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Abstract To investigate the effect of bifurcation on the
induction time in cylindrical shock tubes used for chemical
kinetic experiments, one should know the parameters of the
bifurcation structure of a reflected shock wave. The dynam-
ics and parameters of the shock wave bifurcation, which
are caused by reflected shock wave–boundary layer inter-
actions, are studied experimentally in argon, in air, and in a
hydrogen–nitrogen mixture for Mach numbers M = 1.3–3.5
in a 76-mm-diameter shock tube without any ramp. Mea-
surements were taken at a constant gas density behind the
reflected shock wave. Over a wide range of experimental
conditions, we studied the axial projection of the oblique
shock wave and the pressure distribution in the vicinity of
the triple Mach configuration at 50, 150, and 250mm from
the endwall, using side-wall schlieren and pressure measure-
ments. Experiments on a polished shock tube and a shock
tube with a surface roughness of 20μm Ra were carried out.
The surface roughness was used for initiating small-scale
turbulence in the boundary layer behind the incident shock
wave. The effect of small-scale turbulence on the homoge-
nization of the transition zone from the laminar to turbulent
boundary layer along the shock tube perimeter was assessed,
assuming its influence on a subsequent stabilization of the
bifurcation structure size versus incident shock wave Mach
number, as well as local flow parameters behind the reflected
shock wave. The influence of surface roughness on the bifur-
cation development and pressure fluctuations near the wall,
as well as on the Mach number, at which the bifurcation first
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develops, was analyzed. It was found that even small addi-
tional surface roughness can lead to an overshoot in pressure
growth by a factor of two, but it can stabilize the bifurcation
structure along the shock tube perimeter.
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1 Introduction

Often, researchers encounter bifurcation phenomena when
solving problems on supersonic flow around different obsta-
cles such as supersonic air intakes, transonic wings, etc.
The results of the previous reflected shock wave (RSW)
bifurcation studies were analyzed in [1]. There aremany con-
tradictory assumptions concerning bifurcation formation in
unsteady-state regimes and when the intensity of an inci-
dent shock wave (ISW) is changed. Up to now, most of the
researchers dealingwithRSWbifurcation adopted the simple
model proposed by Mark [2] in 1958.

In shock tube experiments on monoatomic gases at low
Mach numbers, during thewave travelling the reflected shock
wave–boundary layer interaction causes the wave front to
curve near the tube wall. A quasi-steady shape of the front
is attained at some distance equal to several tube diameters
[3]. In other cases, between the RSW and the tube wall, the
attached oblique shock wave AB and the rear shock wave BC
(Fig. 1a) occur, and the flow separates from the wall region
where it is then concentrated below triple point B in the vicin-
ity of the shock wave (SW) [2]. This phenomenon is called
the bifurcation of the reflected shock wave. When an RSW
propagates along the smooth tube, at some distance from the
endwall the triple-point trajectory corresponds to the case of
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Fig. 1 Bifurcation structure behind the reflected shock wave (a) and the location of the bifurcation structure in the cylindrical shock tube relative
to the probing schlieren beam (b). Schlieren picture was taken from [7]

direct Mach reflection wave configuration. As the distance
is increased, the triple-point trajectory is similar to the sta-
tionary Mach reflection case [4]. For a rough surface at high
Mach numbers [5], no unsteady-to-steady state transition is
found, whereas in [6] it is stated that the bifurcation leg stops
growing in any case, but the distance prior to the unsteady-
to-steady state transition depends on the ISWMach number,
the specific heat ratio, and flow conditions: for example, tube
diameter and surface roughness.Usually, the bifurcation phe-
nomenon is studied experimentally and numerically in 2D
rectangular channels (Fig. 1a). Figure 1b shows the spatial
location of the bifurcation structure in a cylindrical shock
tube relative to the probing schlieren beams and the example
of color schlieren pictures obtained for a rectangular channel
[7].

The analysis of the reasons for the initiation of bifurca-
tion in [2,8] enables one to assume that the bifurcation exists
over some range of lower and upper limiting Mach numbers.
From [8], it also follows that different theories give conflict-
ing low limiting Mach numbers, Mlow, at which bifurcation
begins to exist. However, none of the models allows one to
explain the experimental values of Mlow for different gases.
As the models [2,8] are based on different assumptions for
gas parameters near the wall, it can be concluded that the
bifurcation existence limits are affected by the substantial
non-uniformity conditions, at which the gas is near the wall.
In such a case, to describe the bifurcation initiation, addi-
tional flow parameters along the incident shock wave and
the specific heat ratio of a test gas should be taken into con-
sideration.

The bifurcation formation is affected both by the pressure
difference between the flow core and the wall region [2] and
by the flow interaction at the wall behind the incident shock
wave and below the triple point [3,9,10]. The interaction of

the high-intensity RSW with the boundary layer causes a
local growth of the boundary layer, and the flow separation
since the latter is influenced by increasing the ratio of the
pressure behind the shock wave p2 to the pressure before
the shock wave p1. When the RSW interacts with the tur-
bulent boundary layer in air, no flow separation occurs if
p2/p1<1.8. This corresponds to the flow core Mach num-
ber <1.3 [11]. With no flow separation, the RSW–boundary
layer interaction does not have a strong influence on the total
flow field.

The boundary layer growth is also affected by the ISW
Mach number, the boundary layer thickness, and the shape
factor [9]. When the reflected shock wave interacts with a
laminar boundary layer, a strongly divergent beam of rar-
efaction waves is formed. This inhibits the formation of a
shock wave near the surface. On the contrary, when the
reflected shock wave interacts with a turbulent boundary
layer, a single shock wave is formed. Some turbulence gener-
ation could be used for homogenizing surface conditions due
to the enhancement of momentum transfer between internal
and external boundary layer regions. In this case, the velocity
profile near the wall becomes less sharp, and the boundary
layer appears to overcome higher pressure gradient values
with no flow separation.

From the above, it cannot be concluded which of the fac-
tors has a high priority for the formation and development
of the bifurcation structure. So, for these particular cases
experimental studies of the RSW interaction with the bound-
ary layer when small-scale turbulence is created artificially
are required. It is assumed that such interactions can hin-
der the formation of large vortices near the wall behind the
incident shock wave. The interaction with small-scale tur-
bulence of the boundary layer instead with large vortices
or with large density gradients favors the decrease in gas
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dynamic fluctuations in the gas behind the bifurcation struc-
ture.

This is very important for studies of the chemical kinetics
behind a reflected shockwave because the local flow parame-
ters in the shock tube can substantially affect the accuracy of
the results [12,13]. Strong dilution of a reactingmixture with
a monoatomic gas can reduce the bifurcation impact on the
structure and local flow parameters, but sometimes this does
not enable one to solve practical problems, in particular deal-
ingwith studies of chemical kinetics in shock tubes with high
concentrations of reactants. In addition, when modeling the
processes at real flow conditions, it is reasonable to use undi-
luted gas mixtures. For the sensitive acetylene–air mixture,
the experimental approaches ofYamashita and his co-authors
[13] showed that mild ignition can exist in shock tube exper-
iments as a consequence of the bifurcation effect. According
to the results [13], at the mild ignition behind the reflected
shock wave, auto-ignition spots appear mainly along the tra-
jectory of the triple point of the bifurcation structure. Several
theoretical models of the bifurcation structure have also sug-
gested that the measurement process is strongly affected by
local temperature non-uniformities in the center of vortices
that originate within the bifurcation structure below the triple
point [14,15].

To define the extent of the bifurcation influence on kinetic
measurements, results of the induction time, one should com-
pare the influence of different parameters of the reflected
shock wave bifurcation on local flow characteristics (temper-
ature, concentration, pressure). The objective of the present
study is to measure bifurcation structure dynamics and flow
parameters in the cylindrical shock tube of different rough-
nesses when the reflected shock wave interacts with the
unsteady boundary layer in air, argon, and a hydrogen–
nitrogen mixture. The latter is a representative gas analog
of the reactive stoichiometric hydrogen–air mixture. The
relevance of our research is in part due to the fact that bifur-
cation in cylindrical tubes is not widely studied. In addition,
our work is important because of the predominant use of
cylindrical shock tubes in determining the induction time of
reactions in shock tubes, and because of a number of con-
tradictions in the bifurcation theory outlined in this article.
Special attention was paid to the influence of small-scale
turbulence behind the incident shock wave on overshooting
pressures behind the reflected shock wave near the tube wall
that originated due to the reflected shock wave–boundary
layer interaction. It was assumed that the small-scale turbu-
lence would prevent the occurrence of large vortices during
the formation of the boundary layer behind the incident shock
wave and decrease amplitudes of pressure and temperature
fluctuations in the post-shock flow.

Moreover, we made attempts to stabilize an axisymmet-
ric location and flow parameters of the laminar-to-turbulent
transition zone in the boundary layer behind the ISW. We

Fig. 2 Roughness profile of the test section

assumed that the uniformly distributed roughness of the
channelwould compensate for the axial asymmetry of bound-
ary layer distributions caused by the structural “defects”
of the channel and spatial inhomogeneity of the laminar-
to-turbulent flow transition zone with respect to the tube
perimeter.

2 Experimental facility and measurements

Schlieren measurements of the bifurcation structure were
taken in a 76-mm-inner-diameter helium-driven shock tube
at the deflection of a plane-parallel beam propagating at a
small angle to the reflected shock wave plane at 50, 150, and
250mm from the endwall. Experiments were conducted for
a smooth tube with Ra = 0.18±0.04 μm and for a rough
surface with a profile height of 60± 5 μm (Ra = 20±3 μm)
(Fig. 2). In the both cases, Ra was measured along the tube
axis. A roughness height was chosen so that its influence on
the flow core would be minor. Based on the results in [16],
a roughness height of less than 100 μm should be chosen,
since in this case the changes in the flow core and the inci-
dent shock wave front will be small. If the roughness height
is too small, then its influence on turbulence will manifest
itself only at some distance from the roughness element or
will not occur at all [11].

The measurements of the oblique shock wave axial pro-
jection were similar to those used in [17,18]. The probing
light beams passed through 5-mm-diameter quartz optical
windows mounted into the tube wall at the correspond-
ing locations (Fig. 3). The light beam slope angle to the
plane of the normal component of the reflected wave was
3×10−3 rad. A beam cross section was reduced to 0.55mm
via vertical slots. With regard to the beam width and slope,
the method spatial resolution was 0.8mm. The high sensi-
tivity of the method was provided by the use of long-focus
mirrors ( f ≈ 2 m) and a photomultiplier tube (PMT) as the
detecting light sensor. The method yields a systematic error
in defining the oblique shock wave axial projection length
equal to 0.28mm. The systematic error was subtracted from
all the values measured by the optical system. The optical
systemallowed simultaneousmeasurements only at two loca-
tions. Therefore, to determine bifurcation parameters at the
third location from the endwall, experiments were repeated
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Fig. 3 Optical setup and the pressure sensor arrangement: 1, 2, 3 mirrors; 4, 5 menisci; 6 0.55-mm-wide vertical slot; 7 knife edge; 8, 9 mirrors;
10 optical windows; 11 vertical slot and illuminating system; 12 pressure sensors

again at the same test and flow conditions. Pressures were
measured by piezoelectric sensors mounted into tube wall at
distances of 0, 50, 150, and 250mm from the endwall. The
arrangement of pressure sensors and the positions of probing
beams are shown in Fig. 3. The intensity of the light, which
had passed through the test volume, was recorded using
PMT-1 and PMT-2 (Fig. 3). Typical pressure and schlieren
PMT records in air and argon are presented in Fig. 4.

As far as the reflected shock wave is moving, the slope
angle of the oblique shock wave remains constant, but
depends on the incident shock wave Mach number. Know-
ing the length of the oblique shock wave projection onto the
shock tube surface or otherwise the axial projection of the
oblique shock wave, it is possible to calculate the triple-point
height and sizes of other bifurcation elements.

We measured the time difference between the positions of
flow separation point tA and normal reflected shock wave tB,
that is, �tBA (Figs. 1, 4). The tA value was measured in the
middle of the section of a sharply increasing pressure sensor
signal since the sensor had a finite width and the pressure
at the shock wave front changed intermittently. The tB value
was consistent with the peak of the schlieren signal. The
axial projection l of the oblique shock wave was calculated
as the product�tBAVR, where VR is the reflected shock wave
velocity. In such l measurements, at a distance x up to the
endwall, the axial projection of the oblique shock wave was
found at themoment when the front of the normal component
of the RSW was at the distance (x − l) from the endwall.

To assess experimental errors, the parametric uncertainties
for maximum and minimumMach numbers were calculated.

The uncertainties of the incident wave velocity and Mach
number M = 1.27 in air were 1.1%, of the initial pressure—
0.4%, of the length of the oblique shock wave projection—
5.5% at a distance of 50mm, and 4% at distances of 150 and
250mm. For M = 3.4, the error of the velocity was 1.2%,
that of the initial pressure—0.6%, that of the length of the
oblique shockwaveprojection—1.6%at a distance of 50mm,
and 1.3% at distances of 150 and 250mm. Measurements of
the hydrogen–nitrogen mixture were taken with the same
accuracy. In all experiments, the initial pressure error did not
exceed 0.8%. The initial temperature error was 0.2 K, i.e.,
0.7%.

In argon experiments, the errors of incident shock wave
velocity andMach number are<1.1%, and the error of initial
pressure—<0.6%. The maximum error of the length of the
oblique shock wave projection is 5% at a distance of 50mm
and is 4.7% at distances of 150 and 250mm, respectively.

Studies are performed for the following post-shock flow
conditions: for argon T5 = 670–2900K (ε < 2%), P5 = 0.37–
1.65 MPa (ε<3.8%), ρ5 = 2.79 ± 0.14 kg/m3 (ε<2%),
γ2 = γ5 = 1.667, M = 1.49–3.50; for air T5 = 480–1740 K
(ε < 2%), P5 = 0.395–1.419 MPa (ε < 5.5%), ρ5 = 2.80 ±
0.13 kg/m3(ε < 4%), γ2 = 1.334–1.394, γ5 = 1.303–1.386,
M = 1.50–3.60 (ε < 1.2%); for a representative hydrogen–
nitrogen mixture 0.704 N2+0.296 H2 at M = 1.70–3.26,
T5 = 609–1496K(ε < 2%), P5 = 0.72–1.59MPa (ε < 5.0%),
ρ5 = 2.81±0.12 kg/m3 (ε < 4%), γ2 = 1.362-1.395, γ5 =
1.323−1.388.

The errors of the parameters T5, P5 are defined through
the variations of initial pressure, shock wave velocity, and
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Fig. 4 Pressure and PMT records of the schlieren intensity variation in argon (a) at M = 3.6 and in air (b) at M = 3.8. Distance of 50mm from
the endwall

Fig. 5 Pressure distributions behind the reflected shock wave in argon versus the distance from a point 50mm from the endwall at different ISW
Mach numbers: a smooth tube; b rough tube

temperature values using CHEMKIN database and do not
incorporate the error of the γ approximation by the poly-
nomial γ (T ) and also the error due to the discreteness of
the computational method used in the software. The most
substantial contribution to the calculated error is made by
the error (1%) of defining the incident shock wave velocity
caused by changes in the velocity of the incident shock wave
as far as it approaches the endwall.

3 Results

3.1 Argon

As the Mach number is increased, a minor pressure growth
can be observed after the shockwave has passed themeasure-
ment cross sections (Fig. 5). Schlieren records are specific
both for the position of a signal maximumwith respect to the

start of the signal growth and for the changes in the signal
shape. This can be indicative both of the transient processes
in the boundary layer and of the bifurcation structure devel-
opment. For the smooth tube in argon at a distance of 50mm,
the axial projection l of the oblique shock wave remains con-
stant with increasing Mach number (Fig. 6). As the distance
to the endwall is increased, l grows. This can point to the fact
that there occurs a laminar-to-turbulent flow transition in the
boundary layer that develops at a certain distance upstream
of the endwall. If the laminar-to-turbulent flow transition in
the boundary layer is assumed to occur at ReBL = 106 [19],
then over the ISW Mach number and density ranges inves-
tigated, the distance from the incident shock wave to the
laminar-to-turbulent flow transition zone is within 72–90mm
for the smooth shock tube. When the boundary layer devel-
opment is enhanced due to the surface roughness, l grows
with Mach number even at a distance of 50mm (Fig. 6). For
the rough tube at 150 and 250mm, the l(M) data almost coin-
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Fig. 6 Axial projection l of the oblique shock wave versus incident
shock wave Mach number in argon at different distances from the end-
wall, experimental data and trend lines

cide. So, the unsteady-to-steady state transition is reached for
distances less than 150mm. In [3], the bifurcation is assumed
to exist in argon and according to the calculations the axial
projection of the oblique shock wave must attain a constant
value of 1.4mm as the distance to the endwall is increased at
M = 2.0. In our experiments, for the smooth tube the steady-
state regime is not reached for the studied range of ISWMach
numbers, whereas for the rough tube, at distances of 150mm
the steady-state regime is attained.

At M = 2.0, the length of the oblique shock wave axial
projection for the smooth tube is equal to l ≈ 1 mm and at
M = 3.1, l ≈ 1.8 mm, respectively. As shown in Fig. 6, for
the rough tube at M = 1.48, the l values are almost equal for
allmeasurement cross sections.Based on the l (M) data, it can
be assumed that bifurcation is absent atM = 1.48 evenwhen
the boundary layer is enhanced due to the wall roughness.
This does not contradict Mark’s model consequence that the
bifurcation exists in argon at the Mach number >1.57.

3.2 Air

As the bifurcation structuremoves together with the reflected
shock wave, the local time of the pressure distribution mea-
sured by pressure sensors is assumed to be identical to that
along the tube wall behind the RSW. At different ISWMach
numbers, the local signal timewasmultiplied by the reflected
shock wave velocity VR to obtain a distance behind the flow
separation point A (Fig. 1). The measured pressure distribu-
tions along the wall behind the oblique shock wave in air are
shown in Fig. 7. Records are normalized to the pressure P5
behind the reflected shock wave attained after the passage
of the bifurcation structure through the measurement cross
section. Such a representation of the flow structure enables
one to estimate the excess of the pressure (overshoot pres-
sure) at the point where the flow stagnation line intersects

the tube wall (point E, Fig. 1) over P5 near the endwall. For
the rough tube at M>3 it seems that the flow is re-attached
between A and D, and the pressure profile characteristic for
double Mach reflection is formed at lower Mach numbers.
For the rough surface, the overshoot pressure caused by bifur-
cation region vortices [15,16] is enhanced. For M = 3.5, the
pressure excess over the pressure P5 at point E attains the
value that is by a factor of 2 more than that for the smooth
tube. Hence, for the roughness used in experiments it was
impossible to attain the reduction in the overshoot pressure
by artificially initiating small-scale turbulence.

The formation of the bifurcation structure is associated
with an excess of the pressure P5 over the wall pressure P6
behind the oblique shock wave and is detailed in [2]. The
condition for P5 > P6 is taken as the bifurcation initiation
[2,8]. Figure 8 illustrates the curves for the ratio of the pres-
sure P6 to the pressure P5 to be attained over the same cross
section at the distances of 100–150 mm behind the RSW. At
high Mach numbers or at a high turbulence level, the bound-
ary layer can separate behind the oblique shock wave. The
pressure P6 is measured at a time instant corresponding to a
distance of 3mm behind the front of the oblique shock wave,
i.e., at the moment when flow separation point A (Fig. 1) has
fully passed the pressure sensor.

Although Mark’s model assumes that the reflected shock
wave interacts with the laminar boundary layer near the flat
surface, the P6/P5 data obtained in our experiments and their
theoretical PBL/P5 values were used for comparison. The
PBL value is calculated by

MBL = 2(γ − 1)M2 + 3 − γ

(γ + 1)M
;

MBL < 1 : PBL
P2

=
[
1 + γ − 1

2
M2

BL

]γ /(γ−1)

;

MBL > 1 : PBL
P2

=
[
γ + 1

2
M2

BL

]γ /(γ−1)

·
[

2γ

γ + 1
M2

BL − γ − 1

γ + 1

]1/(1−γ )

, (1)

where MBL is the boundary layer Mach number; M is the
ISWMach number; P2 is the pressure behind the front of the
incident shockwave; and γ is the specific heat ratio. P2 values
are determined from our experiments. In [5], for M = 4−9
the specific heat ratio γ2 behind the ISW was used instead of
the specific heat ratio γ1 at the initial conditions.

Having compared the results of both cases, it was con-
cluded that in our case, the use of the calculated γ1 values
yielded the results closer to the experimental ones. This spec-
ified the choice of γ1 values for calculation both of PBL and
of slope angles of the oblique shock wave to the tube wall
θ when the pressure behind the oblique shock wave near the
flow separation point was equal to P6 and PBLvalues.
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Fig. 7 Pressure distributions behind the oblique shock wave in air versus the distance at 50mm from the endwall at different ISWMach numbers:
a smooth tube; b rough tube

Fig. 8 Ratio of the pressure P6 behind the oblique shock wave to the flow core pressure P5 versus ISW Mach number: a smooth tube; b rough
tube

From Fig. 8 it is seen that the approximating curve for
P6/P5 for the smooth surface has a bend at the incident
shock wave Mach number equal to 2.15, at which the flow
in the boundary layer starts to be sonic. At M < 2.15,
both experimental and theoretical approximating curves for
P6/P5 are strongly different; the experimental data points
for the smooth tube lie substantially above. At M > 2.15,
the approximating curves for P6/P5 almost coincide, but the
rough tube data are characterized by a more considerable
scatter. For the rough tube at M < 2.15, the pressure P6
becomes lower, approaching the theoretical boundary layer
pressure PBL.

To calculate the slope angles of the oblique shock wave to
the tube wall θ , the following expression is used

M2
R sin2(θ) = (γ + 1) PBL

P2
+ γ − 1

2γ
, (2)

where MR is the reflected shock wave Mach number [2,18].
For comparison, the predicted and experimental P6 values

Fig. 9 Slope angle of the oblique shock wave to the smooth tube wall
versus ISW Mach number

are used as PBL. The calculation results are demonstrated in
Fig. 9.
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Fig. 10 Axial projection l of the oblique shock wave versus incident shock wave Mach number for air (a); axial flow distance S versus incident
shock wave Mach number at 50mm from the endwall (b) (see Fig. 1)

Fig. 11 Triple-point height h versus incident shock wave Mach number and distance for air: a smooth tube; b rough tube

For the smooth tube in air, the l value grows with increas-
ing Mach number and distance to the endwall (Fig. 10a). For
the rough surface at a distance between 150 and 250mm, the
steady-state bifurcation regime is achieved. A growth of the
axial projection of the oblique shock wave is not observed,
at least, for theMach numbers more than 2.7. For the smooth
tube, the l attains similar values for the rough surface atMach
numbers more than 2.5 and at a distance of 250mm to the
endwall. Thus, at a distance larger than150mmto the endwall
and at Mach numbers more than 2.5 there exists a bifurcation
regime common for smooth and rough tubes.

The l growth with increasing Mach number remains close
to the linear one for each distance to the endwall (Fig. 10a).
The bifurcation structure is characterized by the linear l
growth with increasing distance to the endwall to attain some

value. After this, the steady-state regime of the bifurcation is
achieved, and its structure size depends on the boundary layer
thickness [5]. The l increasing with distance for the smooth
tube does not contradict the results [5] for nitrogen at higher
Mach numbers. However, in [5], the steady-state regime is
not found at a certain distance when the roughness profile
height is 1.2mm. In our case, for the rough tube the distance
at which the bifurcation structure size increases with distance
is smaller than that for the smooth tube. The dependence of
the distance to achieve the steady-state regime on the tube
roughness and diameter is outlined elsewhere in [6].

The axial projection of the oblique shock wave linearly
increaseswith distance that it has passed along themotionless
entropy layer to 300–400 heights of the laminar boundary
layer for the cylindrical channel [3]. In our case, according
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Fig. 12 Axial projection length l of the oblique shock wave versus incident shock wave Mach number for air and hydrogen–nitrogen mixture:
a smooth tube; b rough tube

to the calculations for M = 1.33 in air, the laminar boundary
layer thickness is 0.6mm.This is consistentwith a distance of
180mm behind the incident shock wave. The reflected shock
wave reaches this location at a distance of 76mmupstream of
the endwall. As a result, we cannot observe a linear growth
of the bifurcation structure with distance between 50 and
150mm to the endwall.

The l scatter with increasing distance is caused by the
growth of the wave front deviation from the axial symme-
try that originates due to both the channel geometry error
and a random distance from the incident shock wave to a
laminar-to-turbulent boundary layer transition zone. For the
Mach number ranges, for which the l(M) dependence ismost
close to the linear one, the mean deviation of the obtained
data from the approximating line has been calculated. It has
appeared that the scatter of the results for the smooth tube
is by a factor of 1.5 more than that for the rough tube. The
same effect is also observed for argon. From this it follows
that, indeed, the wall roughness can be used for stabilizing
the boundary layer development behind incident and, conse-
quently, reflected shock waves.

Figure 10b shows the axial distance (S) between flow sep-
aration point A (Fig. 1) and the end of the region of flow
disturbance caused by bifurcation near the wall measured at
50mm from the endwall (Fig. 4b, time tF). The bifurcation
arises for the Mach number, at which the curves in Fig. 10b
intersect the abscissa axis. Mark’s theory predicts the bifur-
cation existence in air over theMach number range 1.33–6.45
[2]. In our experiments, we did not study the upper limit of
this range. From Fig. 10b, it can be concluded that small
roughness can provide the condition when the experimen-
tal lower bifurcation limit becomes closer to its theoretical
value. Probably, this means that the gas in the boundary layer
for the rough tube has a temperature that is almost the same
as the wall temperature since the roughness enhances heat

transfer. It is known that the boundary layer separation can
affect the bifurcation development [4]. The bifurcation limit
depends not only on the incident shock wave Mach num-
ber, but also on the boundary layer type. It can be assumed
that at M = 1.3 for the rough tube the bifurcation can-
not arise or can slowly increase up to M ≈ 1.8. Over the
Mach number range 2.0–2.75, the S-to-l ratio for rough and
smooth tubes coincides for the same l values but differs for
the same Mach numbers. Hence, the nature of the impact
of small-scale turbulence for the selected roughness mainly
does not differ from that for the smooth surface, since this
does not change the size ratio of bifurcation structure param-
eters.

In [2], at a distance of 54mm for M = 2.15, p1 = 6.08kPa
in air the triple-point height was 5.2 mm. At a slope angle
of the oblique shock wave equal to 48◦, the axial pro-
jection of the oblique shock wave was 4.4mm. For our
experimental conditions, such a value was attained only at
M = 2.25 at a distance of 50mm for the rough tube. This
can be a consequence of the influence of increased turbu-
lence being initiated at the corners of the rectangular shock
tube [2].

To describe the triple configuration, besides the pressure
P6 it is necessary to know the triple-point trajectory and the
reflected shock wave Mach number [8]. It is impossible to
directly measure the triple-point height h in the cylindrical
channel using our experimental method. However, h values
can be calculated as l tan(�). The triple-point trajectory can
then be obtained as the function h(l, �, x) where x is the
distance to the endwall. The results of h calculations are rep-
resented in Fig. 11. The distance in this figure is the distance
from the endwall to the normal reflected shock wave cal-
culated by the formula x = (50 − l), or x = (150 − l),
or x = (250 − l) mm for each measurement cross section,
respectively.
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3.3 Bifurcation in a representative gas analog of the
stoichiometric hydrogen–air mixture

Figure 12 shows the results of the axial projection l of the
oblique shock wave in the 0.704N2 + 0.296H2 mixture, that
is the non-reacting gas analog of a stoichiometric hydrogen–
air mixture. The use of the non-reacting gas analog enabled
one to exclude the influence of chemical reactions on mea-
surement results, as well as to reduce the influence of the gas
luminosity on schlieren intensity variations when recording a
light beam passing through the test volume. Similar specific
heat ratios (for air γ = 1.40, hydrogen γ = 1.41, nitrogen
γ = 1.40), molecular weights, and dynamic viscosities are
a criterion for choosing the gas analog for RSW bifurcation
studies. From Fig. 12 it follows that the bifurcation behavior
in the 0.704N2 + 0.296H2 mixture for smooth and rough
tubes exhibits a close agreement with measurement results
for air behind the reflected shockwave. This means that these
results are also applicable for estimation of the bifurcation
structures in other fuel–air mixtures with a large air amount.

4 Conclusions

The results of the present study show that small roughness
exerts a stabilizing influence on the bifurcation structure.
Hence, when small roughness is used, the flow is stabilized
behind the incident shock wave since the bifurcation arises
due to the reflected shock wave–boundary layer interaction.
The availability of small-scale turbulence due to the rough
surface for Ra = 20μm at the incident shock wave Mach
number equal to 3.5 in air increases the overshoot pressure
behind the reflected shock wave by a factor of 2 and the
oblique shock wave axial projection length by a factor of 1.5
at a distance of 50mm to the endwall. Thus, not all stabi-
lization characteristics are improved for a wall roughness of
20 μm Ra.

We revealed that the lower bifurcation limit measured in
the rough tube in air correlated well with the predictions
of Mark’s theory. The values of the axial projection of the
oblique shock wave obtained for the rough cylindrical shock
tube are close to those in [2] for the smooth rectangular tube.

For the rough tube, the steady-state bifurcation regime is
attained at a distance between 50 and 150mm and the axial
projection of the oblique shock does not grow, at least, to a
Mach number of more than 2.7 for air and over the entire
argon range. For the smooth tube, the axial projection of the
oblique shock wave is the same as for the rough tube at Mach
numbersmore than2.5 at a distanceof 250mmto the endwall.
Thus, the bifurcation regime common for smooth and rough
surfaces exists at a distance of more than 150mm from the
endwall and at a Mach number of more than 2.5. This regime

does not depend on bifurcation structure parameters that are
observed at a smaller distance.

Our studies show that our results concerning the bifurca-
tion structure size for air can be used to assess the bifurcation
parameters of the reflected shock wave in the 0.704N2+
0.296H2 mixture, that is the non-reacting gas analog of the
stoichiometric hydrogen–air mixture. This makes it possible
to assume the applicability of the obtained results for assess-
ment of bifurcation parameters in mixtures having large air
amounts.
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