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The phenomenon of turbulent mixing of gases on contact surfaces is found in many gas
dynamic problems and devices, for example, in shock [3] and electrical discharge [4] tubes,
and in cylindrical and spherical explosion. Development of turbulent mixing in these devices
is essentially caused by Rayleigh—Taylor instability is presented for the isothermal case in
[6], while it was extended to the nonisothermal case in [7].

In contrast to other devices, in a shock tube as initial turbulence exists, caused by
rupture of the diaphragm. A number of studies have considered the process of rupture and
shock wave formation [8-13]. However, guestions concerning formation of a contact region in
the process of wave motion away from the diaphragm and its effect on parameters of the shock
compressed gas remain unclarified. This is a complex physical problem and requires the use
of special methods for measurement of particle concentration, since well developed interfero-
metric methods cannot be used in turbulized flows, and moreover, they cannot distinguish the
individual components in the mixture of driver and driven gases. Optical methods have only
established that a turbulent flow region follows behind the hot charge of shock-compressed
gas. Therefore, in practical shock tube applications the concept of a contact region has been
introduced in place of the contact surface. Until the present the question of the stability
of the boundaries of this region has not been considered, and there has been practically no
discussion of mixing of driver and driven gases in this region in the literature. The length
of the driver and driven gas mixing zone in a shock tube at a fixed distance from the dia-
phragm was first established in [14] using absorption of IR radiation in (0, molecules, while
the distribution of mean density of the driven gas in the mixing region was obtained in [15]
using absorption of soft x radiation, with the driven gas being a heavy inert gas and the
driver a light gas. However, the dynamics of the process were not considered in that study.

The present study will investigate the development of a turbulent mixing zone as it
moves along the shock tube far from the -diaphragm.

The experiments were performed in a conventional diaphragm-type shock tube. Aluminum
diaphragms were used, which were opened under pressure either with an X-shaped cutter or no
cutter. Diaphragm thicknesses of 0.45 and 0.35 mm were used. The inner diameter of the low
pressure channel was 50 mm, with a length of 5 m. The high pressure chamber was 1 m long.
The driver gas used was xenon at initial pressures of 0.67-13.3 kPa.

Figure 1 shows the measurement section and equipment. The pressure behind the shock
wave front and the shock wave front velocity were measured by piezosensors 1. The radiation
produced by the shock-heated gas was measured with photomultiplier 2 and light guide 3. Gas
density was measured from absorption of soft x rays [15]. 1In the majority of the experiments
all sensors and windows were mounted flush with the tube walls. To measure density in the
flow core, special inserts were made with an aerodynamic outer section and extending 1 cm into
the flow. The insert thickness at the midpoint was 5 mm, diameter of the inner viewing orifice
was 2 mm, and a beryllium window 4 for x-ray passage was mounted on the face. The location of
the inserts 1s shown by dashed lines., Measurements were performed in three tube sections at
15, 50, and 92 diameters from the diaphragm. A nonstandard tube at a voltage of 11.5 kV was
used for the x-ray source. An FEU-144 photomultiplier with Nal scintillator was used as the
x~ray detector. The experiments recorded the intensityof the incident x radiation I, and the
intensity after passage through the absorbing layer I. For monochromatic x radiation

I/I, = exp (—u fp(y)dy)-
[
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The ray was directed along the y axis across the shock tube; h is the thickness of the absorb-
ing layer; p(y) is the density distribution; u is the absorption coefficient, which depends
intensely on the atomic number of the element (u ~ z*); 1 is determined during.calibration of
the measurement system. System calibration was performed with the low pressure chamber sta-
tically filled with the gas to be studied. Thus the ratio I/I, directly determines the total
mass of gas included in the absorbing layer bounded by the beam width of 2 mm. For a homo-
geneous density distribution across the tube this value can be used to determine the true
density of the gas, while for an inhomogeneous distribution we can characterize a mean den-—
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number of the element permits reliable separation of the regions containing driver and driven

gases. To this end, the following pairs of driven and driver gases were used: a) xenonmhelium
(absorption caused by Xe, no absorption in driver gas); 2) air mixture of (98.8% H, + 1.2% Xe)
(absorption caused by Xe component in driver gas absorption in air negligibly small); 3) xenon
mixture of (98.87 H, + 1.2% Xe) (absorption in driven and driver gases caused by Xe).

The experimental technique used permitted determination of the distribution of both
driven and driver gases in the turbulent contact regiorn, evaluation of the homogeneity of this
region across the shock tube, and tracking of the development of the turbulent contact region
as. it moves along the shock tube.

The oscillograms shown in Fig. 2 illustrate the main features of the experiment. Shown
are x-ray signals 1 and intrinsic radiation form the shock-compressed gas charge 2 in the sec-
tions X = 15d (A) and 92d (B) for various experimental conditions: a) Xe-He, po = 1.7 kPa, Mo =
9, without inserts; b) Xe-He, po = 1.7 kPa, My = 9, with inserts; c) Xe—(H. + Xe) mixture, po =
1.7 kPa, mo = 9, without inserts; d) air—(H, + Xe) mixture, pe = 1.7 kPa, My = 5, without in-
serts; arrows indicate position of shock wave fronts. Before arrival of the shock wave there
is a negative polarity x-ray signals, attenuated as compared to the signal in vacuum by the
amount of xenon absorption in the low pressure chamber. Arrival of the shock wave is char-
acterized by a change in the x-ray signal, corresponding to the increase in density in the
shock wave front. Intrinsic radiation from the plasma appears simultaneously. From this
point the absorption of the x-ray signal is determined by the density distribution in the
shock-compressed gas charge (region 1, Fig. 2A, a). The end of the hot charge corresponds to
an increase in x-ray signal (Fig. 2a, b) and termination of the plasma radiation. There fol-
lows a contact mixing region (region 2, Fig. 2A, a), the length of which is comparable to the
length of the hot charge. If helium is used as the driver gas, after the contact region passes,
the x-ray signal approaches its value in a vacuum I,. When the mixture H, + Xe is used as a
driver, absorption in the Xe component of the driver is close to that in the shock-compressed
gas charge (Fig. 2c). The distribution of the driver gas in the contact region can be inter-
preted easily if a gas which absorbs x rays very weakly, like air, is used for the driven gas
(Fig. 2d). 1t is evident from Fig. 2d that the region of penetration of the driver gas into
the driven increases with motion along the tube.

Figure 3 shows mean density distributions for the driven gas 1 and density in the flow
core 2 for various distances from the diaphragm: a) X = 15d; b) X = 92d. The dash-dot lines
denote the leading and trailing boundaries of the contact mixing regions. Upon transition from

1
the time intervals measured in experiment to spatial.(z:==5uc¢h) it is necessary to know the
0
velocity of the companion flow u, in the measurement section. . Measurements of flow velocity
in the shock-compressed gas charge performed in [16, 17] have shown that in a real shock tube
in a fixed section the velocity of the companion flow increases along the charge. The velocity
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Fig. 2

of the shock front also changes, however measurements have shown. that upon transition from

X = 50d to X = 92d the front velocity falls by less than 27. Consequently, it can be assumed
that the front velocity ug = const. Then in the first approximation, neglecting gas flow
through the boundary layer, the increase in velocity of the comparison flow can be estimated
from the condition <p>(ug — ue) = const, where <p>, ug are experimentally determined. The
velocity in the contact mixing region and in the driver gas are taken equal to the velocity
of the driven gas at the leading boundary of the contact region. Estimates performed indi-
cate that uncertainty in determining spatial coordinates does not exceed 10%.

In Fig. 3 the numeral I denotes the shock-compressed charge, and IT is the contact
mixing region. The end of the charge and beginning of the contact mixing region were deter-
mined from the termination of driven gas scintillation and the abrupt change in the derivative
3<p>/9x. It was assumed that the end of the mixing zome is located where the x-ray signal
rises to 0.9 times its value in a vacuum. Fcr the signal in vacuum I¢ we may uze the x~ray
signal in the helium driver gas region.

The degree of flow homogeneity across the tube can be evaluated by comparing results

of measurements made with the inserts (h = 3 cm) and without them (h = 5 em). The effects of
the inserts on the results of measurements in the flow core can be determined by analysis of
density measurements in the shock-compressed gas charge, where the density distribution across
the charge is relatively homogeneous. The increase along the probe is caused by energy losses
to ionization, radiant cooling, the effect of the boundary layer, and heat losses due to elec-
tronic thermal conductivity [3]. It is evident from Fig. 3 that in the shock-compressed gas
charge the density values measured with and without inserts are similar. This indicates that
the inserts do not introduce significant perturbations into the flow passing between them.

With passage along the tube, the turbulent mixing region not only increases in size,
but, as is evident from Fig. 3, a change occurs in the driven gas density distribution. At
a distance of 15d from the diaphragm there is a marked falloff in driven gas density at the
boundary between the hot charge and the contact region. At the beginning and end of themixing
zone the mean density measured in the presence of inserts was greater than the mean density
measured without them. This indicated that at the edges of the mixing zone the mean density
of the driven gas in the flow core is somewhat higher than at the walls. 1In the section B
(X = 92d) the-driven gas density at the leading edge of the contact region is comparable to
the density at the end of the hot charge, moreover, the values of <p>, measured for two dif-
ferent values of h, differ only slightly. Hence we may conclude that the density distribution
of the driven gas 1s relatively homogeneous across the tube at the beginning of the mixing
zone with some increase in inhomogeneity toward the end of the zone. Since with decrease in
h density fluctuations do not increase markedly, the size of inhomogeneities in the cross
section is probably several times smaller than h, i.e., does not exceed 1 cm. Thus, as the
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shock wave propagates the density at the leading edge of the contact region decreases, and the
boundary itself becomes more planar. The trailing edge of the mixing region preserves its
convex form. The mean density of the driven gas changes nonmonotonically along the mixing
region. '

The driver gas density distribution was obtained in experiments in which the high pres-
sure chamber was filled not with helium, but with a mixture of 98.8% H, + 1.2% Xe, which has
a speed of sound close to the spped of sound in helium; the density distribution of the driven
gas was assumed known from the previous series of experiments. Figure 4 shows the distribu-
tion of mean density of the driven 1 and driver (dash-dot curves) gases and the net density
2 in the hot charge, in the contact gas mixing region and in the driver gas flow behind the
mixing region. Measurements showed that the pressure remains constant over the entire flow
zone studied. The largest changes in densities of driver and driven gases are found at the
leading boundary of the mixing region, and must be accompanied by an abrupt drop in tempera-
ture. The nonmonotonic distribution of total density-in the mixing region should be noted.
The dashed line of Fig. 4 shows the driver gas demsity distribution in an ideal charge. It
is evident how much this value falls due to turbulent mixing of the gases. The calculation
was performed for -a Mach number M, = 9.

The ratio of the mass of gas in the contact mixing region to the mass of an ideal charge
mCKu/mo;:S<p>dx4%X'@0(where po is the initial demsity, X is the distance from diaphragm to
) it -

measurement section) at three shock tube sections (dark points) together with the increase in
length of the contact region (light points) with motion along the shock tube for various re-
gimes are shown in Fig. 5: 1) po = 5.5 kPa, Mo = 10; 2) po = 1.7 kPa, Mo = 9; 3) po = 13.3
kPa, Mo = 6. In the contact region 35 to 50% of the mass of an ideal charge is found. The
length of the turbulent contact region increases approximately in proportion to the contact.
region to the distance traversed. As follows from Fig. 5, the increase in the contact region
depends only weakly on experimental conditions. The increase in size of the gas mixing region
indicates the instability of the leading boundary of the contact region. As it moves along,
the shock wave compresses and draws new layers into the shock-compressed gas charge, and as

a result of turbulent mixing on the boundary with the contact region a portion of the gas
moves into the mixing region, which leads to growth of the latter. It should be noted that
gas which is carried off from the hot charge through the boundary layer can diffuse into the
core of this region. Mirels' theory [18] allows estimation of the 8§as flow rate through the
boundary layer. In order to determine the accuracy of this theory, a special experiment was
performed [19]. Apparently the Mirels theory produces an exaggerated (maximum) estimate of
the role of the boundary layer. To determine the fractions of gas entering into the contact
mixing region from the boundary layer further study will be required. In the present study
we have only established that the driven and driver gases do mix.

The basic characteristics of the turbulent flow in the mixing zone can be estimated
from. the experimental data. For the regime po = 1.7 kPa, mo = 9 the calculated flow velocity
behind the shock wave front ue = 1.2¢10° cm/sec. Assuming for the estimates that the contact
region propagation velocity is constant and equal to the velocity of the compamion flow, we
will determine the expansion velocity ve of the turbulent zone. In the section X = 4.6 m the
length of the mixing zone Zcepmr = 90 cm, then ve = Ilepruc/X = 2.410% em/sec. The pulsation
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velocity v' is usually comparable to the expansion velocity, and is apparently several times
smaller than the flow velocity (v' = (2-3)¢10" cm/sec). The present experiments do not pro-
vide sufficient information to determine the mixing path length. The latter value can be
estimated using the recommendation of [6]: Ipix = 0.1 Zemr ~ 9 cm.: The turbulent diffusion
coefficient is defined as Dy ~ v'Ipix ~ 2¢10° cm/sec, an order of magnitude larger than the
molecular diffusion coefficient. Since the turbulent zone expansion rate is practically con-
stant, it may be concluded that the turbulent diffusion coefficient increases with time.

To establish the causes responsible for increase in the length of the mixing zone and
increase in the amount of driven gas drawn into this zone, we must first clarify whether these
are direct consequences of initial perturbations arising upon diaphragm rupture, or whether
factors act far from the diaphragm, leading to instability of the contact surface and flow
turbulization. The initial turbulence is created by rupture and escape of a jet of driver
gas through the opening diaphragm. Moreover, as was shown in [10], a series of shock waves
are generated in the diaphragm region. Relying on the results of [20] concerning interaction
of shock waves with a turbulent contact surface, it can be proposed that these shock waves in-
tensify turbulent mixing of the gases. It is evident that all these factors act until the pro-
cess of diaphragm opening is completed. As follows from the results of [21], the diaphragms
used in the present experiment open in a period of about 300 usec. Thus, in the first measure-
ment .section the contact region arrives after diaphragm opening is completed, while the time
of arrival at the last measurement section is 15 times greater than the diaphragm opening time.
The rate at which the initial turbulence degenerates can be considered using the example of de-
generation of turbulence produced by acceleration of the boundary after acceleration terminates.
Such a problem was considered theoretically in [6]. It develops that if the time after termi-
nationof acceleration is 2-4 times greater than the time over which acceleration acts, the

turbulent zone continues to increase with time as . ~ t*/?, or if the time after termination

of acceleration is an order of magnitude larger than 7 ~ t*/*, In experiment, I ~ t3 conse~
quently the observed increase in length of the mixing region most probably occurs not as a
consequence of inertia of the initial turbulence, but due to activation of some additional

mechanisms.

In a real shock tube the flow velocity at the end of the charge of shock-compressed gas
at the boundary with the contact region can change with motion along the shock tube. Available
data on shock wave front retardation with motion along the channel and on increase in velocity
of the companion flow with time at a fixed section do not permit an unambiguous conclusion as
to the charge with time of gas velocity on the boundary. Data are available on the propagation
rate of the forward boundary of the turbulent region, obtained by timed shadow photography at
various distances from the diaphgram [1]. Toward the end of the tube this velocity has in-
creased by 30-40%, which was interpreted as an acceleration of the contact region front. How-
ever it is obvious that this velocity is a combination of the propagation velocity of the gas
flow and the propagation velocity of the gas along the forward boundary of the mixing region,
so that the results of this and similar studies cannot provide information on the flow velocity
on the boundary. Thus, the question of gas acceleration on the boundary with the contact
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region remains open. If such acceleration is opposite to the pressure gradient, then Ray-
leigh—-Taylor instability will develop on the boundary. As experiment has shown, the gas
density in the contact region changes nonmonotonically. In the center of the region 3<p>/

3x < 0, and upon flow acceleration conditions exist for development of instability. Near

the forward boundary of the region 3<p>/3x > 0, and instability can develop in the case of
flow retardation. From analysis of all concepts of shock tube operation [1, 17] it can be
concluded that far from the diaphragm there is no marked retardation (2% at 1 m length in

the low pressure chamber), while the possible acceleration does not exceed 107 at 1 m length
of the low pressure chamber. It will be useful to evaluate the length of the turbulent region
in the simplest possible case where we assume that the Initial density boundaries are planar,
the flow 1s unperturbed, and the flow acceleration is equal to the hypothetical acceleration.
For approximate calculations we may use the isothermal approximation [6]. We will estimate
the length of the turbulent region upon development of Rayleigh—Taylor instability for two
cases: flow retardation (instability develops on the forward edge of the contact region) and
flow acceleration (instability may develop in the middle of the contact region). It develops
that in either variant the calculated length of the turbulent region in the last measurement
section does not exceed 2 cm, i.e., is significantly less than that observed experimentally.
This allows the assumption that if the boundary between the gases is turbulized initially,
further turbulization with flow acceleration occurs more rapidly than in the case of an initi-
ally unperturbed boundary.

The development of the turbulent region has a significant effect on the characteristics
of the shock-compressed gas charge. It leads to reduction in size of the hot charge [3, 15]
and can affect measurement results, leading teo scattering under conditions where the length of
the hot charge is comparable to the tube diameter or when measurements are performed at the end
of the charge. Material on the radiating ability of argon measured in various shock tubes was
presented in [22], with a detailed analysis of causes leading to the observed scattering of
experimental data. It is apparent that the mechanism presented above should be added to the
number of possible causes. Moreover, instability of the forward edge ‘of the turbulent region
may lead to the excitation of oscillations in the hot charge.

It has thus been demonstrated that the turbulent mixing zone formed upon diaphragm
rupture increases in size with propagation along the channel far from the diaphragm. The
densities of driven and driver gases have been measured in the mixing zome, and a nonmono-
tonic density distribution along the mixing zone has-been observed. The expansion rate of
the turbulent region has been estimated. Possible mechanisms leading to an increase in the
length of the turbulent zone and the mass of driven gas drawn into the zone have been evalu-
ated. It has been demonstrated that. the new data obtained on shock tube operation permit a
more correct interpretation of experimental results.
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