02 178.9 4.7 6.0 2.1 0.45

N2O 2.5 0.21 6.15 0.36 0.06 161.4 9.3 5.0 3.0 0.19

O2 1.0 0.50 3.40 0.11 0.03 166.7 5.9 4.7 2.2 0.28

N2 1.0 0.66 3.04 0.06 0.02 163.1 3.8 2.0

N2O 1.0 0.23 5.65 0.32 0.06 147.1 9.0 6.9 2.9 0.27
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constant C�. Although the role of the shear layer in the deto-
nation refraction analysis has not been formally addressed in
this study, it is anticipated that the matching conditions at the
contact surface would need to include the entrainment re-
quirements of the shear layer.
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