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Abstract. The reflection of detonation waves from slight obstacles, which hardly disturb the wave propa-
gation, is observed by time-resolved schlieren photography. The following stoichiometric mixtures are used:
pure and argon-diluted hydrogen-oxygen, hydrogen-air, acetylene-oxygen, and acetylene-air. Initial pres-
sures are varied such that cell widths range from 1.4 up to 108 mm, which is twice the side length of the
square cross-section of the tube. The trajectories of the incident and the reflected waves in the z, t-plane
are used to determine lower limit values for the wave thickness. The considerable influences of the obstacle
shape and of the evaluation method on the results are discussed in detail, and error sources are analyzed.
The method has been improved since a previous publication by the authors. The ratio of the lower limit
values to the cell width spreads from 0.4 to 0.8 in the medium cell size range. It decreases with increasing
marginality and seems to increase at small scale. A unique correlation between the lower limit value and the
tube diameter, both referred to the cell size, that was proposed earlier in the literature has to be refused.
The velocities of the reflected waves are presented as additional information on the post-detonation wave
state. The sonic transition is discussed theoretically, enhancing the stream tube model, and practically,

based on detailed observations for marginal detonations.
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1 Introduction

The detonation wave thickness has been used by Fay
(1959) to explain the deficit of the wave velocity — in
respect to the Chapman-Jouguet value — that appears,
when a self-sustained wave propagates in a stable way in
a small tube. This deficit was found to be proportional to
the stream tube area increase! within the finite thickness
of the wave. Applying a turbulent boundary layer model,
Fay found that the deficit depends on the wave thickness
to a power of 0.8. As experimentally obtained values of
the wave thickness differ enormously — ranging from 0.2
up to 10 times the detonation cell width A (Dabora et al.
1965; Vasiliev et al. 1972a and b; Edwards et al. 1976; We-
ber et al. 2001a), more precise data are essential for the
detailed understanding of velocity deficit and failure.
First of all the wave thickness has to be defined. In
the classical Chapman-Jouguet model the wave is a dis-
continuity. If the wave is self-sustained, it is followed by
an expansion wave and the C-J condition for stability
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! Viewing the wave in the steady shock fixed co-ordinate
system, the flow acceleration in the wall boundary layer leads
to a negative flow displacement, that causes an area increase
in the core flow.

is, that the post-wave gas velocity in shock fixed co-
ordinates equals the equilibrium speed of sound. In the
one-dimensional Zeldovich-von Neumann-Doéring model
the post shock velocity is subsonic at first and then accel-
erates according to the energy release to the final (sonic)
state. In the final stages of the combustion the equilibrium
is approached exponentially, but one might define a prac-
tical thickness similarly to the edge of a boundary layer. In
Fay’s quasi one-dimensional stream tube model the wave
thickness is determined by the location where the decaying
rate of energy release locally just compensates the effect
of the stream tube area increase such as to allow a steady
sonic transition. This can be expressed mathematically by
use of the velocity area relation for reacting flow (1), whose
RHS has to become zero for My = 1.

du % Ahfda
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Herein ¢, f, AR and « are the chemically frozen heat
capacity, the heat of reaction, and a reaction progress pa-
rameter respectively. The relation is obtained by use of
the conservation equations, the caloric and the thermal
equation of state, all in their differential forms, and a def-
inition of the reaction progress parameter by its effect on
the enthalpy:
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where the heat of the reactants h,. and the heat of reac-
tion, that is negative, are evaluated at the reference tem-
perature Ty and ¢y ¢ is evaluated in the C-J state. The
reference sound speed for the Mach number is the one for
frozen chemistry, which was not mentioned explicitly by
Fay.
2 _ R

ay = (vp = Veps T =5 .
He determined the sonic locus by use of a simple exponen-
tial relaxation law for c. The result depends largely on this
law and on the boundary layer model. In his deficit model,
Fay neglected then the small fraction of energy that is re-
leased downstream of the sonic transition.

Today it is generally agreed that the C-J condition
is based on the equilibrium sound speed (e.g. Williams
1985). The corresponding velocity area relation (2) can
be obtained by use of a non-equilibrium parameter § in
the differential enthalpy expression, that decays from its
initial value evaluated at the von Neumann temperature
down to its equilibrium value, that is zero.
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The equilibrium enthalpy h. is determined at the local
temperature and at a reference pressure, e.g. poy. The
effect of the pressure variation during the reaction on the
enthalpy is of second order only, similar to the effects of
temperature and composition on ¢, and R.

The parameters o and 3 approach their equilibrium
values with similar relaxation laws and lengths. The equi-
librium Mach number becomes equal to 1 before the frozen
one, and limits the subsonic flow field, that is stationary
within this model.

The cellular structure of real detonation waves now
implies several problems: The minor, experimental one is
related to the determination of the average position of
the wavy leading shock front. This problem is treated in
Sect. 4. The more complex one is the definition and the
determination of the rearward surface of the wave. A con-
siderable fraction of the chemical energy is first converted
into hydrodynamic energy (transverse waves, longitudi-
nal pressure waves and turbulence), or its release is de-
layed (unburned pockets) before it is finally transferred
into enthalpy and longitudinal velocity. As this process is
much slower than the approach to chemical equilibrium,
it is considered as improper to define the rearward wave
surface by the latter process. Soloukhin (1969) suggested
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instead to consider the “hydrodynamic thickness” — with-
out exactly defining it. The dissipation process, i.e. the
conversion of hydrodynamic energy, represents a similar
problem as the approach to chemical equilibrium in the
one-dimensional models: It is strong close to the front, but
then it becomes weaker quasi-exponentially without reach-
ing a well defined end; transverse waves for example can
remain visible for a considerable time (e.g. Edwards et al.
1966, or Fig. 16). But, as for the one-dimensional models,
the flow behind the real wave will undergo definitely some
kind of sonic transition — provided the wave is stable and
self-sustained, and the velocity deficit is not excessive. So,
there must be a plane moving in a definite distance x5 be-
hind the mean front path where the average values of the
longitudinal velocity component (in the shock frame) and
of the sound speed coincide — taking the averages in time
and over the cross-section of the core flow. This plane may
be called shock-frame sonic plane (ss) and it determines
the wave thickness. In analogy to Fay’s model it should be
located where the decaying average of the energy transfor-
mation correspondingly matches the effect of the average
area increase. In the authors’ opinion the expression “sonic
plane” (as just defined) should be distinguished from the
expression “sonic surface”, which may refer to the instan-
taneous set of sonic points. To our knowledge this distinc-
tion has not been made so clearly yet. The fluctuating
sonic surface can be curved and even discontinuous due
to the action of transverse waves or longitudinal pressure
waves, and these attributes are pronounced at initial con-
ditions close to the limit of propagation. The mean loca-
tion of the sonic surface does not have to coincide precisely
with that of the sonic plane.

Furthermore it is suggested, that in an improved quasi-
one-dimensional flow model, the enthalpy should contain
not only thermal and chemical energy, but also the hydro-
dynamic energy from transverse waves and turbulence, so
that the equation dh = —udu of the simple, quasi one-
dimensional model is still applicable. Then « and (3 respec-
tively describe the whole process of energy transformation
— not just the chemical reaction.

It has been a subject of discussion, whether the strong
fluctuations in marginal regimes would allow a penetration
of disturbances through the sonic plane in the upstream
direction. To approach this question, one may consider
a very strong fluctuation that may change the instanta-
neous shock frame flow velocity in an arbitrary point of
the sonic-plane periodically between 0.9 and 1.1 times the
mean sound speed, and the instantaneous sound speed
vice versa, both being average values for the subsonic and
the supersonic period of time respectively, so that the flow
Mach number switches between 0.82 and 1.22 correspond-
ingly. The characteristic time of the fluctuation A/as is
determined by the mean distance of the dominant trans-
verse waves A, that cause or accompany the most impor-
tant flow phenomena and that move at a velocity of about
ass- A small disturbance may propagate upstream start-
ing at the sonic plane, when half of the subsonic period
has passed (Fig. 1). It will move with a net Mach num-
ber of 0.18 for the second half of it and cover a distance
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Fig. 1. Path of a disturbance generated in the sonic plane at
t = 0 watched in a shock-fixed frame at given velocity changes,
b=(1.1-0.9)ass\/(4ass) = 0.05\

b =0.05 A, before it will be pushed back behind the sonic
plane to the same amount in the supersonic period. As
the wave thickness is definitely very much larger than b, it
is unlikely that the disturbance will have any influence on
the front. As well it is unlikely that it “climbs” upstream
from one subsonic region to another, temporarily neigh-
bouring each other, because any transversal movement of
a wave is accompanied by a reduction of the longitudinal
component of propagation. No expansion and no small
compression generated some distance downstream of the
sonic plane is capable to reach the front; it will always
fall behind. Therefore, the concept of a sonic plane as de-
fined above should be applicable even in stable marginal
regimes.

To determine the location of the sonic plane, various
experimental methods have been used in the past. Ed-
wards et al. (1976) measured the decay of pressure oscil-
lations and obtained x5 to A ratios ranging from about
2 up to 4. Dabora et al. (1965) studied detonation wave
propagation in a rectangular channel, where the detona-
tive gas was unilaterally bounded by nitrogen - separated
by a 25 nm thin nitrocellulose film. They photographed
the deflection angle of the combustion products, adapted
Fay’s stream tube model, and obtained a wave thickness
of 2.8 mm for stoichiometric oxy-hydrogen at atmospheric
pressure, which yields zss/A &~ 1.75. Fay himself had in-
ferred a thickness of 3.5 mm. Vasiliev et al. (1972) used
two different optical methods, one of which was analogous
to Dabora’s method, just that a cellophane tube com-
pletely surrounding the mixture was used. They obtained
Zss/A values ranging from 3.6 for oxy-hydrogen up to 10
for acetylene oxygen. The velocity deficits, measured with
an accuracy of only 50 m/s, were used to calculate the
relative area increases (about 0.02). The corresponding
location was then measured in the photographs. The sur-
face density of the tubes was 0.005 g/cm?, corresponding
to a thickness of about 36 pm, which was 1500 times as
much as in Dabora’s experiments. Following Dabora al-
ready due to their weight such thick films would hinder
the immediate lateral expansion of the products, which
can be a reason for the large values of the results.

With their second method, Vasiliev et al. (1972a)
aimed at the location of the lab-frame sonic surface (in-
dex ls) as a lower limit for the shock-frame one (ss),
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Fig. 3. Detonation wave reflection from a thin obstacle

which is possible because the lab-frame velocity in the
C-J state is slightly subsonic for common gaseous mixtures
(Ma =~ 0.8 to 0.9). Figure 2 shows the evolution of the av-
erage velocities within the wave. In their experiments, the
edge of a thin plate faces the approaching detonation as
a slight obstacle (Fig. 3). As soon as it is engulfed by the
front, a weak oblique shock forms in the initially super-
sonic flow (lab frame). When the flow becomes subsonic,
the shock slowly starts to move upstream. The obtained
values for the ratio of the wave thickness to the cell size
decreased with increasing cell size from 3 (for A = 0.7 mm)
down to 0.3 (for A = 30 mm, Vasiliev et al. 1972b).

Murray and Lee (1986) correlated the deficits occur-
ring in tubes with yielding walls to the observed expansion
ratios that are reached one cell length behind the front.
This length measure was chosen arbitrarily such that the
deficit prediction using Dabora’s version of Fay’s stream
tube model consisted with the (strongly scattering) mea-
sured deficits. With similar success it was used to cor-
relate the rigid tube results of other authors, calculating
the expansion ratios with Fay’s displacement thickness ex-
pression. Cell lengths were taken to be A/0.7, and \ was
calculated with various correlations based on experimental
results obtained at conditions far from the limit.

Murray and Lee did not observe a change of the cell
size with increasing velocity deficit in the yielding wall
tube, in spite of the decreasing post-shock temperatures
and reaction rates. This is in contrast to observations in
(small) rigid tubes and channels, where the cell size ex-
ceeds clearly the natural (large tube) value (e.g. Weber
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Fig. 4. Detonation wave reflection from a slight obstacle (av-
erage velocities, one-dimensional)

et al. 2001b; Vasiliev et al. 1972b). Therefore the real
deficit should become larger. Unfortunately the large scat-
ter of the experimental velocity deficit data found in the
literature (e.g. Murray and Lee 1986; Auffret et al. 2001)
does not allow the verification of further refined deficit
models. Nevertheless, the determination of the wave thick-
ness is of general interest and will allow a closer look to the
physics. The authors consider Vasiliev’s second method as
promising, because it deals directly with the velocities.

Figure 4 shows the reflection of a detonation wave from
a small obstacle in the z, t-plane based on averaged veloc-
ities, for initial conditions far from the propagation limits.
The path of the detaching weak shock is curved initially
and adopts finally a nearly constant velocity, which is ob-
served in Weber et al. (2001a) and in this work. The effect
of the Taylor expansion is negligible for usual long detona-
tion tubes. At conditions closer to the propagation limits
the relative area increase per unit length is large, so that
according to Eq. (2) also the energy conversion rate in the
sonic plane has to be still large for that the RHS equals
zero. Due to both effects the acceleration of the weak wave
must continue into the (shock frame) supersonic region to
a small extend, which is is not yet verified experimentally.
Magnitude and behaviour of the acceleration depend on
the boundary layer and on the relaxation (energy conver-
sion), which are both not thoroughly investigated so far -
while Fay assumed a turbulent boundary layer, Hartunian
et al. (1960) observed a laminarisation of boundary layers
for high heat transfer rates. Additionally, there are diffi-
culties for the experimental determination of the course of
the acceleration:

— the presence of the fluctuations, of the shock position
uncertainty Az, and of a limited temporal resolution,
that calls for a large number of experiments,

— the decaying strength of the shock (for single obsta-
cles), that fades away with increasing distance from
the obstacle, and

— the dispersion of a weak wave into a step-wise front
of decreasing strength, that propagates at ay, and a
smooth main effect of increasing strength, that propa-
gates at a. (Vincenti and Kruger 1967). It is not clear
which effect is visualized here.

Due to these difficulties of prediction and measurement,
so far it is only possible to determine a lower limit for the
location of the shock frame sonic plane.
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2 Details of the measurement principle
and accuracy estimates

Evaluating several experiments at a framing frequency of
1 MHz, Vasiliev determined the separation time as the mo-
ment when the apparent downstream edge of the shock
clearly separates from the plate. This moment is influ-
enced by the apparent thickness of the shock, that depends
on the optical system (blur), on the schlieren sensitivity,
and on the waviness/curvature of the reflected shock. The
portion that is due to optical reasons is independent of
the size of the structure studied, so that the relative lower
limit value becomes increasingly over-estimated with de-
creasing scale. To avoid this influence, here, the positions
of the apparent centers of the reflected shock are plotted
in an z, t-diagram, and a best fitted straight line is drawn
through them disregarding those first points that clearly
deviate from the line. It is extended to the position of
the obstacle tip to obtain the separation time t,, which
is then multiplied by the mean wave speed to obtain x
(Figs. 4, 10, 14). This value is mostly somewhat smaller
than Vasiliev’s and smaller than the wave thickness x4
but larger than the distance from the front to the lab-
frame sonic plane x;5. So it yields a reasonable lower limit
value. The obtained velocity of the reflected shock v, pro-
vides information about the post-detonation wave state.
The so determined separation time is influenced by the
judge of the investigator, i.e. by his choice of the first point
to be incorporated into the linear fit. A general guideline
for this choice, that is applied in this work, is to maximize
the expression
/
F= o —1) 7 (3)
1+ IOUT/ac”

where n’ = > 1); is the weighted number of all incorpo-
rated points, with 1; being a weighting factor used in the
linear regression, which is usually 1 but is set to a value
smaller than 1 (mostly 0.25), where the reflected shock is
badly visible or strongly blurred. This expression becomes
larger with the number of included points till the deter-
mined velocity v, decreases and the standard deviation o,
increases. It is not meant to be thoroughly reasoned, but
describes the decisions of the first author, so that they
can be reproduced by others. For much higher temporal
resolutions other guidelines would have to be chosen.

The accuracy of the determined lower limit value zy;
depends on the accuracy of the velocity determination
Aw,., on the blur of the obstacle tip as it appears in the
image Azxg, and on the determination of the mean front
positions Azy. The corresponding errors can be cumula-
tive so that the maximum possible error of the lower limit
value Az;; becomes

— Tm

D
A = |40 D Ao (14 ) + | g (0

v}
being D the detonation wave velocity and z,, the mean
position of all z,t-points incorporated in the linear fit,

which is determined by z,, = >_(¥;2;)/ > ;. The error
of the velocity measurement Awv is a purely statistical one.
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Fig. 5. Set-up of detonation tube facility Q54

For a worst case error estimate Awv,., it is assumed that all
shock positions on the left of x,, are mis-estimated by

Aw,&b{lﬂ to one side and all the others to the other side,
which gives

D lti = mlx/ﬁ
>t =)%Y

with the assumed general uncertainty of the shock posi-
tion Az, = (1.5 + 2)\/d) pixel, that includes a roughly
estimated effect of the fluctuations, with d being the tube
diameter. The small uncertainty of the exact obstacle po-
sition Axg has an amplified influence on z;;, which is easily
understood by a lateral shift of the vertical line (obstacle
position) in Fig. 4. The uncertainty for the front position
Azxy is described in Sect. 4. The latter two error sources
have statistical and systematic causes. They are present
in Vasiliev’s method as well, whereas the above mentioned
source for systematic errors of his method is replaced here
by the statistical error Awv,, which is less harmful. Ad-
ditional error sources related to the obstacle shape and
arrangement are discussed in Sect. 5.

Av, = Az, (5)

3 Experimental set-up and conditions

The detonation tube is shown in Fig. 5. Detonation ini-
tiation is facilitated by a highly explosive mixture at the
ignition end, that is filled in just before the shot, occu-
pying about 10 % of the tube volume. It is ignited by a
spark plug. The nitrogen/oxygen ratio in the air in use is
79.5/20.5. The wave velocity and its stability are measured
by four piezo-electric pressure gauges, located at distances
7,707, 1707 and 2707 mm in front of the obstacle, and the
cellular structure is recorded by four sooted plates. For
small cells thirty triple-point traces along some arbitrarily
chosen lines are evaluated. For large cells the soot traces
of all the four plates are evaluated, dividing the double
of the perimeter by the number of traces. For the fuel-air
mixtures in the marginal regime only dominant traces are
taken into account; in the normal regime substructures
have not been identified, so that all visible traces are eval-
uated. The results of these measurements are presented in
Fig. 6. Velocities are deduced from linear fits through the
signals of first three gauges. Chapman-Jouguet velocities
are calculated with STANJAN (Reynolds 1986).

The velocity deficit increases with decreasing pres-
sure as qualitatively expected. For the two experiments
with hydrogen-oxygen that yielded a detonation velocity
slightly above the C-J value a slightly too large hydrogen
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Fig. 6. Detonation wave velocities and cell widths in stoichio-
metric mixtures (volume fraction of Ar is 40 %)

fraction in the mixture can be supposed (plate experi-
ments in Fig. 20). Towards the test-section a slight decel-
eration of the wave was observed: a second order curve fit
through all 4 gauge signals using the least squares method
gave final velocities that were in the mean 1.5 % smaller
than the presented linear fit values. This deceleration was
probably due to an unidentifiable small leakage. Its im-
pact on the wave thickness is supposed to be much smaller
than the general measurement errors discussed before. It
has been checked by use of a fifth pressure gauge mounted
150 mm downstream of the conical section of the tube,
wether the deceleration could be the effect of a slow re-
equilibration of the wave after the overdriven state occur-
ring in the cone, but this was not the case. The equilibra-
tion takes place so quickly, that the mean wave speed on
the first half of the square section, does not differ signifi-
cantly from that between the following three gauges.
The measured cell sizes (< 54 mm) agree well with
published data. Pure oxy-hydrogen values exceed the data
of Strehlow (1969), but to a lesser amount than the data
of Desbordes (1990) and Zitoun et al. (1995) in the 20 to
40 kPa range. The values of argon-diluted oxy-hydrogen
fit the data of Barthel (1974) exactly. The acetylene-
oxygen data of Edwards et al. (1978), Desbordes (1988)
and Laberge et al. (1993) are matched as well. The cell
widths measured in hydrogen-air are about 80 % of the cell
lengths given by Bull et al. (1982). This ratio should be
slightly smaller, but the difference is within the common
uncertainty for hydrogen-air. The cell widths of acetylene-
air fit those calculated from the work of Bull. For argon-
diluted hydrogen-oxygen and for hydrogen-air the slope
of the cell sizes becomes steeper as the tube side length
is passed (see Fig. 6). Cell widths of 108 mm correspond
to a rectangular-mode detonation structure, where only
one triple point trace appears on each of the four sooted
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Fig. 7. Schlieren edge and laser focus positions

plates. These traces culminate in typical slapping wave
marks on the neighboring plates, and the orientation of
opposite triple-point traces is equal, so that there are two
transverse waves - one in each orientation. Spinning mode
did not occur.

For the time-resolved schlieren photography a ruby-
laser stroboscope and a rotating-mirror camera are used
together with spherical mirrors of 2 m focal length in a
standard arrangement. A semi-circular schlieren edge was
used with the laser focus set close to the vertical knife
(Fig. 7) yielding a high sensitivity and cutting off the
light deflected by the reflected weak shock and by the re-
action zones with a high sensitivity. Leading shock waves
deflect the light so much that it leaves the semicircle. At
low pressures the focus is centered on the knife edge to in-
crease the sensitivity even more. In this case, leading shock
waves that are curved or oblique to the optical axis appear
whitish. They can appear black, where they are planar and
parallel to the optical axis, i.e. the integrated schlieren ef-
fect is high. The framing frequency was varied between
0.2 and 1 MHz by adaptation of the object size. The rel-
ative film speed was 2.1 mm/us. For post-processing the
film was scanned at a resolution of 2700 dpi yielding a
resolution of 18 pixel per millimeter of the test-section.

Three kinds of obstacles have been used, a thin plate
consisting of two razor blades that are glued together,
rakes of sharp needles and planes of bluntly wedged nee-
dles, that are wider spaced than in the rakes and cover the
whole cross-section of the tube (Fig. 8). A single row of
needles with 2 mm spacing did not produce any schlieren
effect, but the double rake did and the short triple rakes
as well.

4 Details of the image evaluation

The digital frames are rotated and carefully arranged on
the canvas using a reference object. Care has to be taken,
because strong density gradients in the vicinity of edges
can influence their apparent position. If the obstacle tip
appears sharply it is used as reference till the front arrives,
then the right border of the window is used and at last
the left one. The error in positioning is about 4 0.5 pixel.
It is part of the above mentioned uncertainty of the shock
position Ax,. The blur of the obstacle tip, as that of all
edges, becomes larger with increasing schlieren sensitivity.
The position of the obstacle tip xy and its uncertainty
Axg are estimated by comparison with images taken at
low sensitivity without flow.

The arrival time of the front at the obstacle is deter-
mined in the x, t-plane by the moment when the best fit-
ted straight line through the front positions z¢, given by
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Fig. 8. Obstacle geometries and arrangements (dimensions in
mm, BR = blockage ratio)

as many frames as possible, passes the obstacle position.
This is done for two reasons: first, for a limited tempo-
ral resolution the exact instant of the first contact with
the obstacle will rarely be captured by a frame, and sec-
ond, the moment of shock detachment is influenced by the
whole flow field, which follows the mean path of the front.
Unfortunately, the mean front position defined as

1
== dA
! A/Al'f ’

where A is the cross section of the tube, cannot be de-
termined from a usual photograph. So, a practical value
has to be defined. In this work the rearmost point on the
foremost front line visible in the image plane is chosen
(circles in Fig. 9), because at the same time this point is
the foremost point on its front line in the horizontal plane.
The true value will be mostly mis-estimated, but in both
senses, so that the single errors are equilibrated by the lin-
ear fit. Unfortunately, the degree and frequency of relative
over-estimation increases with the number of cells in the
line of sight, if the structure is not extremely regular, be-
cause the wave crests obscure the troughs more and more.
A correction would only make sense, if data about the
waviness, that depends on \/d, was available. The data of
Weber et al. (2001a) has been corrected according to the
present method and is included in Fig. 21.
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Fig. 9. Estimates of front positions (O) and reflected shock
positions (]) in 2Hy 4+ Oz + 2Ar. Left column: At = 3 us, p1 =
12.4 kPa, A = 13 mm. Middle and right: 2.5 us, 4.4 kPa, A =
54 mm

5 Influences of the obstacle shape
and arrangement

Figure 10 shows the paths of detonation waves reflect-
ing from the thin plate for five experiments at low initial
pressures. The wave thickness is not determined by the
detonation wave velocity from the schlieren images, which
is not very accurate due to the short observation length,
but by the more exact one given by a linear fit through
the arrival times at the last three gauges in front of the
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Fig. 10. Reflection of detonation waves at the plate. Determi-
nation of lower limits of the wave thickness x;;, with maximum
error estimates. Enlargement: reflected waves (2H2+02+2Ar)

obstacle. The points shown by triangles correspond to the
frames of the medium and the right column of Fig. 9,
where the obstacle is engulfed almost symmetrically by
the flow. The weak shock detaches without any distur-
bance. In the other experiments presented in Fig. 10 the
flow is non-symmetrical and oblique to the plate, so that it
is deflected by the plate, resulting in a stronger reflected
shock, which detaches before the flow becomes sonic. It
weakens with increasing distance to the plate, but it also
accelerates due to the further decrease of the lab-frame
flow Mach number. Finally it reaches an almost constant
velocity, but the whole trace of the reflected shock in the
z,t-diagram is shifted to the left due to the premature
shock detachment, so that x;; is underestimated. Schlieren
images clearly show the improvement achieved by the nee-
dle rakes compared to the thin plate. They produce nearly
no disturbance (Fig. 11, right hand side) and allow the
passage of whole transverse waves (Fig. 12).
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Fig. 11. Oblique flow impinging on the plate and the double
rake, 2Ho+02+42Ar, p1 = 3.5 kPa, A = 108 mm, At =5 us

Fig. 12. Transverse wave passing through the double rake,
2H + Oz + 2Ar, p1 = 5.8 kPa, A = 38 mm, At = 2.5 us

A disadvantage of the sharp needle rakes has been
found by use of shock waves in nitrogen with post-shock
Mach numbers (lab-frame) corresponding to those of post-
detonation wave conditions. The linear fits through the re-
flected shock positions in the z, t-diagram do not originate
from the needle tips, but from a position about 0.5 mm
downstream of them, i.e. the reflection is delayed. This ob-
servation is interpreted as follows. The tip itself represents
too small an obstacle for the reflected wave to become vis-
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Fig. 13. Reflection of shock wave from a blunt needle plane
(edges vertical, M2 = 1.01, BR = 0.019, N, At = 10us)

ible. For single rows of sharp needles in experiments no
reflection is observed either, so that the pressure gradient
that deviates the flow to the free space on either side of the
row seems to be still low. For the double and triple rakes
now, the flow cannot directly escape to the side, when the
single weak shocks meet each other between the rows, so
that a stronger, visible effect appears at that time. The
reflection delay Axg , can be larger with other arrange-
ments of sharp needles. For detonation waves with very
large structures the effects produced by the single nee-
dles merge faster than the conditions of the incoming flow
change, so that a joint reflected shock is already estab-
lished, when the (lab-frame) sonic surface arrives, but at
small scale the delay leads to an overestimation of the
wave thickness of up to Az, - (14 D/v,).

To increase the reflection efficiency of the tips, these
have been shortened and provided with blunt wedge tips
as indicated in Fig. 8. The distances between the needles
have been increased to reduce the blocking and the needles
were arranged in a plane covering the whole cross-section
to promote a more one-dimensional motion of the reflected
shocks and to see a larger number of effects simultane-
ously. Shock wave experiments with this set-up revealed a
better behavior of the reflected shock accompanied by a
visible upstream shift of the foot point, Axg ., that now
ranges from -0.3 to 0.4 mm. This is still not very satis-
fying as far as the accuracy of small scale experiments is
concerned, but it is an improvement. The relative Mach
numbers of the reflected shock range from about 1.01 for
My = 0.75 to only 1.08 for the most sensitive case of
My = 1.0. Figure 13 shows the first frames of an experi-
ment for the latter case.

The results of hydrogen-air detonations given in
Fig. 14 show, that the mean shock detachment from the
needle plane is more regular than with the thin plate
(Fig. 10), and thereby closer to the expected behavior (see
Fig. 4); and that a higher blockage ratio (3 against 4.5 mm
needle spacing) results in just slightly larger reflection ve-
locities (strengths).

For needle planes, a strong reflection of the detonation
wave from the mounting plate can hardly be avoided. This
wave closes up to the weak reflected wave under investi-
gation and shortens the useful observation time, which, at
large scale, decreases somewhat the accuracy of the de-
termined reflection velocity and influences z;; (Eq. 4). To
extend the useful time interval, for future studies it is sug-
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Fig. 14. Waves reflected from bluntly wedged needle planes
(Hz-air, including experiments of Figs. 15 to 18)

gested to use longer needles and to perforate the mounting
plate as much as possible.

6 Details of shock detachment
and sonic transition

The uniform distribution of obstacles over the whole cross
section allows in fact a more detailed observation of the de-
tachment process and of the reflected shock, if structures
are large enough. Therefore, in this section observations
for marginal detonation waves are discussed. Figure 15
shows such a wave propagating in hydrogen-air. The blur
of the needle tips is caused by the high optical sensitivity.
Frame? “—1” shows mainly two leading shock waves LS
followed by two reaction zones RZ1 (dark), which are par-
tially outshined by the white schlieren effect of the curved
parts of the shock waves (see Sect. 3). A transverse wave
reflection has just occurred at the lower wall on frame —1.
The endpoints TP of the upwards running shock triple-line
are visible up to frame 2. The corresponding transverse
wave TW traverses for the second time an “old” reaction
zone RZ that once belonged to the just vanished leading
shock. Its remains vanish after frame 3, too. A contact
surface CS is formed at the triple-line (better visible on
Fig. 16). Single oblique shock-waves are visible at each
needle tip on frames 1 to 3, indicating supersonic flow.
On frame 4 they have already merged and started to de-
tach — preferably in the lower region where the transverse

2 Positive frame numbering begins always, when the front
has just passed the obstacle
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Fig. 15. Reflection of marginal detonation wave at a needle
plane (Hz-air, p1 = 10 kPa, A = 108 mm, At = 5us, spacing =
4.5 mm, blur of the needle tips NT caused by high optical
sensitivity)

wave has already passed. Reflected shock wavelets® can be
distinguished on frames 5 to 7. The short vertical white
lines indicate their estimated mean position. At the upper
shock tube wall the detachment is delayed till the just re-
flected transverse wave has passed again (frame 6), which
occurs before the wave reflected from the mounting plate
arrives. On frame 7 it is about two millimeter apart from
the needle tips NT.

These observations seem to correlate well with the in-
crease of the speed of sound through compression by the
transverse wave. But, in another experiment under the
same initial conditions and in a very similar flow situation,
the transverse wave instead seems to push the already de-
tached shock back to the needle tip (Fig. 16). On frame 4
the shock has already detached, but after the transverse
wave reflection, two frames later, there is again a quite
strong shock attached to the uppermost needle, while only
a small sign of a detached shock appears 2 mm upstream
of it - probably in another depth of the flow field with
slightly different flow conditions. On frame 7 the obstacle
shock starts to detach again - although very slowly. And

3 The terminus wavelet refers to the visible single parts of
a wavy shock wave that move in different depths of the flow
field.
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Fig. 16. Effect of transverse wave and reaction zone on shock
detachment (same initial conditions as Fig. 15, but A = 72 mm)

this relatively slow motion of the upper wavelet is also ob-
served for the last discussed experiment (Fig. 15, frames 6
to 7). This means, that the effect of transverse waves on
the shock detachment is not trivial; for the flow situation
shown it is rather delaying than accelerating. The angle
of the transverse wave at the time of interaction with the
obstacle shock should be important, but here it cannot
be the reason for the somewhat different observations, be-
cause in Fig. 15 the mean angle for the two waves is even
slightly smaller than in Fig. 16.

Some obvious differences of the flow situation of Fig. 16
in respect to that of Fig. 15 are the longer distances that
the Mach stems (lower front shock waves) have already
covered — measured from their points of origin, when they
start to interact with the obstacle, the smaller difference
between the Mach stem velocities, the presence of three
transverse wavelets (frames 0 to 2), and tracks of a third,
weak transverse wave in the soot pattern taken 140 mm in
front of the needles. While the first difference might cor-
relate with the different observations at the upper needle,
the others indicate that in Fig. 16 there are two trans-
verse waves moving in the horizontal plane in opposite
directions. These cause that the front waviness in the line
of sight is lower than in Fig. 15. This allows a detailed
observation of the contact surface CS, which is rolling up
seemingly undisturbed by the wall boundary layer, and
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Fig. 17. Large fluctuation of wavelet movement (Hz-air, p1 =
14 kPa, A =36 mm)

of the following older reaction zone RZ2, that seems to
have an important role in the detachment process. The
fast shock waves of the lower detonation wave segment -
under the transverse wave - and their corresponding reac-
tion zones RZ1 have passed the obstacle plane on frame 2,
but the flow is still supersonic. The obstacle shock does
not detach before RZ2 passes the obstacles (frame 3), and
then the weak shock moves upstream very fast. In Fig. 15
the fast detachment in the lower third of the flow field
between frames 3 and 4 does also seem to be correlated to
the second traverse of a reaction zone in frame 3 (RZ1).
And maybe even the old reaction zone RZ2 that vanishes
in frame 3 contributes to the increase of the shock veloc-
ity towards the lower wall. It is not yet understood why
the delay at the upper wall in both experiments is almost
sharply limited to a region of about 5 mm height.

A number of experiments indicate, that the detach-
ment is delayed or its velocity is reduced behind those
sections of the front that have already propagated more
than half of a cell length, when they touch the needle
tips (Figs. 15 to 19). These at last or slowly detaching
wavelets do not quickly catch up with the others. While
for A = 2d they do not do it within the observation time,
for A < d (Figs. 17 and 18) it can be observed that they
finally overtake the others. In Fig. 17 it takes about 35 us
till the latest detached wavelet LW takes the leading po-
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Fig. 18. Small fluctuation of wavelet movement (Hz-air, p1 =
14 kPa, A = 36 mm)

sition (frames 2 to 9). Figure 18 shows a situation where
transverse wave reflections at the walls occurred around
the obstacle position, i.e. the front segment in the mid-
dle of the tube has passed about half of a cell at the time
of contact. The weak shock detaches first in the middle
(frame 2). Then it faces the transverse waves “a” and “b”.
Again these decelerate the detachment, so that the middle
section moves slower than the other parts - especially than
the lower one (3, 4). Later it leads again (8). The way from
the rearmost to the foremost position took about 20 us,
i.e. less than in the first case. These times are close to the
initially mentioned characteristic time A/ass, that is 34 us
here.

Frame 8 of Fig. 17 shows the widest distance between
wavelets that was observed in this work (~ 6 mm).

Effects of pronounced three-dimensionality on the
sonic transition are discussed based on Fig. 19. The wavy
shock front appears in form of two separated thin lines,
because the curved shock wave surface linking them has
not a sufficient integrated schlieren effect. In such a flow
situation, where there is only one strong transverse wave
moving in the direction of the optical axis, the visible parts
of the front shock wave surface are moving each along one
of the window surfaces. To check this one may imagine to

4 The optical sensitivity was lower than in Fig. 15 (see
Sect. 3).
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Fig. 19. Effects of three-dimensionality and locally overdriven
state (CoHz-air, p1 = 7 kPa, A = 89 mm)

watch the foremost line in the vertical direction (frames
—2,—1). That the second line appears bright, indicates
that it has a low depth in the line of sight.

The two dark vertical schlieren areas RZ1 and RZ2
moving along the lower wall are reaction zones. To eval-
uate the detachment process it is important to know to
which shock wave each of them belongs. The distance be-
tween the two lower segments of the shock front surface
slightly decreases with time, so that the second line must
be the Mach stem in the horizontal plane, like it is ob-
viously the case for the upper segments. This is in accor-
dance with the observation from the soot pattern, that the
wave is in a rectangular mode. As the induction distance
behind the faster of the lower wave segments cannot be
longer than that behind the slower one, and the distance
between the second segment and RZ2 is longer than that



362

between the first segment and RZ1, it is not probable that
RZ2 is the reaction zone that belongs to the lower part of
the second line. That one must be a part of the schlieren
area RZ1. RZ2 then consists of the remains of an “old” re-
action zone, i.e. the one that once belonged to the leading
shock that has vanished with the last wall reflection of the
horizontally moving transverse wave. As the last but one
reflection had occurred at the rearward wall of the shock
tube at about the end of the sooted plates, that are lo-
cated 93 mm in front of the beginning of the visible area,
the last reflection must have occurred just in front of this
area. This consideration is supported by the vanishing of
the old reaction zone RZ2, observable up to frame 6. RZ1
does not seem to vanish at the same rate.

Immediately after contact of the first segment of the
lower leading shock wave with the obstacle the bow shocks
are hardly visible, they appear only when the whole shock
front has passed (frame 2). The transition from supersonic
to subsonic occurs rapidly between frames 2 and 4 during
the traverse of the corresponding reaction zones RZ1. On
frame 4, above of the just reflected transverse wave, the
shock looks detached already, although RZ2 has not yet
arrived, whereas under the transverse wave the obstacle
shock seems to be attached. After RZ2 has passed the
needle tips, three wavelets can be identified in front of the
lower needles (frame 6). Two wavelets detach — probably
in those depths of the flow field that are traversed by RZ2,
but the third stays close to the obstacles till on frame 9
it is absorbed by the wave reflected from the mounting
plate.

The upper detonation wave segments, above of the
transverse wave, have passed about 40 % of a cell length,
when they reach the obstacle plane. Between the two
strong lines, a third, weak line is observed (WT) that indi-
cates a second, weak transverse wave®. One trace of such
a wave appeared as well on the soot track (not two). An
impact on the shock detachment is not observed. The rear-
ward upper shock wave segment does close up quickly to
the leading segment and has nearly reached it at the obsta-
cle position. While on frame —1 it is immediately followed
by a reaction zone, on frame 0 two de-coupled reaction
zones are observed. Visible effects of the reaction zones
RZ have just passed the obstacle on frame 1, but the flow
remains supersonic. This correlates with the overdriven
state of the faster wave segment — DZ /D2 ; = 1.49 be-
tween frames —2 and 0. For the other segment this value is
0.86, so that the flow Mach number must be smaller than
the C-J value, but an associated effect (detaching shock) is
not visible. Again, the detachment of the shock, observable
from frame 4 on, seems to be correlated to the traverse of
reaction zones that belong to older wave segments (RZ1,
frame 3). It starts slightly later than in the lower region,
but then the upper wavelets move faster upstream. The
lower ones do not close up (following frames). Where RZ1
is not visible and probably not present, directly adjacent
to the upper shock tube wall, the detachment is delayed
as well.

5 The main triple line cannot overtake the rearward front
shock wave.
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Generally it is observed that the curvature or waviness
of the weak reflected shock is clearly smaller than that
of the detonation front, but this does most probably not
apply to the curved (instantaneous) sonic surfaces. The
lab-frame ones could possibly be reconstructed on the ba-
sis of a large number of experiments in a flat channel,
that provides a more unambiguous and repeatable, two-
dimensional flow. The local detachment times have to be
measured more exactly as well, because small errors have
an enormous effect on the distance to the detonation wave
front. So, here a reconstruction of the sonic surfaces is not
appropriate. The average ratio of curvatures between the
lab-frame sonic surface and the reflected shock is presum-
ably about D /v, ~ 5.

While the location of the sonic plane as defined in
Sect. 1 is determined approximately by the x,¢-point
where the average velocity of the reflected shock becomes
nearly constant, this is not true for single wavelets, i.e.
they might propagate temporarily at a constant velocity,
but that does not indicate a local equality of the speed
of sound a and the particle velocity u in the detonation
wave frame. Also the local equality of the wavelet velocity
with a theoretical value M,ass + ass — D, where M, is
the reflected shock Mach number (close to 1), would not
indicate the presence of a fragment of the instantaneous
shock-frame sonic surface as defined in section one, but
just Ujpear = ass. In this work the reconstruction of such
a surface is refrained, because of two reasons. First, the
temporal and optical resolution are again not sufficient,
and second, the observed fluctuations of the wavelet ve-
locities increase the probability that local sonic transitions
repeatedly appear downstream® of the sonic plane, so that
the mean location of the (instantaneous) sonic surfaces
will also be downstream of the sonic plane. And the de-
termination of the latter is of larger practical importance
because of its use in stream tube deficit models.

7 Velocity of the reflected wave

The observed velocities of the reflected wave are shown
in Fig. 20 in comparison to experimental data reported
by Vasiliev (1973) and by Gvozdeva (1986), and to three
theoretical estimates. Vasiliev used a thin plate obstacle
and streak schlieren photography. He chose to plot the
results over d/A and obtained a common curve for vari-
ous mixtures, that were quite similar to those in use here
(+ methane-oxygen and argon diluted acetylene-oxygen,
no fuel-air), and his curve is somewhat above of the results
of this work. The kind of obstacle does not serve to explain
this discrepancy, because the very different obstacles of
this work do not exercise such a significant influence on the
reflection velocity. Just the two thin plate results for pure
oxy-hydrogen are located somewhat above those obtained
with other obstacles, but this is due to the already men-
tioned mixture richness in that case. Gvozdeva’s experi-
ments have been performed with a bursting diaphragm fol-
lowed by air that ostensibly produced an expansion wave.

6 in shock-fixed co-ordinates
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Fig. 20. Experimental reflection velocities compared to data
of Vasiliev (1973) and Gvozdeva (1986), and to theoretical es-
timates, based on C-J theory values for given initial pressures
(lower ones), on Eq. (7) using the measured detonation velocity
D (intermediate ones), and on Eq. (8) using D and wave prop-
agation at ay. (BNP = blunt needle plane, +Ar = 40 % Ar,
measurement uncertainties valid for both directions)

Her hydrogen results fit Vasilievs curve, the methane re-
sults are lower. All experimental results, including the
present ones, have in common that the reflected waves
are clearly faster than equilibrium sound waves propagat-
ing upstream under C-J conditions at the given pressure
(Fig. 20).

For a self-sustained detonation wave (ug = ag) under
deficit conditions, the reflection velocity is estimated by
use of the energy equations for the C-J wave and for the
real (experimental) wave, and an integrated differential
expression for the real sonic state enthalpy (see Sect. 1).
Sound speeds are based on equilibrium chemistry.
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These equations yield as, as function of the measured wave
velocity D and the non-equilibrium parameter (;:
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(a?, —aZ ;) — 2ARE B, . (6)

To obtain the reflection velocity, here, G, is set to zero,
because reliable expressions for the relaxation and the
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boundary layer displacement have not yet been found.
VUr,e = Qe,ss — (D - Uss) = 2ae,ss —-D. (7)

For Bss > 0, ass and thereby v, would be somewhat
smaller. Equation (6) shows that a velocity deficit, i.e.
a decrease of D, leads just to a relatively slight decrease
of ass (low value of v,.) and thereby to an increase of the
reflection velocity v,.. This tendency is shown by the linear
fits inserted in Fig. 20. The single values are not shown to
keep the diagram readable. For higher order fits the num-
ber of data points is not sufficient. The upper estimate,
for wave propagation at the sound speed for frozen chem-
istry and vibration, is based on the latter estimate and an
assumed constant ratio ayf/ae:

arcJg
Ge.CJ

Upf = f o5 — (D — Qe s5) = Ue,ss ( + 1) —D. (8)

As mentioned at the end of Sect. 1, it is not known,
wether the observed schlieren effect belongs to the head
of the weak reflected wave, that moves at ay but decays
in strength, or its main part moving at a.. The observed,
quite abrupt endings of the reaction zones indicates rather
fast chemistry and therefore equilibrium propagation.

Practically, the mentioned tendency is observed for the
experiments with the blunt needle planes and for the pure
fuel-oxygen mixtures, as well as for the referenced results,
but fuel oxygen mixtures yield values are even clearly
above the upper estimates. Hydrogen air results are more
or less in agreement with Eq. (8), and acetylene-air re-
sults are in between the equilibrium and the frozen esti-
mate. Only the experimental velocities for Argon diluted
hydrogen-oxygen and hydrogen-air obtained with sharp
needles do not show a clear tendency. Their values scatter
around v,/D = 0.2. Occasional extraordinary low values
from sharp needle experiments at low pressures correlate
with early fading of the waves, that has been observed in
these cases.

Up to now there is no satisfying explanation for the
discrepancies between the estimated and the observed re-
flection velocities. One might suppose that the reflection
was stronger than a sound wave, but for needle rakes and
thin plates the wave strength would decrease quickly with
distance from these single obstacles, so that the reflection
velocity would become lower than in the case of a needle
plane that covers the whole cross section — and this is not
observed. Furthermore, for flow Mach numbers” behind
the wave of less than 0.86, which are valid for the deto-
native mixtures studied, experiments with shock waves in
nitrogen reflecting at the blunt needle planes yielded re-
flected shock Mach numbers of less than 1.03. This value
can only account for a fraction of the discrepancy.

8 Lower limit for the wave thickness

Figure 21 shows the lower limit values from the plate
experiments over the cell size in comparison to those of

" in the lab-frame
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Fig. 21. Lower limit of the wave thickness obtained by thin
plates. Error bars according to Eq. (4)

Vasiliev et al. (1972a and b). The error bars show the es-
timated maximum statistical error according to Eq. (4),
which must increase for smaller scales. Within the com-
mon range of cell sizes (A > 7 mm) the present values
are slightly smaller than those of Vasiliev, which reflects
the differences in the evaluation method as explained in
Sect. 2. The steep increase of the length ratio towards
small scale observed by Vasiliev is also partially due to the
evaluation method. If the results were plotted over A\/d,
the small tube results would shift to the right relatively
to the large tube ones — to a degree that corresponds
to the distance of the vertical lines. This shows that a
unique correlation between both ratios, which was pro-
posed by Vasiliev et al. (1972a) based on the small tube
results only, does not exist.

As expected, the relative lower limit values obtained
with needle arrangements (Fig. 22) are clearly larger than
the thin plate values. To compare the different needle ar-
rangements the results for hydrogen mixtures may be con-
sidered. As expected, especially at small scale the blunt
needle plane values are lower than those obtained with
the sharp needle rakes. They also spread less. Though this
comparison uses pure oxy-hydrogen results on one side and
such of argon-diluted oxy-hydrogen on the other, however
Figs. 21 and 22 show that the results for both mixtures
do not differ significantly, when the same obstacle is used.
The two different blunt needle planes give essentially the
same results. Average ratios of the lower limit value to the
cell size of all experiments with hydrogen are obtained in
the medium cell size range from 9 to 54 mm by weighting
each value with the inverse of the estimated accuracy. For
blunt needle planes it is 0.54 with a standard deviation of
0.03, for sharp needle rakes 0.63 % 0.06.

For small cell sizes, the ratio of the lower limit value
to the cell size increases, although to a lesser extend than
in Vasiliev’s plate experiments. The authors have no satis-
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Fig. 22. Lower limit of the wave thickness for different needle
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obtained with sharp needle rakes and blunt needle planes for
hydrogen mixtures with cell sizes between 9 and 54 mm

factory explanation for this observation so far, because the
systematic error due to the waviness of the front should
only account for a small fraction of the effect (< 0.2). An
increase of the relative distance of the shock frame sonic
plane versus small values of A/d can be explained by the
low relative area expansion and Eq. (2), but the lab frame
sonic transition and the lower limit value should not be
affected.

With increasing marginality, A > d, the relative lower
limit value decreases. This can be explained by the fact
that the post-wave flow becomes more and more subsonic
(in the laboratory frame) as the deficit of the wave velocity
increases, so that the location of the lab frame sonic plane
shifts towards the front.

9 Conclusion and outlook

The reflection of detonation waves from slight obstacles
has been studied for a variety of mixtures, initial pressures
and obstacle types. Measurement details, error sources
and obstacle influences have been analyzed. An arrange-
ment of bluntly wedged needles in a plane covering the
whole cross section such that their tips face the detona-
tion wave and the blockage ratio is low (< 2 %) turned out
to be the most suitable obstacle type. The optimum size
and spacing of the obstacles to generate a sudden small
flow disturbance with a sufficient schlieren effect depends
on the C-J state density and on the wave thickness and has
to be found still. Important observations are the initially
strongly supersonic flow behind overdriven wave segments,
a detachment promoting effect of “old” reaction zones —
especially where they follow the overdriven wave segments,
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a non-trivial sometimes detachment delaying role of the
transverse waves, and the fluctuating motion of reflected
wavelets downstream of the sonic plane, whose period is of
the order of A/ass. In the medium range of cell sizes, that
offers a reasonable measurement accuracy (A > 9 mm),
and that does not yet produce too strong velocity deficits
(A < d), the evaluation yielded a lower limit value for
the detonation wave thickness of 0.4 to 0.8 times the cell
width. In this range, the wave thickness roughly equals one
cell width. The observed reflection velocities are smaller
than referenced data, but larger than those of equilibrium
sound waves — even when the effect of the velocity deficit
on the sonic state is considered. Anyhow, most mixtures
show roughly the estimated tendency of the deficit effect.

The method is especially suitable to study the struc-
ture of detonation waves in mixtures with large cellular
structures and large densities (e.g. fuel-air), which yield
large schlieren effects. For mixtures with very irregular,
and multi-scale structures or for studies at elevated ini-
tial temperatures, where soot track quality deteriorates,
it might deliver better defined data than the soot track
method.

For future work it is suggested to determine the mean
trajectory of the reflected shock and especially the course
of its acceleration more exactly by use of a larger number
of experiments per condition, and to compare these to the-
oretical estimates based on relaxation laws and validated
boundary layer models. The obstacle has to be designed
in such a way that the reflected shock reaches a stable
strength clearly before it crosses the path of the (shock
frame) sonic plane. The location of the latter is obtained
then by the point where the acceleration of the weak shock
decreases under the estimated, corresponding small value.
To improve velocity deficit models any further, also the
measurement of the detonation wave velocity has to be
very accurate (error < 1 %).
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