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Chapter

Investigation of Hypersonic
Conic Flows Generated by
Magnetoplasma Light-Gas Gun
Equipped with Laval Nozzle

Pavel P. Khramtsov

Abstract

This chapter introduces new approach of hypersonic flow generation and
experimental study of hypersonic flows over cones with half- angles t1 = 30 and
72 = 120. Mach number of the of the incident flow was M1 = 18. Visualization of the
flow structure was made by the schlieren method. Straight Foucault knife was
located in the focal plane of the receiving part of a shadow device. Registration of
shadow patterns was carried out using high- speed camera Photron Fastcam (300
000 fps) with an exposure time of 1 us. The Mach number on the cone was
calculated from inclination angle of shock wave in the shadowgraph.

Keywords: hypersonic conic flows, light-gas magnetoplasma launcher,
photometric shadow method

1. Introduction

Currently, light-gas cannons are one of the most effective devices for accelerating
shells of relatively large mass to speeds comparable to the orbital. In this area of
research, intensive and extensive experimental work is being carried out to study
high-speed impact, resistance of materials to high-speed action of solid particles,
hypersonic flows around axisymmetric bodies and are closely related to the develop-
ment of aviation and space technology. In this case, some types of guns with the
replacement of the accelerating channel by the Laval nozzle can be effectively used to
study hypersonic flows around bodies, since the parameters of the working gas
required for high-speed throwing and generation of a hypersonic air flow are identi-
cal. High-speed throwing system parameters and technical requirements are
described in [1-5]. Since the 40s of the 20th century the generation of hypersonic
flows, development of measurement methods and study of such flows structure over
various test bodies were carried out by researchers from all over the world [6-16].
Numerical modeling methods mentioned, for example in [10, 11, 17-19], were added
to the experimental tools of the research with the development of computer technol-
ogy. However, it should be noted that experimental studies of hypersonic flows
around the objects are still preferred. Due to the importance of problems to be solved
flight tests are often used for higher authenticity of the experimental data. Usually
total and static pressure is measured by means of Pitot-Prandtl probe to determine
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the Mach number, but in large number of research works measurements are not
carried out due to complicated experimental techniques. Researchers [6, 7, 11-16]
used the initial Mach number calculated from Laval nozzle geometrical parameters.
Pressure measurement using a Pitot-Prandtl probe and temperature measurement
using a thermocouple significantly distort the flow structure, complicate the design
due to the need to place measuring elements inside and on the surface of the models
under study, which, in the absence of flow visualization, can introduce uncontrollable
errors in the experimental results. In hypersonic aerodynamic facilities preferable
methods of research are optical methods with high-speed cameras as the reg-istering
devices. Methods of optical visualization of supersonic flows include a method of a
laser knife, smoke visualization, visualization by means of the spark discharge, etc.
[13, 15, 16, 18]. Optical methods based on the relationship between the optical and
thermodynamic properties of the medium (shadow methods, interference methods,
spectral diagnostics) allow measurements in hypersonic flows with high accuracy. In
some cases, to visualize and measure the temperature field on the surface of the
model, a thermosensitive coating is used as an alternative to measurements using
thermocouples [8, 9]. Research in the field of high-speed impact and diagnostics of
hypersonic flow are often interrelated tasks, which makes it necessary to create
experimental installations equipped with systems for optical visualization and diag-
nostics of the flow and measurement of the Mach number, which makes it possible to
study hypersonic flow around objects without suppressing the investigated gas flow.

2. Experimental equipment for hypersonic flow generation and optical
diagnostics

In most cases, to implement a hypersonic gas flow with a high Mach number,
a shock tube equipped at the end with a diaphragm and a Laval nozzle is used
[18-20]. In this case, the hot gas behind the front of the reflected shock wave flows
out through the nozzle into the vacuum reservoir at a hypersonic speed. However,
due to the large expansion of the gas, its density turns out to be rather low, which
greatly complicates the visualization of the flow. Thus, it is possible to estimate the
angles of deflection &, and ¢, of the probe light beam in geometrical optics approach
while schlieren method of hypersonic flow visualization is used [21].
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At the same time gradients of gas refraction index a”((;;’y ) and a"S;’y ) are very small

when the light gas outflows into vacuum. If helium is used as a light gas and the
residual pressure in the vacuum chamber is 1 Torr and the characteristic scale of the
streamlined body is ~10 % m, then the characteristic gradients of the refractive

index do not exceed 5 x 10~®m™. Under these conditions, the use of shadow
methods and interference diagnosis becomes almost impossible. Therefore, in such
cases, it is necessary to use the methods of multipass interferometry, multibeam
interferometry, interferometry in polarized light, holographic methods or shadow
methods with a large focal length and special imaging diaphragms [22]. On the
other hand, the use of light-gas launcher where accelerating chan-nel is replaced
with Laval nozzle allows to receive a hypersonic flow with high optical density and
to apply Tepler method to its visualization. Hypersonic flow facility studied in this
research is a modified light-gas launcher we used for ballistic tests and described in
details in article [23]. The scheme of the experimental setup is shown in Figure 1.
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Figure 1.

Scheme of experimental facility.

This light-gas gun allows to accelerate balls with a diameter of 2.5 mm to 4 mm
made of high-alloy steel to speeds of 2.5-4 km/s.

During the experiments, the light gas section was filled with helium to a pressure
of 40 bar. Experiments on hypersonic flow around cones were carried out in a
vacuum chamber with a residual gas pressure of 1 Torr. As a result of a high-current
discharge in a magnetoplasma accelerator filled with gunpowder, the piston is set in
motion and causes an adiabatic compression of the light gas. The capacitor bank of 1
200 uF was charged to the voltage 4.5 kV. In front of the confuser of Laval nozzle 5
brass diaphragms 100 ym thick each were placed. The rupture of diaphragms
occurred when pressure in light-gas section reaches ~1 600 bars. Compression rate
and temperature of working gas can be calculated from the Poisson equation:

TZ Vl r—1 P2 r=1/y
T, (Vz) N <P1) ’ @
where T is gas temperature, V is gas volume, P is gas pressure and y = 3 for the

monoatomic gas. Subscript 1 corresponds to initial state of gas and subscript 2 is for
state of gas at diaphragms rupture. When diaphragms rupture compression rate of
the working gas is about 10 and temperature is about 1500 K. With the simulta-
neous outflow of gas through the critical section of the Laval nozzle, further com-
pression of the gas continues until the piston reaches the end point. The maximum
compression ratio is about 50 and can be calculated as the ratio of the volume of the
light gas section to the volume of the confuser of the Laval nozzle. The ratio of the

throat to the outlet of the diffuser in the Laval nozzle for a Mach number of 18 was
calculated using the formula [22, 24]:

4l 2(/:;11)
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where A is area of Laval nozzle exit section and A * is area of Laval nozzle throat.
The test cones were fixed coaxially with the nozzle at a distance of 20 mm from the
nozzle outlet. To visualize the hypersonic gas flow, the shadow knife-and-slit method
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was used. Width of a slit was 0.16 mm. Foucault’s knife was placed in the focal plane
of a receiving part of the shadow device and shaded a half of the image of a slit. The
150 W halogen lamp was used as a light source. The focal length of the shadow device
was 1 000 mm. Registration of shadow patterns was carried out using high-speed
camera Photron Fastcam (300 000 fps) with an exposure time of 1 us (Figure 2).

3. Experimental results and discussion

The analysis of shadow pictures sequence shows that at initial time the flow
contains some particles formed as a result of diaphragm destruction and about each
of which Mach cone (Figure 2) is observed. Further there is an increase of speed of
a flow during 700 us and its subsequent recession during 3 400 us. At the maximum
speed of the flow in shadow pictures the most acute angle of a shock wave inclina-
tion is observed. In Figures 3 and 4 shadow pictures of a hypersonic flow over

1408.3 s 1675 us 2700 s 3083.3 ps

Figure 2.
Shadowgraph images of a hypersonic flow over cone with half-angle v, = 12°.

Figure 3.
Shadowgraph of hypersonic flow over the cone with a half-angle ©, = 3°.
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Figure 4.
Shadowgraph of hypersonic flow over the cone with a half-angle T, = 12°,

cones with half-angles 71 = 3° and 7, = 12° are presented at maximum speed of the
hypersonic flow.

Correlation of Mach number and shock wave inclination angle observed on
shadow images of hypersonic flow over sharp cone was described in details by [25]
for the first time. Calculation of Mach number was carried out on the basis of
measurement of shock wave inclination angle ¢ observed on shadow pictures
(Figures 3 and 4) using formula [26]:

M, = csco 2B+ C— sec) (4)
(y+1)(3+0+%) —(y-1)(B+C - seco)
where
sint CcosT sino
B=—1 — ; C=In(——).
" (1 — cos 1) sin’z ! (1 — Cos 0> ®

The Mach number calculation results were M1 = 18 for hypersonic flow over
cone with half-angle 7; = 3° and M, = 14.4 for the cone with 7, = 12°.

4. The analysis of shadowgraphs and calculation of helium density field
at a hypersonic flow over a cone

As it is known from the theory of the Schlieren technique [27], relative change of
light intensity AI/I, in geometrical optics approach in case of small deflection
angles of the light ¢ is directly proportional to the magnitude of the deflection angle
of the light rays in the optical inhomogeneity and can be defined by a ratio

Al ¢
29 Al=1-1,, 6
where d = 0:16 mm is a width of a slit, f = 1 000 mm is a focal length of optical
system, Iy is light intensity in the absence of an optical inhomogeneity, I is light
intensity in the presence of an optical inhomogeneity. Since the streamlined body
has an axial symmetry, when processing shadow pictures the assumption of
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axisymmetric structure of the flow was used. The coordinate system is chosen in
such a way that the x-axis is perpendicular to the edge of the imaging knife, the z-
axis is directed along the probing light beam of the shadow device, and the y-axis is
along the symmetry axis of the cone and the flowing stream. The origin is set at the
apex of the cone. In this coordinate system, the Abel equation can be written in the
form (where R is the radius of the inhomogeneity) [21, 27, 28]:

Rdlnn(r)  xdr

) =2] TE A )
For calculations we use Abel equation transformation where d In n/dr is
expressed explicitly:
dlnn 1 ir e(x)dx 8)
dr  mdr), rr—x2

After repeated integration [21, 27, 28] the distribution of refraction index is
received:

)

In n(r) n(r)—no _An _ lr e(x)dx
: R

no no 7o T

where 7 is known in advance value of refraction index on the line of integra-
tion, for example in the region of undisturbed flow 7y = n(R) = 1.

The flow area was divided into annular zones, the number of which was selected
in accordance with the resolution of the video camera matrix. The deflection angle
within the annular zone [r;; 7;41] is assumed to be constant. Then the expression (9)
can be written as a sum of elementary integrals:

. N-1 Vi1
Anr;) ::% e(w)J‘ A (10)

The distribution of the refractive index in the flow is calculated as a result of
independent integration at each section separately. With such processing of
shadow, characteristic distortions arise in the distribution of the refractive index,
which are associated with a high level of noise in the experimentally measured light
intensity along the y axis. To eliminate random noise, a preliminary smoothing of
the luminous intensity function along the y-axis was carried out using the least
squares method [29-32]:

ymﬂx
i (yz)dy — min. (11)
ymin

At the same time the smoothed function values should differ from the experi-
mental function values not more than the standard deviation 6 of the probe light
intensity Iy noise. Calculation of helium density p was carried out with use of
Gladstone-Dale Equation [21, 28].

n—1=Kpep, (12)

where Ky, = 0.19607 cm/g> is Gladstone-Dale constant for helium. The value
for the given gas and given wavelength is considered to be a constant in the wide
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Figure 5.
Results of density field calculations (hypersonic helium flow past cone with the half-angle t, = 3°).
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Figure 6.
Results of density field calculations (hypersonic helium flow past cone with the half-angle T, = 12°)

pressure range. Its value was calculated for gas under normal conditions with use of
tabular values of density and refraction index [21]. As far as the initial values 7y and
po are arbitrarily chosen values, we can calculate Ap from the following equation:

An = Ky, Ap. (13)

Calculation results for helium density fields at a hypersonic flow over the cones
with a half-angle 7; = 3° and 7, = 12° are shown in Figures 5 and 6.

5. Conclusions

The use of light gas ballistic systems, in which the projectile acceleration channel
is replaced by a Laval nozzle, makes it possible to generate hypersonic flows with a
high Mach number. The gas density of such flows is sufficient for photometric
optical measurements by shadow or interference methods. This makes it possible to
study hypersonic flow models of any complexity. In addition, due to the high
density of the hypersonic flow, it becomes possible to experimentally study the
destructive effect of the hypersonic gas flow on the bows of hypersonic missiles and
aircraft.
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