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1 Abstract

Abstract

Context. The free hypersonic jets can be found in several technological
applications and even in astrophysical observations. The astrophysical context is
that of the jets issuing from Young Stellar Objects (YSOs). In the present
dissertation the propagation of hypersonic jets in a laboratory vessel has been
mainly studied.

Aims.In order to have a further insight into the jets from YSOs, a set of
experiments is performed in the range of Mach numbers from 7 to 20 and for jet-
to-ambient density ratios from 0.85 up to more than 100, using different gas
species and observing jet lengths in the order of 100 initial radii or more.
Exploiting the scalability of the hydrodynamic equations, we intend to reproduce
the YSO jet behaviour as far as the diagnostic quantities as head velocities and
elapsed times are concerned.

In some cases, we have made comparisons between our experimental results and
the existing numerical ones and also made comparisons with the observed
morphologies obtained by other research groups. Also the jet morphology after the
impact at the end of the vessel and the interaction with the backward flow has
been investigated.

Methods.In the experiments the gas pressure and temperature are increased by a
fast, quasi isoentropic compression by means of a piston system coupled with de
Laval nozzles; it is performed by means of special facilities where the jet Mach
numbers (in the range of 10 to 20) and the jet to ambient density ratios (in the
range of 0.1 up to values exceeding 100) can be set independently of each other,
what permits the investigation of a wide parameter range in the relevant physics.
The visualizations and measurements are based on the electron beam technique:
the jets are weakly ionized, and then a fast camera captures fluorescent images.
Indications about the jets propagation and their resulting morphologies are
obtained by means of several image processing techniques carried out on
fluorescent images in order to denoising and measurement.

Results.Our experimental results in long scale jets, owing to their originality,
could be served as a benchmark for existing and future numerical simulations and
also a reference for future experimental investigation on the long scale jets. These
results, showing the collimated jet flow, has given an answer to the famous issue
of the jet morphology: " the jet shape, including the pumping phenomena, is just
due to fluid dynamics and does not require magnetic confinement, periodic energy
pumping or any other complex causes". In some cases the results are compared
with the existing numerical simulations, and their agreements, included the jet
head advance speed, the formation of knots, the travelling structures after the jet
impact with the vessel end, and also their density distribution, are fairly good in
the majority of comparisons.

Conclusions. Pressure-matched hypersonic jets maintain their collimation for
long distances in terms of the initial jet radii, without including magnetic effects,
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leading to a qualitative good agreement with the observed YSO jets morphologies.
Also their evolution with regard to the effective variables, the combination of the
Mach number and density ratio, has allowed the global morphologies.



Chapter 1

1. Introduction

The free hypersonic jet flow is the name given to the fluid dynamics phenomenon
produced by a jet exhausting with a hypersonic velocity in the unbounded
stationary surrounding medium.

In the last decades, hypersonic jets have received much interest from researchers
because of their importance both in basic fluid dynamics and in applications for
aeronautical and mechanical industries. One industrial sample of hypersonic jets is
high speed compressible flows inside a scramjet. Scramjet is the proposed engine
design for propelling aircrafts to hypersonic speeds. The engine has no moving
parts as with the ramjet, with the added distinction that the flow through the
engine remains supersonic. This flow is considered as an under expanded jet
resulting from a high-pressure reservoir exhausting into a low-pressure quiescent
environment [1,2].

In the natural phenomena also we have this kind of flow which is more interesting
for astrophysics; Highly-collimated, oppositely directed jets are observed to
originate from a variety of astrophysical. Young stars are the case of these
astrophysical phenomena which are characterized by a rich and peculiar
morphology. These compact objects and galactic supermassive black holes often
generate astrophysical jets. These are narrow, complex projection flows along
which mass, momentum, energy, and magnetic flux are transported through the
ambient, either in the interstellar or the intergalactic medium. They display
different luminosities, from the most powerful examples that have been observed
to emerge from Active Galactic Nuclei (AGNs) down to the jets associated with
low-mass young stellar objects within our own Galaxy [3,4,5,6], see figure 1.1 and
figure 1.2. In astrophysics, there is a consensus about a common set of
morphological properties, which are shared by most of these outflows, despite
their physical scales and power differing by many orders of magnitude, from
young stellar objects to neutron stars and black holes, to active galactic nuclei.
Images obtained with the Hubble Space Telescope have revealed intricate details
in high Mach number gas dynamical flows of astrophysical jets [7], including
shock wave patterns and Kelvin-Helmholtz vortex roll up.
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Recent reviews of the observational and structural properties of the YSO jets can
be found in Reipurth and Bally [8] (see also de Gouveia Dal Pino[9]; Reipurth,
1999[10]; de Gouveia Dal Pino and Cerqueira[11]; Raga et al. [12]; de Gouveia
Dal Pino et al.[13]; Cerqueira and de Gouveia Dal Pino[14]). Reviews of the
properties of the AGN jets and the relativistic galactic jets from X-ray binaries and
micro quasars are presented in, e.g., Shibata [15], Pringle [16], Livio[17,18],
Mirabel and Rodriguez [19,20], and Massaglia[21].

Figure 1.1: The HH212 jet, imaged in the 1 =2.122 um emission line of H,with the
VLT[22].
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Figure 1.2: The YSO jet HH 34. Reproduced from Reipurth et al [23].

Recent theories and calculations [24] imply that the jets might also play a
principal role in the explosion of core collapse supernovae. The observations of
core collapse supernovae provide evidence that the explosion is intrinsically
asymmetric.

All these observations have shown that astrophysical jets are collimated, having a
sequence of bright high density regions (a chain of more or less regularly spaced
emission knots) and may end in intense radiation emission areas (with line
emission in the case of YSO jets and synchrotron continuum emission in the hot-
spots of FRII radio jets). The latter are the regions where the jets impact against
the ambient medium, and are called “working surface” in the jet literature.

There are many facets of jets which are not yet fully understood; in particular the
processes by which the strongly collimated flows are driven. This has important
implications for the range of jets and the manner in which their material and
energy content is deposited, as well as for the entrainment and acceleration of
material in their envelopes.
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Evidence of accretion of matter onto central compact gravitating objects via an
accretion disk suggests that the jets may have a common origin. The mechanism
proposed for jet acceleration requires the crucial contribution of magnetic fields.
In the case of AGN jets, it is expected that the fraction of energy flux due to
magnetic fields dominates over the kinetic energy flux in the initial regions of the
jet only. Stability issues and observations imply that they become mass dominated
further out (Sikora et al 2005[25], Giannios and Spruit 2006 [26]).

Khokhlov[27] has developed an explosion model which assumes that bi-polar,
non-relativistic jets form via a magneto-rotational mechanism during a core
collapse, and these results in the production of a highly asymmetric supernova
envelope.

Simulations at high Mach numbers are essential for achieving a detailed
agreement with the astrophysical observations. The gas flows in the HH 1-2
astrophysical jets [28] are at about Mach 80, and other astrophysical jets are at
even higher Mach numbers.

Numerical simulations [29,30]at high Mach numbers (up to 80) with radiative
cooling have been performed to provide physical insights into these flows.

In the astrophysical setting, sometimes the jet gas is on the order of ten times the
density of the ambient gas (heavy jets). These heavy jets (which are nearly
“ballistic””) are simulated by Youngsoo Ha - Carl L. Gardner [31]. In their
investigation, the evolution of high Mach number astrophysical jets with radiative
cooling using a positive scheme is simulated.

Another numerical simulation has done by Radulescu and Law [32] who
simulated under-expanded jets. Under-expanded jets occur when a high-pressure
gas suddenly discharges into a lower-pressure gas through an orifice or nozzle.
They have studied the hydrodynamic evolution of highly under-expanded jets and
formulated an approximate similarity solution for the jet evolution in a short scale
jet. The used parameters in their simulations correspond to the release of
pressurized hydrogen gas into ambient air, with pressure ratios varying between
approximately 100 and 1000 and their simulations confirm the similarity laws
derived theoretically and indicate that the head of the jet is laminar at early stages,
while complex acoustic instabilities are established at the sides of the jet,
involving shock interactions within the vortex rings, in good agreement with
previous experimental findings.

The literature about these topics is huge from the early works of Love et al.
(NASA Tech Report R-6, 1959)[33] and Ashkenas and Sherman (in Rarefied gas
dynamics, Academic, NY, 1966)[34] to the innumerable papers published
today[5,35,36,37], because of the numerous attempts to simulate numerically the
stellar jets known from direct observations.

However, simulations can never fully capture the detail of a physical system.
Approximations are necessary to make the problem computationally tractable: the
simulations have a finite resolution (and are often artificially limited to the gross
symmetry of the problem), and many physical processes must either be assumed
to not be relevant or be treated by very approximate methods. The initial and
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boundary conditions are also often poorly constrained by observation: the jet
source may vary in speed or mass input rate, and the surrounding medium may be
highly structured.

On the other hand, also there are several experimental results in hypersonic jets,
dealing in general with short jets involving magneto-hydrodynamics effects, as
pulsed, short convergent flows of plasma [38], or plasma jets created by laser
ablation of shaped targets [39, 45].

An experimental platform using the Omega laser [40] to generate astrophysically
relevant jets has been developed to better understand the physics of jets. Kauffman
et al[41]andLindl[42] used a laser-heated hollow cylindrical gold hohlraumto
radioactively drive the targets. However, axial plasma stagnation within the
hologram generates additional pressure on the target which perturbs the
hydrodynamics of the jet because of using the direct laser drive. There is also
another experiment at Omega, which developed large field-of view imaging at the
Z pulsed-power facility (SNLA) using a monochromatic curved crystal imager
[43]. This experimental configuration offers the exciting potential of increased
effective spatial resolution.

Ampleford et al. [44] presented a laboratory technique to produce rotating
convergent plasma jet flows which is a modification of the conical wire array z-
pinch [45,46]. Angular momentum is believed to be an integral part of the
dynamics of proto-stellar jets, so this new technique has done to introduce angular
momentum into radiativelycooled, highly supersonic jets in the laboratory.

The presence of angular momentum results in a hollow density profile in both the
standing conical shock and the jet and the results indicates that the presence of
rotation significantly affects the dynamics of both the jet forming shock and the
jet, most notably producing a hollow density profile.

Almost all these experiments have been performed for short scale jet flows and
done research reveal a need for experimental studies of free hypersonic jets on
long scales.

In hypersonic jets, several physical parameters, expressed as non-dimensional
similarity numbers, affect the physical behaviour; in the long term evolution,
Mach number, jet-to-ambient density ratio, Reynolds number and heat flow
numbers are in general important. In particular, in a stellar jet Reynolds number
and temperatures can reach huge values, impossible to scale in a laboratory, whilst
the other crucial parameters, namely the Mach number and the jet-to-ambient
density ratio, can be matched in a real experiment. Here we have focused our
investigation on these two crucial parameters that describe the hydrodynamics of
YSO jets, i.e. the Mach number M and the density ratio 7.

The present research project is mainly devoted to visualizations and measurements
on hypersonic jets, in such a way as similar to natural phenomena, i.e. the stellar
jets known in astrophysics, extending on length scales in the order of hundreds of
initial diameters and travelling in a medium not necessarily made of the same gas
of the jets.
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The used experimental apparatus is the evolution of an existing system
successfully employed in studies on strongly under expanded supersonic jets and
rarefied flows [47,48] which produces the jets by means of a fast piston coupled
with de Laval nozzles.

By our experiment, the Mach number M and the jet to ambient density ratio n =
pi/p. can be set independently each other to find the effect of each parameter on
the jet behaviour. The Mach number of the jets ranges for 5, 10 and 20; the
density ratio 1, which plays an important role in the jets morphology, can be set
from 0.1 up to values exceeding 100. These two parameters are in similitude with
astrophysics parameters in the hydrodynamic limit. As a consequence of the setup,
the5 Reynolds number cannot be set independently; it ranges from 1.7x10’to 5 x
10°.

A long-standing issue about stellar jets was also the possible effect of magnetic
fields on the jets morphology, but this problem is not considered in the present
study because our experiment has been designed to investigate the universal
phenomenology in Newtonian dynamics, regardless of the presence of
electromagnetic forces. So the originality of these results is outstanding; they have
given an answer to the famous issue of the jet morphology: "Is the jet shape due
just to fluid dynamics or it requires magnetic confinement, periodic energy
pumping and other complex cases?". These results could serve also as a
benchmark for existing and future numerical simulations.

The plan of this dissertation is as follows: in chapter 2 the physics of Hypersonic
jets is presented, chapter 3 is about the experimental apparatus setup, chapter 4 is
dedicated to visualizations and measurement techniques, chapter 5 gives some
selected experimental results and the conclusions are drawn in chapter 6.
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Chapter 2

2. The Physics of hypersonic jets

Many physical relationships in engineering and especially in aerodynamics are, by
nature, extremely complex. It is much more complicated for astrophysical jets that
are impossible to reproduce in any laboratory. In these cases often a phenomenon
is too hard to find the relationship between variables, so dimensional analysis is
used to identify variables which can be combined in groups which are definitely
related. Experiments can then be completed to find this relationship between these
groups and allow determination of the actual performance characteristics of real
world systems.

Dimensional analysis is a remarkable tool in so far as it can be applied to any and
every quantitative model or data set; recent applications include the most
fundamental theories of physics. The results of dimensional analysis can be of
greater or lesser value. It is most useful, indeed almost indispensable, for problems
having no solvable theory. Dimensional analysis can always make a little progress
towards a solution, and some of these, the universal spectrum of inertial-range
turbulence and the log-layer profile of a turbulent boundary layer, are landmarks
in fluid mechanics.

2.1. Dimensional analysis for hypersonic jet

flow

This part describes a three-step procedure of dimensional analysis to be applied to
all quantitative models and data sets of hypersonic jet flows. In order to introduce
the physical independent and effective parameters on the jet flow, we consider a
jet, issuing from a nozzle to surrounding ambient,which is observed at a specific
distance from the nozzle exit. The first step of the analysis is beginning by listing
the variables presuming relevant to the aspect of the jet.
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2.1.1.Effective Physical Variables on the Jet Flow

When the velocity in the flow is greater than the sound speed (M > 1)
important qualitative changes in the flow occur. A prominent change is the
occurrence of the shock waves. The strength of the shock is also proportional to
the flow velocity. So the most important parameter should be the jet velocity; its
velocity in the jet source (nozzle exit) is considered as the first parameter.

There is a consensus about a common set of morphological properties of
hypersonic jets, which are shared by most of these outflows, despite their physical
scales and power differing by many orders of magnitude; if the jet comes from a
small orifice or the exhaust of supersonic aircraft or from a stellar object, the
kinetic power is remarkably different, so the jet size is a significant variable and
can be represented by the jet diameter at the source; D.

In hypersonic jets,when the jet pressure is mismatched with the ambient pressure,
there is a remarkable change in the flow structure [1, 22, 23]. If the pressure of
surrounding gas is highly different from jet pressure, surrounding medium is
unable to equalize the upstream pressure due to the very highly jet velocity.
Therefore it is probable the exiting gas pressure goes significantly below or very
greatly above ambient pressure, leading to under or over expanded jets; these
conditions play a more significant role for the long term jet flows than short term
oneslit is explained in 2.2.1]. Hence jet and ambient pressures are other important
parameters influencing on the jet flow. Figure 2.1 shows a basic schematic of the
jet morphology; the jet ends at a working surface, where impact against the
ambient medium.

Figure2.1: A scheme of the basic morphology of the jet; working surface, in front of
shacked jet, compressed gas feeds a backward flow along the sides of the jet.
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The working surface of the jet moves outward with respect to the nozzle exit and
enters the surrounding ambient and pulls over the ambient gas. Ambient medium
resists against the jet flow; so if the ambient is lighter than the jet gas, there is less
resistance against the jet motion,and for the heavier ambient there is more
resistant. This opposition between the jet gas and ambient medium can change the
jet shape. It means ambient and jet densities are two other affective variables in
the jet morphology.

The strength of the shocks and jet kinetic energy slow down with increasing
distances from the outflow source, also the viscosity around the jet boundaries
damps and distorts the jetcollimation. Hence the jet shape is presumed to be a
function of the jet length, and this effect is denoted by L; jet length from the
outflow source. The reason for decreasing kinetic energy of the jet flow is due to
overcomingover viscosity energy on the boundaries. Therefore the effect of the
flow viscosity, shown by p, is another noticeable parameter.

About gravity; this would be important for the low speed and also highly heavy
jets (such as liquid jet into the gas ambient), because in these cases gravitational
energy bends the jet path toward the gravitational source. But when the jet
velocity is high, kinetic energy overcomes the gravitational energy and doesn’t
affect on the jet morphology. In our case, laboratory hypersonic jet, which
velocity is very high and density ratio is not so high (almost less than 100), gravity
effect is negligible.

There are a lot of aerodynamic phenomena in hypersonic jet flows which can be
calculated by the thermodynamics formula, such as shock strength, shock
thickness, and etc.which are a function of thegas type; monoatomic, diatomic,
polyatomic. For instance pressure gradient in shocks is a function of specific heat
ratio or adiabatic index (y=C,/ C,) which relates to the freedom degrees of a gas
molecule (f) by the equation:

2
7=f7+ Q2.1

Monoatomic gas molecules possess only 3 translational degrees of freedom, while
diatomic gases possess 3 translational and 2 rotational degrees of freedom at near
standard conditions. In other words yis related to the gas type. Therefore the type
of the jet gas is considered as the last affective variable on the jet flow and is
denoted by v; ratio of specific heats (adiabatic index).

All these variables are:

e V:Jet velocity

D: jet diameter
Pj: jet pressure
Pjec: jet density
P.mb: ambient pressure
Pamb: @mbient density
L: the distance from jet source
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e :Jet gas viscosity
e Jet gas type: adiabatic index (y)

The premise of dimensional analysis is that a complete equation made from this
list of variables, will be independent of the choice of units. This leads to the
second step, calculation of a null space basis of the -corresponding
dimensional. Any physical situation can be described by certain familiar properties
e.g. length, velocity, pressure, temperature, etc. These are all known
as dimensions. Of course dimensions are of no use without a magnitude being
attached. It must be known more than that something has a length, it must also
have a standardized unit - such as a meter, a foot, a yard etc. Dimensions are
properties which can be measured. Units are the standard elements using to
quantify these dimensions. In dimensional analysis only the nature of the
dimension is concerned i.e. its quality not its quantity. The following common
abbreviations are used:

Length =L

Mass =M

Time =T

Force =F
Temperature = Q

All the physical properties can be presented by L, T and one of M or F (F can be
represented by a combination of LTM). These notes always use the LTM
combination. The following table lists the dimensions of some common physical
quantities which we need:

Table 2.1:Dimensions of some common physical quantities.

Quantity SI Unit Dimension
Length M L
Mass Kg M
Time S T

Velocity m/s ms’' LT

Joule J
Temperature kgI\Ing)l/,S2 ke m2s? ML2T2
PascalzP, ,

Density kg/m’ kg m” ML
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. . N/m’
specific weight ke Im2/s? ke S MI2T
relative density ni)rssi(zs . 1
. . N s/m’ N sm?
Viscosity kg/m s kg m's! | ML'T!
adiabatic index a I‘atI.O . 1
no units

The non-dimensional variables are themselves a basis set and in most cases their
form is not determined by dimensional analysis alone. Our goal is to convert all
dimensional variables to non dimensional ones. So continue to third step.

The third and in some respects the most interesting step is to choose an optimal
form for the basis set. A very useful strategy is to nondimensionalize the
dependent variable by a physically motivated ’zero order’ solution. When carried
to completion, this leads naturally to a scaling analysis in which the non-
dimensional variables of a model equation are O(1) in some relevant limit. The
remaining nondimensional variables can then be formed in ways that define the
geometry of the problem or that correspond to the ratios of terms in a model
equation, e.g., the Reynolds number or Mach number often arises in models of
aerodynamics.

Before doing any analysis, we seem to arrive at the conclusion that the jet shape

depends on six quantities:

£ = ¢ (Vv D9 Pjet’ Pambv pjet’ pamb, L’ K, Y) (22)
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Figure2.2: Some physical measurable parameter to specify the behaviour of the working
surface of the jet flow.

Where £ could be some physical measurable parameter to specify the behaviour of
the working surface in the distance L from the jet source, such as jet head velocity,
the angle of bow shock or some thicknesses to identify the shape of working
surface; here £ is defined as L1 showing the thickness of cocoon or L2 illustrating
the distance between the bow shock and terminal shock, or also L3 representing
the beam width (see figure 2.2). The procedures for non dimensional analysis of
head velocity and structures (L1, L2 or...) are almost the same, so here £ is
considered as the length to specify the structure of the working surface.

Now Buckingham’s m theorem is applied for nondimensionalization; The
Buckingham © theorem gives a good generalized strategy for obtaining a solution
as is outlined below.

A relationship between 9 variables (physical properties such as velocity, density
etc.) can be expressed as a relationship between 9 non-dimensional groups of
variables called w groups. Each & group is a function of n governing or repeating
variables plus one of the remaining variables.

2.1.2.Selecting Repeating Variables

Repeating variables are those supposing to be appeared in all or most of
the m groups, and are an influence in the problem. Before commencing analysis of
the problem, one must choose the repeating variables. There is considerable
freedom allowed in the choice.
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From the 2" theorem there can ben (= 3) repeating variables. The repeating
variables should be chosen to be measurable in an experimental investigation and
also to be of major interest. Here for laboratory hypersonic jet, we take Pj, D
and viscosity of the jet gas as the three repeating variables. This freedom of choice
results in there being many different & groups which can be formed and all are
valid. There is not really a wrong choice.

£=some thickness or length specifying the structure of the working surface

£= q) (V9 D’ Pjet’ Pamb’ pjet’ Pamb, L’ K, Y)

So by combinations of these three repeating variables, each parameter is
normalized by combination of other ones:

1=P; ' D*" p'xV (2.3)
M2=P;*> D™ u? X Py (2.4)
13=P;° D” u”x pj (2.5)
T14=P;* D™ 1™ pymy (2.6)
15=P;° D" pu“x L 2.7
[16=P;*° D" pxy (2.8)

For the first group ml:
MLOT= [ML' T2 [L]"'x [M L' T'"'x[L T (2.9)

For each dimension (M, L or T) the powers must be equal on both sides of the
equation, so:

al=-1,bl=-1,cl=1

Giving myas; P 'xD'xp'xV or z = P"fl‘) (2.10)

Jet

And a similar procedure is followed for the other 7 groups.
For m, group:

a2=-1, b2=0, c2=0
Giving myas; P 'x D'x p’x Py, oF m:% (2.11)

Jet

For m; group:

A3=1, b3=2, c3=-2 .

Giving m3as;  Pi/x D*X p? X pio Or  Tg= i PP (2.12)
e

For m, group:
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Ad=1,b4=2, c4=-2
Giving T, as; Pjetlx D?X W2 X Pamp OF T4 —M (2.13)

2

For 75 group:

A5=0, b5=-1, ¢5=0

Giving msas;  Pi™xD'x p’x L or nszg (2.14)
And finally for 7g group:

a5=0, b5=0, c5=0

Giving T as; Pjetox D’ 1'xy or me=y

Finally we can rewrite:

» R,,,, ,D*P,,
TC() :£/D £ = (I) (TE], TEZ? Tc3y T[49 TESy T[()) ¢ ( P b p/” > p””b 3 /l y — 37)
P D Jjet H H D

(2.15)

2.1.3.Manipulation of theTt groups

Once the identified manipulation of the 7 groups is permitted, these manipulations
do not change the number of involved groups, but may change their appearance
drastically.

Taking the defining equation as: £’=¢ (T, , T, T3 ......... T )

Then the following manipulations are permitted:

1. Any number of groups can be combined by multiplication or division to
form a new group which replaces one of the existing. For example T,
and T, may be combined to form m;, = T, / T, so the defining equation
becomes
£=0(T,, T, T ... M)

2. The reciprocal of any dimensionless group is valid.

So£7=¢ (m 1/ 7y, 75 ... 1/76 ) is valid.
3. Any dimensionless group may be raised to any power.
S0 £7=0 ((m; )%, ()" (M3 ). e ) is valid.
4. Any dimensionless group may be multiplied by a constant.

In this step these manipulations are applied to obtain new and meaningful non-
dimensional groups which are performed in the following formulas (2.16 to 2.22).

Vu amb /7-. D’P, p,,D’ P,
( = o ) i [ )
¢ p.D’ P, w u Y

Jet Jet

Ty =£/D =£"=¢ (m,, mp, T3, Ty, T, Mg) =

(2.16)
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VD
T, =T, XT, _),014,,7 (2.17)
1
T, =— (2.18)
2
T |V P (2.19)
3a (ﬂ% 7[6 }/f)“
z, =2y L (2.20)
7[4 pamh
So:
£”=¢ (pjetVDviy 7‘/ p'i” ’ pj“ 7£?Y) (2'21)
/-l I’umh ]/P/‘!,, p amb D
or:
P
£'=0 (Re, -2, 1, Lia, L ) (2.22)
F:mb pamb D

Here 9 independent variables have been reduced to 6 ones;
e Reynolds number: inertial over viscous force ratio
e  Pressure ratio: jet to ambient pressure ratio
e Mach number: Local gas velocity over local sound speed in the
surrounding medium
e  Density ratio: jet to ambient density ratio
e Length scale number: jet length to jet diameter ratio
e Jet gas type: adiabatic index (y)

The last @ group, v, indicating jet gas type, has a second order effect on the jet
behaviour and if all jet gases are the same type, it will vanish. The used gases for
all jets in our experiment are mono atomic; Helium, Argon and Xenon which v is
constant for all of them (y=5/3). This condition leads to reduce the independent
parameters to five one:

£=0 (Re,K,.M 7. L) 2.23)
D

Pie ) and K is the pressure ratio (Ley, all these

amb amb

Here 77 is density ratio (

independent non-dimensional parameters have a first order effect on jet flow. As
mentioned in chapter one, there are several experimental works in laboratory
hypersonic jets which almost all of them deal generally with short scale jets [36 -
44]; small L/D (about 10). Numerical simulations and direct observations of
astrophysical jets prove that jet structures extend coherently up to long distance
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but there is not any experimental study about long term hypersonic jets. In our
research we have focused on the long scale jets which the jet length is in the order
of hundred of its diameter. Hence the Length scale number (/D) is limited in the
specific range (long term jets);regarding this condition, the length scale number is
vanished, and just Mach number, density ratio, pressure ratio, and Reynolds
number are expressed as effective non-dimensional similarity numbers on the long
term jet flow.

It is difficult to find the effect of all these groups on the experimental investigation
of the jet morphology, therefore must limit ourselves to identify those groups that
are the crucial ones in controlling the overall jet behaviour in order to rescale the
laboratory simulations accordingly. In particular, in a stellar jet, Reynolds number
can reach huge values [26], impossible to scale in a laboratory, whilst the other
crucial parameters, namely the Mach number, density ratio and pressure ratio, can
be matched in a real experiment. Hence in laboratory hypersonic jets, three non-
dimensional parameters could be presented:

1. Mach number

2. Pressure ratio

3. Density ratio

So: £7=0 (K,77 ,M )

2.2. Reduction of the Main Non dimensional

Parameters

This section focuses on the three main and effective non dimensional parameters
on the jet morphology. In the following, the influence of pressure ratio is
explained and the effect of Mach number and density ratio are clarified in the
section 2.3.

2.2.1.Influence of pressure ratio; K

The jet is called under-expanded, when pressure ratio is greater than one (K>1)
which means the jet pressure at the nozzle exit is greater than the ambient gas
pressure. If K< 1 it is over-expanded and if K=1, it is pressure matched.

2.2.1.1. Under Expanded Jet

In the laboratory a supersonic under expanded jet can be generated from a
compressed gas exhausting from a nozzle into an environment with a lower static
pressure [45,46]. When the jet pressure is more than ambient pressure, at the
nozzle exit, the flow follows a Prandtl-Meyer expansion to match it with the
surrounding gas, which makes it accelerate and turn away from the centreline. The
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expansion waves, propagating throughout the jet, are reflected as compression
waves from the constant-pressure free boundary. For small pressure ratios, the
compression waves reflect from the free boundary into the new expansion waves,
thereby giving rise to a multi-cell barrel-shaped structure [49, 50].

For higher pressure ratios, the compression waves coalesce to form an
axisymmetric curved incident shock, which propagates across the centreline. The
flow undergoes a double shock wave over a short distance, leading to a double
pressure increase [1,50]. The first shock is called the incident shock and the
second shock can be regarded as a “reflected shock” from the centreline.

2.2.1.1.1. Regular Reflections

Figure 2.3 shows the simulated flow structure of the jet for a slightly under-
expanded supersonic. This complicated axisymmetric structure has several notable
features. First, the jet boundary oscillates as the jet gas periodically over-expands
and re-converges in its attempt to match the ambient pressure. The gas continually
overshoots the equilibrium position because the effects of the boundary are
communicated to the interior of the jet by sound waves, which, by definition,
travel more slowly than the bulk supersonic flow. There is the second remarkable
feature of the jet, formed by characteristic paths of the sound waves; the network
of crisscrossed shock waves or shock diamonds. These standing shocks alternate
with rarefaction fans (blue lines). The shades of blue in Figure 2.3 shows the gas
in the jet interior expands and cools as it flows through the rarefaction fans and the
shades of black indicates it is compressed and heats as it passes through the shock
diamonds [51]. The figure clearly illustrates that the jet interior is always out of
step with the jet boundary. For example, the positions of greatest gas compression
do not coincide with the positions of minimum jet diameter. The streamlines in the
figure 2.3 show the flow paths of the gas. The gas bends out toward the boundary
by passing through rarefaction fans and bends back toward the axis by passing
through shock fronts. The compression and expansion waves could occur
periodically for a free jet. Figure 2.4 shows the formation of the shock structure in
Figure 2.3 in terms of characteristics. As the gas issues the nozzle, it expands and
causes to emanate the rarefaction fan (diverging blue characteristics) at the nozzle
exit. When the gas over expands, the pressure of the ambient gas in the boundary
pushes back the jet gas toward the axis, creating the black characteristics. This
phenomenon leads to converging conical shock. When this so called incident
shock reaches the jet axis it undergoesa regular reflection; that is, it forms a
diverging shock. At the point where this reflected shock reaches the jet boundary,
it knocks the boundary outward, creating a new rarefaction fan, and the process
goes on [51].
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Figure 2.3: Idealized steady-state structure of slightly under expanded supersonic jet[51].

Raretaction Fans

Incident Reflected
Shock Shock

Figure 2.4: Regular reflection in a slightly under expanded jet.

2.2.1.1.2. Mach Reflections (high under expanded jet)

Sometimes there is a remarkable change in the flow structure when the pressure
mismatch at the nozzle exit is too much (K>>1 or K<<1), as shown in figure 2.5.
For very large pressure ratio, the separating distance between the incident and the
reflected shocks, decreases so much that a strong shock forms around the
centerline, similar to a normal shock wave and called the Mach disk [1]. By
considering the angle between the incident shock and the jet axis, the type of
reflection can be determined: if the angles of incidence are small [52,53], it yields
the regular reflections shown in Figures 2.3 and 2.4, and if it is large angle, yields
Mach reflections shown in figure 2.5. As the gas crosses the shock, the velocity
component normal to the shock is greatly reduced but its parallel component
remains unchanged. So the shocks with large incidence angles are much stronger
for slowing down the flow than shocks with small angles of incidence. The critical
angle for transition from regular reflectionsto Mach reflections is approximately
the angle that yields a sonic relative velocity of the gas downstream of the shock
[53].

Downstream of the Mach disk, the flow becomes subsonic and the pressure is
raised up approximately to the static ambient pressure. The subsonic core flow is
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bounded by a slip stream emanating from the triple point and may or may not
become supersonic again, depending on how strong the Mach disk is (see Figure
2.5). The slip streamline is where the flow velocity, density, and temperature are
discontinuous across this contact surface (figure 2.5). This slip discontinuity arises
because the thermodynamic pathway through the incident and reflected shocks
does not equal the pathway through the Mach disk.

Incident
shock . Reflected +.. Free boundary
Prandtl-Meyer shoc H
Expansion "%, i
Nozzle ---.
—
-

= Centerline *** Mach Disc
Shack Triple Point
)

By Py

High-Pressure
Reservoir

ncidant Feflected
Shock Shack

1 4
Ciscontinuity

Mach Disk

Figure 2.6: Shock Triple Point and its thermodynamic history [51].

Figure 2.6 shows two parallel streamlines passing through both sides of the shock
triple point and their thermodynamics pathways is illustrated on the left side of the
figure. Adjacent fluid elements at some initial point on either streamline have the
same state variables and the same total (kinetic plus internal) specific energy, that
is, energy per unit mass. This quantity is given by
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Ly, v ? @.1)

2 y=1p

According to the Bernoulli’s principle, the total specific energy remains constant
along a streamline, so if we follow both adjacent fluid elements arriving at points
4 and 4' in Figure 2.6, they must still have the same total specific energy and also
the same pressure because they are still adjacent. However, from Figure 2.6 it is
obvious that their densities and entropies are not the same. The fluid element at
point 4 has passed shock-heated along a Hugoniot and reached to a higher entropy
and lower density than the fluid element that passed through the incident and
reflected shocks along points 2 and 3 to point 4'. The density of the fluid element
at point 4 is lower than point 4' which implies that its internal energy (which is
proportional to P/p) is greater than that of the fluid element at point 4'. Bernoulli’s
principle then implies that the fluid element at point 4 must have a
correspondingly lower kinetic energy (flow velocity) than the adjacent element at
point 4’. A slip discontinuity results from this difference in flow velocities [51].

2.2.1.2. Over Expanded Jets

In over expanded jets, the nozzle exit pressure is lower than the surrounding
pressurewhich leads to the compression wave occurs at the nozzle exit, so the flow
is inflexed and the pressure increase. Figure 2.7 shows idealizations of the jet
structures. The numerical results [53, 54,55] and also experimental ones [56]
confirmed the occurrence of Mach disk formation in high over expanded jet as
well (figure 2.8 and 2.9).

Oblique shock wave

Mach disk

=

Slip surface

Jet Boundary Jet Boundary

(a) (b)
Figure 2.7: Schematics of jet structure of over expanded jet.

a)K<<1 b) K<1
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a) b)
Figure 2.8: Numerical simulation of over expanded at M=4[53];

a) K<1 b) K<<1

a) b)
Figure 2.9: Numerical simulation of over expanded at M=3 [56];

a) K=0.74 b) K=0.30

2.2.2.Laboratory Supersonic Jets

Figures 2.3, 2.4 and 2.7 show idealizations of the jet structures which here the real
supersonic jets do not have sharp, stable boundaries but turbulent boundaries
where jet and ambient gases are mixed.

In figure 2.10 a more realistic steady-state structure for an over expanded
laboratory jet is shown; because of large pressure mismatches at the nozzle exit,
Mach reflections occur, but further downstream the reflections are regular.
Similarly, for an over-expanded jet, the compression and expansion waves occur,
and pressure is increased due to compression, or decreased due to expansion.More
downstream mixing layers, growing by Kelvin-Helmholtz (shear) instabilities,
progressively are combined with the supersonic core of the jet and after a while
this mixing layer reaches the jet axis and then the flow is fully turbulent and
subsonic. It is then susceptible to twisting and bending motions, and in other
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words the wave structures within the supersonic core are not steady since they are
buffeted by the turbulent boundary layer [51].

P<<P
j a

High- e Wl LAn i : P
Pressure 0
Chamber PR

Turburent
" Mixing Layer

Figure 2.10:Realistic steady-state structure of an over expanded supersonic jet(K<<1) [51]

In this research, laboratory hypersonic jet, we have focused on long term jet
lasting to hundreds of initial jet diameter, so if jet pressure is highly different from
ambient pressure (K>>1 or K<<1) it will be distorted by mismatch conditions and
cannot last to such a long distance. Also according to the astrophysical
information taken from x-ray data from satellites, hot thermal gas pervades
intergalactic space which in most cases is equal to the pressure confining the jets.
Hence to have long scale laboratory hypersonic jet to simulate astrophysical jets,
jet pressure is set to nearly ambient pressure; pressure ratio is fixed about unity
(K=1). This flow is called “Nearly Matched jet flow”. By this assumption, another
non-dimensional number vanishes and just two main numbers are considered as
effective ones on “long scale nearly matched hypersonic jet flow”: Mach
number and Density ratio.

2.3. Jet Morphology

Figure 2.11 shows the simulation of hypersonic jet [S1] which is well defined and
started with the equations for compressible fluid flow; at t = O the jet gas escapes
continuously through a narrow orifice into a region filled with static ambient and
also the flow is assumed to be axisymmetric and non-swirling. So it reduces a
three-dimensional problem to two dimensions. One interesting point about this
kind of simulations is that it is scale-invariant, which means by changing the
dimension (jet diameter), the results can be scaled from laboratory to cosmic
dimensions. In this case four scale-invariant (dimensionless) parameters determine
the flow; 1, K, M and 0. The parameter 0 is the opening angle of the jet at the
source. For extragalactic jets which have small observed opening angles, it is
considered to have a perfectly collimated beam jet at the source (6=0) and also
assumed that the jet gas pressure equals the ambient gas pressure (K=1). So just
two remaining parameter set (M,n) defines a solution space. These parameters
have scarcely been explored in the laboratory because of the difficulties of
achieving very high Mach numbers (M > 10) and low density ratios (n<1). Hence
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more explorations on this topic are in numerical simulations than experimental
ones.

The jet flow is kind of two-fluid problem which critically depend on the motion of
the interface separating boundaries and they are generally driven by shear motion
parallel to the interface (subjected to Kelvin-Helmholtz instabilities), and also are
driven by accelerations normal to the interface (subjected to Rayleigh-Taylor
instabilities) [51]. These instabilities mix two fluids and can modify the jet flow
significantly.

2.3.1.A Supersonic Jet Close up

Here the establishment and propagation of a pressure-matched supersonic jet is
described according to the simulated jet shown in figure 2.11. This figure shows
four snapshots in the time evolution of a low-density jet (n=0.1) at M= 3.
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Figure 2.11: Numerical simulation of the time evolution of pressure matched axisymmetric
supersonic jet; M=3 and n=0.1 [51].
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As it is obvious by the colour-coded density value in these plots, the entire jet is
significantly less dense than the ambient gas throughout its evolution. A novel
aspect of such jets, already predicted by Blandford and Rees[56] is the
establishment of a cocoon; a splashing backward gas from the jet head
surrounding the central jet beam. The cocoon is visible in all instances of the jet
evolution shown in figure 2.11 as a blue layer around the green supersonic beam.
The governing mechanics of jet deflection into the cocoon at the so-called
working surface is quite complicated and is discussed below. Nevertheless, the
existence of cocoons in low-density jets is easy to understand on simple physical
grounds.

Jet boundary

ambient Gas

Cocoon ‘ " §
~ w
Sl [ /5 )¢

Beam ‘Vb-W . o W

P\E |3
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-~ o

Figure 2.12: Flow schematic of the jet head in the rest frame of the working surface. Here
W is the speed of advance of the working surface and V,, is the beam velocity.

As shown in Figure 2. 12, the jet head progresses at a speed can be determined by
a balance of ram pressure (or equivalently momentum flux) along the beam axis in
the rest frame of the working surface, as follow:

, W 1 Jn (2.2)
V,-W) =pW>os = =
2V, ) =p, v, 1+(pa/p,,)_”2 1+ ,_77

Here W is the speed of the working surface, then ram-pressure balance is given p;
(Vy-W)* =p, W2 According to the obtained equation and using the definition
N=pj/p., we find that:

A 2.3)

(N

Equation 2.3 implies that the jet head of a diffuse jet (n=1) is less than the beam
speed Vy,, which means that the beam gas constantly overtakes the jet head. In
other words, incoming beam gas rather than accumulate there, after being shock-
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decelerated and deflected sideways, continuously escapes into the cocoon at the
working surface. The cocoon gas actually flows backward toward the inlet which
is a simple consequence of mass conservation.

The relative velocity between the backward flowing cocoon gas and the ambient
gas at the cocoon boundary is substantial. For the jet shown in Figure 2.11 it is
subsonic. Because of the interaction of two flows, the cocoon boundary is subject
to the Kelvin-Helmholtz shear instability which overturns and mixes the cocoon
and ambient gases shown in the second and the third snap of the jet in Figure 2.11.
As a result of the instability, only a lobe of cocoon gas is left intact at the jet head
in the forth snap of Figure2.11. The central supersonic beam nevertheless appears
to propagate without significant mixing at its boundary [51].

2.3.2.The Working Surface

As it's obvious in the figure 2.13, working surface has a complex detailed
structure included a network of nonlinear waves and flow patterns that propagates
as a coherent whole at the head of the jet [51].

Quite generally, the terminal shock system is similar to the triple-shock structure
that is formed by Mach reflection in steady-state jets (see inset (a) in Figure 2.13),
except that the structures downstream of the Mach disk (the reflected shock and
rarefaction zones) are swept back by the oncoming ambient gas.
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Jet Boundary L a = ambient gas

a) Steady-State Overexpanded Jet (b) Thermodynamic History along a Streamline

Figure 2.13:The working surface of a supersonic jet; the incident shock, the Mach disk, and
the reflected shock are dark red, and the rarefaction fan is dark blue. This terminal shock
structure is similar to the Mach reflection in a steady-state overexpanded(K< 1) jet shown

in inset (a)[51].

Upon passing through the Mach disk, beam gas is virtually brought to rest with
respect to the leading contact discontinuity, which is itself advancing into the
ambient gas. The Mach disk converts the directed kinetic energy of the beam into
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internal energy, thereby creating a region of very high pressure and temperature
between the Mach disk and the contact discontinuity. Because of the confined
longitudinally by the ram pressure of the opposing beam and ambient streams, this
high pressure gas can escape sideways. Once beyond the radius of the beam,
however, a fluid element will be blown back into the cocoon by the ram pressure
of the ambient gas, which is there not balanced by the ram pressure of the beam.
As the gas expands into the cocoon, its pressure decreases until it reaches the
ambient pressure. Inset (b) in figure 2.13 traces the irreversible thermodynamic
evolution of a fluid element following the streamline in figure 2.6 that passes
through the Mach disk and into the cocoon. A key consequence of the irreversible
nature of the terminal shock front is that the cocoon gas is generally less dense
than the beam gas after pressure balance has been re-established. Vorticity is
generated at the shock triple point in the form of a slip discontinuity (the dashed
line in Figure 2.13), is carried into the cocoon, and contributes to the formation of
a large-scale toroidal vortex surrounding the beam. The streamline in Figure 2.13
that flows above the shock triple point circles the vortex to produce a forward
flowing stream of high-pressure cocoon gas [51].

This high-pressure environment in the cocoon drives the oblique incident-shock
component of the beam’s terminal triple shock. This intimate relation between the
flow structures at the working surface and the adjacent cocoon constitutes a
nonlinear self-consistent solution to the problem of flow deceleration and
deflection in supersonic jets.

2.3.3.General Morphology

Figure 2.14 shows several simulated jets according to their values of M and 1.
Two general trends are apparent; scanning the third column from high to low
density ratios, a marked thickening of the jet is seen. For the jets with low density
ratios (N < 1), we have a thick cocoon of backward flowing gas around itself as it
propagates, whereas for the jets with a high density ratios (n > 1) it is just a naked
beam lacking a cocoon altogether.

Scanning the third row from low Mach number to high Mach number, the spatial
extent of the cocoon increases is seen. At low Mach numbers the cocoon is but a
lobe of material at the head of the jet, whereas at high Mach numbers the cocoon
surrounds the central supersonic beam along its entire length. These behaviours of
the jet can be understood with the help of a few simple concepts and equations. As
mentioned earlier, the cocoon is supplied by gas that flows through the jet head at
a rate proportional to V, — W. Equation 2.2 shows obviously that this rate is small
in high n jets, since W =V, for n >>1 and large in low 1 jets, since W<<V,, for
n<<l1. Thus on kinematic grounds alone one would expect an inverse correlation
between the density ratio and the size of the cocoon.

This inverse correlation is enhanced due to the shock heating of the jet gas at the
terminal shock. The amount of shock heating at the terminal shock is related to
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sz, where the relative Mach number M is defined as (Vb—WMCb. Again if look at
Eq.2.2 and also by the definition of M, it is found that M, = . We can see that
77

for a given M, M,, and thus the amount of shock heating, is largest when 7 is
smallest. The greater the shock heating, the more gas flowing into the cocoon
must expand to match the ambient pressure. So a small 1 leads to not only a large
rate of flow into the cocoon but also a greater expansion of the shock-processed
gas. The result, in agreement with simulations, is a cocoon with a relatively large
volume and low density.

If n is held fixed, we will have larger Mach numbers implying greater shock
heating, greater pressure differences between the working surface and the ambient
gas, and thus cocoons with larger volumes. For the low Mach number jets, the
extent of cocoons tends to be limited by shear instabilities on the cocoon
boundary. The gas in the cocoon generally flows back toward the source which is
resisted by corrugations in the cocoon boundary, such as the Kelvin-Helmholtz
instability. At low Mach numbers, the combined effects of low pressure difference
and induced instability cause to have the cocoon gas in a lobe near the jet head.
Due to the above explanations, the trends in morphology on a qualitative level
could be understood, but our attempts to quantify these effects analytically have
not been successful Nonlinear and time-dependent effects are just too
complicated. For example, the terminal shock structure is complex and time
dependent indicating the cocoon is highly inhomogeneous. These inhomogeneitics
lead to mass motions (vortices) within the cocoon that perturb the central beam
and ultimately contribute to the unsteadiness of the terminal shock [51].

Mach, [.5t0 12—

piL‘l’D.\mh. 0.01to 10

Figure 2.14: Dependence of the flow morphology of pressure- matched supersonic jets on
the dimensionless parameters M and n [51].

At high Mach numbers the backflow within the cocoon could be also supersonic,
and components of this momentum flux normal to the beam drive oblique shock
waves into the beam. The perturbations are associated with toroidal vortices
within the cocoon that drift back toward the source.
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The final and general conclusion for matched hypersonic jet is as follows; For the
jets with low density ratios (n < 1), it is expected to have a thick cocoon of
backward flowing gas around the jet beam, and by increasing the density ratio, the
thickness of cocoon decreases and finally for the jets with a high density ratio (n >
1) it is just a naked beam lacking a cocoon altogether. At high Mach numbers the
cocoon surrounds the central supersonic beam along its entire length whereas at
low Mach numbers the cocoon is but a lobe of material at the head of the jet. The
combined effect of these trends is that only jets with low density ratios and high
Mach numbers possess extensive cocoons.
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Chapter 3

3. The experiment: setup

The equipment is designed and built specifically for the generation, control and
display of hypersonic jets. The first version of this system was already employed
to study the properties of highly under-expanded jets, making use of truncated
nozzles and colour CCD cameras, detailed information can be found in the works
by Belan et al. [57, 58]. In the present work the system was reconfigured, by
adding and improving devices for the present purpose, i.e. long scale nearly
matched jets. It also needed the new calibrations which are different for each
given Mach number (see section 3.4).

Before describingthe experimental setup in details, a general view is explained as
follows: the jets travel inside a modular vacuum vessel, with a maximum length of
5m and a diameter of 0.5m, much larger than the diameter of the jets. The required
ambient inside the vessel is obtained by means of a valve system that sets the
ambient density, at pressures ranging from 1.5 to 100 Pa, using a gas in general
different from the jet gas.Density ratiocan range from 0.01 to more than 100.
Actually in our results, the density ratio is in the range of 0.82 to 102. The
visualizations and measurement system is based on an electron gun equipped with
a deflection system, which creates an electron sheet. This sheet intercepts the jet
under test, generating a plane fluorescent section of the flow, which is imaged on
an intensified camera, and after the flow is analyzed by Image processing
methods.

In particular, we want to achieve the possibility to compare a jet of gas in the
environment, but the similarity between their lines needs considering the number
as an argument of similarity of Mach, with regard to the jets isentropic, from
known relations for isentropic flow one-dimensional, it is clear that it is
determined by the ratio of stagnation pressure and the pressure of the generated

gas in the casting itself.
v

5=(1+7_‘1sz7“ G.1)
P 2

where Py is the stagnation pressure and P; is the pressure of the gas at the nozzle
exit. Table 3.1 shows pressure ratio for ideal mono atomic gas:
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Table 3.1: Ideal pressure ratio at matched conditions for mono atomic gas.

Mach Number Py/P; (isentropic flow)
10 6907
15 50354
20 209151

From table 3.1, it is evident in order to generate a jet with a high Mach number in
an ambient atmospheric pressure would be required very high stagnation pressure.
Therefore to obtain the pressure ratios indicated in the table 3.1must combine a
decrease in ambient pressure and increase of stagnation and so the best solution is
to use of a vacuum chamber together with a driving system (see section 3.2) to be
able to compress the gas to the required level of the stagnation pressure. The
ambient pressure level; the pressure of the surrounding due to the jet generation in
the casting itself, is obtained by means of a vacuum vessel, which is purposely
designed.

3.1. Vacuum vessel

The jets under study are created inside a modular vacuum vessel. The vacuum is
obtained through two vacuum pumps, a lobe pump and a vane pump in cascade
configuration; these two devices are capable to lower the internal pressure down
to 0.5-1 pa. All parts of the vessel are designed according to the correct principles
of vacuum technology [59]. The figure 3.1 and 3.2 show the schematic and real
vacuum vessel respectively. At one end of the vessel, a fitting is designed to set a
nozzle to generate the jet flow due to imposing a given pressure ratio between the
compressed gas to the ambient pressure; it is explained in the section 3.2.
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Figure 3.1:The schematic vacuum vessel.

Figure 3.2: The real vacuum vessel.
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The jets are created within a vacuum chamber modular steel 0.5m diameter and
the changeable length from 1m to Sm. The vessel diameter is much larger than the
jet diameter (see the output diameter of the nozzles in table 3.2), so the lateral
walls effects are negligible and the jets can be considered as the free jets until they
hit the vessel’s end. The full version of the vessel (figure 3.3) is composed of three
cylindrical sections (2, 3, and 4) plus a head and a tail section (1 and 5). The
modularity of the apparatus involves the considerable advantage of fitting the total
volume and length depending on the needs of the individual tests: as mentioned in
chapter 2, in this experiment we plan to fix the length number (jet length to its
diameter) in the range of hundred, and also regarding the jet diametersthat
aredifferent for each given Mach numbers (table 3.2), the desirable jet length is
different for each range of the Mach number. Hence a longer size of the vessel is
needed to monitor the development of high Mach jets, and for the low Mach jet, a
shorter length is needed.The head segment has a port for the connection of an
electron gun, an optical window for a camera and service ports for vacuum pump,
ambient gas inlet and electrical connections; these devices are for visualization
and also control system which is explained in section 3.3 and 3.4. One of the
intermediate sections of vacuum vessel is also provided with similar ports.

aux ports head ports

T T

piston/nozzles © © )
fitting
section 5 section 4 section 3 section 2 section 1
L1 il

primary pumps fitting

electron

o n_']_f' o ’Féff gun head

%ﬁ'afffffgegaxisﬁffffff

N

Figure 3.3: The full version of the vessel.

In reality that has occurred, three sections are extreme enough for Mach 10 and
15, and four sections for Mach 20 (figure 3.4). The required ambient inside the
vessel is obtained by means of a valve system which sets the desired ambient
density (at pressures in the range 1.5 to 100 Pa) using a gas in general different
from the jet gas (explained in section 3.3.3). Pressures inside the vessel are
monitored by means of two 0.25% accuracy transducers, ranging from 0.01 to 10
Pa and from 0.1 Pa to 100 Pa.
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Figure 3.4:The schematic version of the vacuum vessel for different Mach numbers.

3.2. Nozzles and gas injection

The set of nozzles used in this experiment was designed to take into account the
real gas properties. The pressure ratios taken in table 3.1 are the ideal pressure
ratios, so the ideal pressure ratios were corrected by numerical calculations of
boundary layer and heat exchange. The resulting pressure ratios are slightly
different from the corresponding ideal ratios, and are reported in the table 3.2. The
nozzles are de Laval nozzles and all have the same converging section and throat
(diameter=2mm), whilst the diverging section depends on the Mach number, the
relevant output diameters are also reported in table 3.2.

Table 3.2: Real pressure ratio at matched conditions.

Mach Number Py/P; Output diameter
[mm]
10 6667 24.0
15 47620 71.4
20 178600 121.9

The appropriate de Laval nozzles are resin machined to high precision (tolerance
on the radius of less than 2 um ). Each de Laval nozzle, shown in figure 3.5,

operates at a single nominal Mach number (slight adjustments are possible), which
is obtained by imposing a given pressure ratio between the compressed gas to the
ambient pressure.
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Figure 3.5: Three different de Laval nozzles operating at nominal Mach number 10, 15 and
20.

At higher Mach numbers, the apparatus which feeds the nozzles must be able to
increase significantly the enthalpy of the gas, while reaching the desired
stagnation pressure and temperature. For this purpose, we use a purely mechanical
system, which is called Fast piston system.

3.2.1.Fast Piston System

The fast piston system is a purely mechanical system which compresses the jet gas
to stagnation pressure in the 0.1 to 0.7 MPa range. It has an annular shape and it
slides between two coaxial cylinders, as shown in figure 3.6. The piston is
provided with a forward cylindrical extension having a set of ports. The inner
cylinder is connected to the nozzle inlet by a second set of ports. The two port sets
form a valve system which is closed during the piston run, and open when the
compressed gas reaches the desired stagnation conditions.
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Figure 3.6:schemoffast piston system.

When the piston reaches this position, the two sets of ports match each other and
the compressed gas flows into the nozzle. These processes are illustrated in figure
3.7. The thrust required to compress the inert gas is ensured by the compressed air
in the back of the piston which is maintained continuously under pressure during
the rest. It is normally held by an electromagnet and the starting time can be
programmed on an electronic timer (see section 3.3.3.1). Electronic timer also
controls opening time for the valves connected to vacuum vessel (for the ambient
gas) and fast piston system (for the jet gas).
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Figure 3.7: Longitudinal sections of the fast piston system. The piston is shown at 3
positions in sequence. Top panel: initial position, after the jet gas loading. Second panelan
intermediate time instant of the gas compression. Bottom panel: final position, when the
sets of ports match each other and the compressed gas flows into the nozzle.

The proper use of the piston requires well defined procedures for timing and
loading of the jet gas, they are described in the section 3.3.3. Load pressures are
measured by means of 1% accuracy transducers. A separate transducer is available
to check stagnation pressures: when it is needed, can be assembled in place of the
nozzle. The resulting repeatability of the jets at each piston run is very good. Of
course, the valves require a finite time to pass from the closed to the open
condition; therefore the jet mass flow Q has an increasing and a decreasing phase.
At the end of compression run, owing to the valve opening, the outflow increases
to a maximum value, which is in the order of the mass flow of the same nozzle
under steady conditions, then it diminishes as the residual gas contained in the
piston is used up. Figure 3.8 shows a typical gas injection curve and the method to
obtain mass flow curveis explained in the calibration part (section 3.4).
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Figure 3.8: Jet gas injection: an example of mass flow vs time for an Helium jet at Mach
10.

3.3.  Electron gun and Image Acquisition
The fact of operating at very low pressures hasled the adoption of electron beam
technique to display the jet. The electron sheet intercepts the jet under test, so that
the absorption of the light from a population of gas molecules raises their energy
level to a brief excited state. As they decay from this excited state, they emit
fluorescent light, as shown in figure 3.9. This fluorescent light generates a plane
fluorescent section of the flow.
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Figure 3.9:Jablonski diagram illustrating the processes involved in creating an excited
electronic singlet state by optical absorption and subsequent emission of
fluorescence.(DExcitation; @ Vibrational relaxation; @Emission.
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This system required along process of planning and development, have done
mostly on investigation dealing with truncated nozzle [57,58]. The performing
workin this thesis has been limited to simple maintenance, such as the
realignment of the deflection coils, the waste removal and replacement of the
tungsten filament and here it shows only a general description of the principles of
electron gun operation, while the construction details. First, it must be said that
lowering the gas density in the performance room of the system improves
considerably, both in terms of efficiency (most free path for electrons of the beam)
and also the duration of reliable life of its members (most of life filament). For
these reasons two turbo-molecular pumps have been installed in the area of the
gun to lower the pressure at least two orders of magnitude in the area of the gun
(10"° mbar). Here is a T-fitting allows the entry of high voltage cable, and placing

a vacuum gauge ionization (figure 3.10).

. magnetron
vacuum
gauge

turbomolecular -*3, high voltage external input vacuum
V250 ‘ P st focusand  chamber
- ¥ 2! P (

deflection
\/ dlaphragm |

__,_‘ glass tube

Figure 3.10. the system of the electron gun.

The electron beam, produced by the filament, propagates in a cylinder, on which
there are the focusing and deflection coils, built in part of metal and glass one.
This character is necessary to direct the beam at the entrance of the room: due to
the strong heating which is caused by the impact of the electrons, it has been
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realized that in a particular type of ferrous alloy nickel-cobalt, Kovar, having the
same expansion coefficient of borosilicate glass, allows minimizing the thermal
stresses. The whole is connected to the vacuum chamber through a hole with a
diameter of 2.7 mm, sufficient for the passage of the beam, but small enough to
avoid a sudden increase of pressure in the area of the gun (see figure 3.11). After
passing the beam into the hole, it passes again one focusing coil with variable
frequency, leading to collimate the beam, and finally two pair of deflection coils
moves the beam in the desired position, which results an oscillating sheet in to
view the portion of the jet of major interest (figure 3.11). So at the end we have an
adjustable electron sheet which intercepts the jet under test.
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Figure 3.11: Diagram of the apparatus used for the creation of electron sheet.

Figure 3.12 shows the working principle of visualization which is created dueto
crossing of the electron sheetby the jet under test. The Intercept of the electron
sheet to the jet generates a plane of fluorescent section in the flow and the images
of this fluorescent zone can be acquired with different kinds of cameras equipped
bythe intensifier.
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Figure 3.12: Working principle of visualization.

The use of this technique has, in turn, influenced the choice of gas for the jet and
ambient, and limits it to only inert gases, because of chemical reactions that can be
triggered by the electron beam. We also have necessitated the use of a camera
with high sensitivity. These limitations are partially rewarded by the return to a
single longitudinal section of the jet, which makes it easier. In fact, the analysis
and processing of images are acquired over the three-dimensional case. In this
experiment a fast CMOS camera (Phantom V5.2 and Phantom V710) has been
used which captures 512x512 or 768x768 monochromatic images at frame rates of
2000 to 8000fps, with an exposure time of 195 to 898us. Under the extreme
conditions of the present experiment, it is necessary to balance two opposite
needs, namely a short exposure to obtain sharp images and a long exposure to
obtain a sufficient light level.

The camera is equipped with image intensifier which amplifies light from
fluorescent images in low-light areas, to generate visible images in darkness.
Through this process, an image can be intensified by a desirable factor depending
on the quality of the recorded images which is a function of exposure time and
sampling frequency among electron beam intensity. Achievable light gain of the
intensifier, Hamamatsu V8070U, is more than 1000 (more details are reported in
[59D).

To display the jet flow, images are captured and then its behaviour is analysed by
image processing methods (explained in chapter 4).
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3.4. The control system

The whole system for the jet generation, visualization and imaging need to be
controlled and also synchronized among their operations. The control system
could be devoted to three parts; jet generation part, visualization part and imaging
part.

3.4.1.]Jet Generation Part

For the jet generation, control instrumentation is collected in two separated units;
one is a mobile rack located near the electron gun system and refers to pressure
measurement and timing system. Another unit, placed under the piston system,
which deals with controlling position system.

3.4.1.1. Timing system and pressure measurement

Figure 3.13 shows the pressure measurement and timing system, this rack also
includes a control system for intensifier (middle section in figure 3.13) which is
described in 3.3.1. Here two other sections related to the jet generation are
explained (the numbering refers to Figure 3.13):

Intensifier
Control
Section

Figure 3.13:Top part: Pressure transducers, middle part: control intensifierBellow part:
timing controler.



46 Chapter3

No. 1: Pressure transducers
The pressure inside the vacuum vessel is measured by two pressure transducers
MKS, the characteristics of high resolution and repeatability. These two
transducers, owing to the different full scale (0 -10 Pa and 0 - 100 Pa
respectively), allow a good compromise between the range of measurable
pressures and high resolution in the measuring range of interest (normally below
20 Pa).

No. 2: Timer (timing control system)

The apparatus consists of three identical and independent timers which are side by
side as sequential stages to control the solenoid valves. In the present experimental
setup, the three timers are connected in series with each other: the first (left)
controls the opening of the solenoid valve for ambient gas, the second (middle)
controls the valve to load the jet gas in the compression chamber of the piston, the
third (right) releases and run the piston due to stopping the current to the magnet;
in fact, the piston is held by the magnet which resists against the high air-pressure
in the back of the piston, when the magnet-current is stopped, the piston runs (see
section 3.2.1 and 3.4.1.2). The sequence is initiated manually by the operator due
to pressing the buttons that are placed on the left of the potentiometers or remote
button located near fast piston system. For a more detailed explanation regarding
the pattern timing, see [59].

3.4.1.2. Piston Control

In addition to the rack illustrated in figure 3.13, which is necessary to control the
sequence of the operation, another specific unit also is needed to control and
manage the piston. This unit is shown in Figure 3.14.

Figure 3.14: Control unit of the piston.

The control unit, with reference to the numbering of figure 3.14, consists of:

No. 1: Switch and power lights
This unit respectively allows powering rack and monitoring status of the
equipment as well as the presence of auxiliary power supplies.
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No. 2: Control valves of compressed air

To retract the piston at the end of each test, it is necessary to discharge the
pressure-thrust of the piston; otherwise the operator would not be able to win the
approximately 130 kg of necessary force to fulfill operation. Therefore this
selector allows manually closing the valve that connects the piston to the
compressed air line. This also allows opening a small service valve at the same
time that discharges the air trapped between the valve and the piston into the
atmosphere.

No. 3: Control magnet
Via this selector, the magnet, besides being controllable externally (by the timer),
may alternatively be operated in full manual mode. It has been provided to
encourage and enable easier shutdown during the dead time, so the magnet can get
cool without shutting down the entire system.

No. 4: Power electromagnet
This potentiometer allows varying the voltage applied to the electromagnet; in
fact, it is not possible to always try to maintain the pressure thrust as high as
possible in order to obtain a more rapid compression of the gas (in order to limit
any loss), because it has been verified that, in particular conditions of power, it is
able to launch the piston without notice. Then it is possible to intervene
supercharging slightly the magnet.

No. 5: Supply pressure
This part allows having a quick read of the supply pressure of the compressed air
line, propelling the piston.
For more technical details of the instruments and operating procedures, please
refer to the manual of the entire system ([59]).

3.4.2.Visualization Part

The instrumentation system to control the visualization part is collected in a rack
which is made up of the following parts (the numbering refers to Figure 3.15):
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Figure 3.15: Control instruments of the electron gun and the vacuum.

No. 1: Ammeter display of the target and the vacuum gauge
A metal plate is located inside the vacuum chamber which the electron beam, after
passing through the developing area of the jet, impacts. This is connected to an
ammeter (centre) which allows knowing the current emitted from the electron gun;
this information is essential to perform a good calibration of the system, because a
higher current allows obtaining a brighter picture, to parity of the other
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parameters. On the left we can recognize the display of the Pirani vacuum gauge
providinga measurement of the vacuum generated in the area of the pumps; the
operation of this probe is similar to that of a hot wire, with the difference that the
heat exchange is, in the vacuum, takes place mainly by radiation.

No. 2: Control the the beam generator
The display shows the value of the current going through the filament, while
below the potentiometer allows adjustment of the voltage across from 0 to 5 V. In
the right is the potentiometer for controlling the voltage of the Wenhelt, varied
from -150 V to 150 V.

No. 3: High voltage generator
This part allows applying an electric potential difference variable (0 KV to -20
KV) between the anode and the cathode. Normally it is adjusted to a constant
voltage of -16 KV, shown in the right display, and a current of about 1 - 2 mA.

No. 4: Control the focalizations and deflections of the beam

This is the subsystem that allows controlling the direction and the shape of the
electron beam. The first potentiometer adjusts the coil current of external focus
which allows focusing the beam in correspondence of the diaphragm that
separates the area of the electron gun from the vacuum chamber. The second
controls the first deflection coil, adjustable by hand, which allows entering the
beam on the hole in the diaphragm. The third one rules the thickness of the
electronic blade, thanks to a coil of focusing inside the chamber, while the last coil
acts on the vertical adjustment of the electronic blade. On the right is an ammeter
that can be connected alternately to each of the four controllers described above.

No. 5: variables of Deflection

The electronic blade is obtained by swinging the beam between two extremes,
what is possible using a deflection coil by alternating current. First it is necessary
to choose the waveform, that is a particular movement of the beam between the
two extremes of the blade, and secondly to adjust the symmetry; generally using a
triangular wave symmetry of 50%, corresponding to a constant velocity motion. It
is possible to control the oscillation frequency, typically of the order of kilohertz,
that is the opening angle of the blade. It should be chosen carefully, for instance
an oscillation too slow compared to the time of a taken exposure, would result in
uneven illumination of the jet. Finally superimposing a constant current to the
alternating deflection gives a constant horizontal deflection.

No. 6: Vacuum control for the secondary chamber
The two tools at the right control the two turbo-molecular pumps, providing the
state of operation in the form of rotation speed, current consumption and operating
temperature. By connecting directly to the vacuum gauge, it is possible to get also
the automatic start-up to below a certain pressure. The instrument on the
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left,controls the ionization vacuum gauge acting to measure the pressure in the
area of the electron gun.

3.4.3.Imaging Part

Imaging part consists of the camera, intensifier and lens, which imaging process is
controlled and accomplished by using a PC and the Phantom software. The
starting time to record is manipulated by the manual button, “capture”, in the
software; when the button is clicked, images are recorded on internal memory
which is connected via Gigabit line. They are recorded in a continuous recording
loop. So just before issuing the jet, record is started and some second after piston
run (about 4Sec), another button, “trigger”, is clicked to stop recording. In other
words, recording is continuously updated in the internal RAM of the camera;
when the “trigger” key is hit, the recording is stopped, and then captured images
can be retrieved in the memory.

Digital imaging provides multiple triggering and recording modes that can be
tailored specifically for the most interesting parts of the jet movies. Image files are
easily converted to TIFF formats using the included software package to make
ready for image processing. Depending on the quality and the jet velocity,
desirable sampling frequency and exposure time are chosen. The imaging system
is also included lenses to enlarge the effective camera window, and the usable
optical window depends on the camera lens; it can be adjusted between 0.2 and
0.4m regarding the given Mach number (jet size).

As mentioned the camera is coupled with an image intensifier to capture visible
images of the jet in the dark surrounding conditions inside the vessel. The model
of the used intensifier is Hamamatsu V8070U, and it is controllable due to the
middle part of a rack placed near the electron gun system, shown in the figure
3.13; the middle part of the rack, controlling the intensifier, consists of three
independent power supplies and a photo sensor. The first power supply (left)
controls the voltage of the cathode (working voltage: 150 -230 V), the second
(centre) controls the voltage of the MCP (working voltage: 600-1000 V) and the
third (in the right) controls the tension of the phosphors (working voltage: 6.5
KV); by changing the MCP voltage, the multiplication factor, providing bright, is
directly controlled. The sensor was installed instead as a precaution to protect the
intensifier because too intense exposure to light sources is able to irreparably
damage intensifier. The three feeds described above are enabled only if the photo
sensor detects the intensity ambient light complies with the intensifier.

Through this process in the experiments, images were intensified almost by a
factor more than 1000.
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3.5. Calibrations

In each run at a given Mach number, a pair of gases is selected for the jet and
ambient. The available gases are helium, argon, xenon and air, only the first three
ones are used for the jet since the nozzle is designed for monoatomic gases. The
required ambient inside the vessel is obtained by means of a valve injection
system which sets the desired ambient density (at pressure in the 1.5 to 20 Pa
range) by using a gas in general different from the jet gas.

Control System Ambient
< Gas Bottle
Tp T2 Tl (Pa)
\ v
TAN
Cyli -Pi
Ylinder -Piston Vacuum Vessel
System
AV
M, *—N—) air opening
Y Valve
VAN
\V4
JAN
Jet Gas Vacuum
Bottle Pump

Figure 3.16: The general Sketch of the system.

Here timing control system lets control the opening times of solenoid valves. In
the general (standard) procedure two solenoid valves must be controlled; one is
connected from ambient gas bottle to the vacuum vessel (ambient gas valve) and
another one from jet gas bottle to the fast piston system (jet gas valve), as shown
in figure 3.16. They are operated in sequence due to the adjustment of the time
intervals T1 and T2 in the electronic timer: T1 is the opening time of the first
valve which lets ambient gas enters the vessel and T2is the opening time for
loading jet gas in the piston system. Immediately after them the third timer stage
T, acts and piston moves (magnet releases), until the compressed jet gas is
injected to the nozzle. The electron gun is turned on before starting the sequence,
and the camera stays always on recording mode; it is stopped by a manual post-
trigger, which retrieves the movie in camera RAM after theexperiment (see
section 3.4.3). The relevant timing diagram is shown in figure 3.17.
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Figure 3.17: Time diagram of the valve system, fast piston system and camera.

In the sequence described above, the pressure inside the vessel increases in a
characteristic way, shown as a sample in Figure 3.18, and this curve turns out to
be particularly useful for calibration purposes.

Presaure(Pa) Pressure(Pa)

— Timo(Sec) i - = — Time{Sec)

Figure 3.18: Pressure diagram inside the vacuum vessel during a run.

By operating the time-controlled system (analog timer) the pressure inside the
vessel increases, as is shown in figure 3.18. Obviously, the curve doesn’t start
from zero, since the vessel is not ideal, and there is always residual air due to
unavoidable small leakages. When the first stage of the timer acts, the first
solenoid valve is opened for T1 second; during this time ambient gas enters the
vessel, so the pressure goes up from P, (residual gas) to P, then during the time
for loading the jet gas inside the cylinder (T2), ambient gas reaches to the steady
state. Just after T2 (Sec), magnet releases the piston and after a fast compression,
lasting a measurable time, the jet gas escapes through the nozzle. The jet flow
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leads to increase rapidly the pressure to the maximum value(=P3) and finally, at

the end of the test, the pressure begins to slowly decrease owing to vacuum pumps

(Figure 3.18).

About ambient pressure, there are two technical points:

1-The pressure of residual air is about 2 Pa and ambient gas should overcome the
residual (air).

2-The best working condition for the electron gun is under 15 Pa, because for the
higher pressure and consequently higher density, the noises are increased due to
sparks which are created by the particles ofthe dense gas crossing electron sheet.

Hence for a typical test, 10 Pa is pre-assumed as the ambient pressure for each

test.

In the first step, the relationship between opening time of the first solenoid valve

(T1) and the ambient pressure (and subsequently ambient density) is obtained, so

here just Tlacts and T2 is deactivated. For each given ambient gas, the pressure of

the ambient gas bottle is kept fixed and the pressure inside the vessel is measured

with high precision pressure transducer which is located inside the vessel wall.

Figure 3.19 shows a sample of pressure behaviour of Helium gas, which T1 is set

on 200ms and gas bottle pressure of 1.2 bars.

pressure

10+~

T

- 11=200ms

L 1 L L 1 L L
0.5 1.0 Time(Second)
Figure 3.19: Helium gas, T1: 200ms and gas bottle pressure: 1.2bar.

As mentioned the curve is started from residual air pressure (about 2 Pa) and with
opening the valve, rapidly grows up. The pressure increases slightly even after
closing the valve, because the residual ambient gas in the pipe passes to the vessel,
and then the gas reaches on the steady condition. In this case (figure 3.19) about
100ms after closing the valve, the curve reaches to the steady pressure which is
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9Pa. Indeed this curve is the first part of the pressure curve in figure 3.18 where
the pressure increases from P1 to P2. This process is repeated for other opening
times (T1) and final ambient pressure is obtained. Figure 3.20 shows the ambient
pressure inside the vessel via valve opening time (T1) for Helium gas with 1.2bar
pressure of the gas bottle.

15
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Time (ms)

Figure 3.20: Ambient pressure via opening time of valve for Helium gas, 1.2bar bottle
pressure

In this way for a fixed pressure of the gas bottle, desirable ambient pressure is
acquired due to adjustment of the opening times of the valve which has an almost
linear relationship (figure 3.20). This procedure is repeated for different pressure
of the gas bottle, because whenambient and jet gases are the same, they are fed
from the same bottle. It means the pressure of the ambient gas bottle cannot be
fixed on unique pressure; it should be chosen according to the required stagnation
pressure for the jet gas. Hence this procedure is repeated for several bottle
pressures and yields other graphs via T1. Figure 3.21 illustrates the helium
ambient pressure via opening time (T1) for different pressures of the gas bottle.
The pressure diagram gives a complete calibration of the system for ambient
pressure and consequently ambient density. About the ambient pressure, it is
almost immediate to find calibration charts in the form:

P, = F(P,,T1) 3.2)

where P,; (ambient supply pressure) is the pressure fed by the ambient gas bottle.
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Figure 3.21: Ambient pressure via opening time of valve for Helium gas, different bottle
pressures.

Due to the timing diagram, described in figure 3.17, after the injection of the
ambient gas, the jet gas is loaded inside the cylinder; the duration of this stage is
T2 and as much as the jet gas is loaded inside the cylinder, the stagnation pressure
of the jet gas, at the end of compression,is increased. The last stage of timing
diagram (figure 3.17) is releasing the magnet; just after T2, the magnet releases
the piston, making a fast compression, and the jet gas escapes through the nozzle
(see section3.2.1). The thrust required to compress the inert gas in ensured by the
compressed air in the back of the piston which ismaintained continuously under
pressure during the test. This pressure for Mach 15 and 20 is about 6.8 bar and for
Mach 10 is about 5bar. But how long should be the duration of this step (T2), in
other words how can obtain the suitable stagnation pressure for the jet gas by
adjusting T2?

To answer this question come back to the figure 3.18 showing pressure variation
inside the vessel. As it is clear, in the sequence of timing control system (figure
3.17) the pressure inside the vessel increases in a characteristic way. Figure 3.21
shows a sample of pressure variation; this curve turns out to be particularly useful
for calibration purposes.
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Figure 3.22: Pressure diagram inside the vacuum vessel during a sample run.

Let shortly explain the sample of pressure diagram, shown in figure 3.22: when
the first timer stage is done (T1), the pressure grows up to P2, then during second
stage, loading of the jet gas in the cylinder (T2), ambient gas reaches a steady
state. Just after T2, the magnet releases the piston and after a fast compression, the
jet gas flows through the nozzle. The jet travels through the vacuum vessel in the
subsequent time interval AT;, also called jet lifetime. It can be shown that the
duration of the jets in this experiment is well longer than their physical time scale,
defined as the sound crossing time on a jet radius (it is explained in section 5.1.1),
so the jets may be considered nearly steady. However, on the time scale of the
operation procedure their lifetime appears always much shorter than the gas
loading times T1 and T2. AT; can be estimated directly by the pressure curve as
illustrated in figure 3.22, but the final value is safely measured from the movie,
since the camera has a very good temporal resolution, working at frame rates in
the order of thousands per second.

The pressure transducers, monitoring the pressure (figure 3.22), are located at the
vessel wall. Previous measurements obtained by moving the transducers to
different ports have shown that the unperturbed ambient pressure can be
considered constant along the vessel, since the effects of the distributed leakages
and of the pumping are spatially balanced. Here it is also assumed that the ambient
pressure in front of the bow shock(figure 2.1) is constantduring the jet imaging,
since the time scale involved in creating a time-varying ambient pressure is much
longer than the very fast jet injection time.

By pressure diagram, a complete calibration of the system is stated. About the
ambient pressure, for each given gas, desirable pressure is achievable by formula
3.2 obtained from calibration charts.
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About the jet pressure, the calibration of time T2 and piston supply pressure Ps, in
order to obtain a matched jet having the desired properties, is much more
complicated as shown in what follows. In the throat of a de Laval nozzle, gas flow
is choked, so the equation for the jet mass flow rate can be written in the ideal

case by means of standard gas dynamic relations:
y+1

) 2 -
m= A“OOCO [ﬁj (33)

where A, is cross-sectional area of the throat whilst P, and T, are stagnation
pressure and temperature (shown in figure 3.23).

Ambient Pressure
S S

Throat

Figure3.23: Sketch of a nozzle with a choked flow in throat.

This formula can be rewritten in terms of stagnation pressure and temperature by
means of the ideal gas law P = p R{T:
! y+l1

2 .
m=AP| L [L]” v (3.4)
RT, | \y+1

At the end of the experiment, the jet gas is completely mixed with the ambient gas
and it can be assumed that the mixture has the room temperature T,, because the
mass of the ambient gas is much greater than the one of the jets and because of the
fast effect of heat radiation from the vessel walls. Thus the pressure increase due
to the jet Ap = P3 — P2 shown in figure 3.21 can be related to the density increase
Ap inside the vessel volume V and to the jet mass flow:

AP a2 [y (3.5)
R]Y-;l V At

Now by replacing (3.4) in (3.5) and rearrange the formula it is found:
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y+1

1
R. v\ 207-1)
ap=Ada [ p[ TP 2 1 g, (3.6)
Vv T, y+1

At

Here the crucial parameters Pyand T, are not independent since they are due to the
compression in the piston. For a fast ideal isentropic compression they can be
related to the supply pressure Ps and temperature T = T,, i.e. P and T of the gas
loaded from the bottle into the piston,

-1

T =T [ﬁj ¢ (3.7)
"\ P

s

The combination of (3.5) and (3.6) leads to:
y+1

=l 1
2y [ Ry \2 2(7-1)
Apzﬂj‘g) £ Y P2 dt (3.8)
4 K T, ) \r+1

At

This formula shows how the final increase in vessel pressure Ap and the jet
lifetime At; are related to the pressure Py of gas initially loaded into the piston and
to the stagnation pressure Py at the end of the compression. Ap, At; and P, can be
measured directly, so the formula can be used to express Py, which in turn depends
on the gas loading time T2, and finally leads to calibration charts of the kind

Py = G(P,,T2) (3.9)

where At; doesn’t appear because it is not an independent parameter, actually the
jet lifetime for a given nozzle properly working depends on the quantity of gas
available, which is automatically set by selecting Py, T2. Up to now, the derivation
of the calibration charts was based on ideal conditions, as a further step accurate
calibration chart must then be obtained including corrections for non-ideal effects
like small heat losses, depending on the piston driving pressure, frictional effects
and progressive opening of the piston valves, so that they take the form

Py =G(P,,T2, P,, k) (3.10)

whereP, is the piston driving pressure and k is a set of coefficients related to the
laboratory conditions.

Pp is different for each test; for Mach 20 and 15 is on maximum pressure which is
6.8 bars, but for Mach 10 is about 5 bars, because for this case required stagnation
pressure is less than atmospheric pressure, so if the pressure in the back of the
piston (P,) is too high and in front of the piston is less than atmospheric pressure,
magnet cannot hold the piston. Therefore for Mach 10, lower piston driving
pressure is used. Finally, the values of Py and T yield pressure, temperature and
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density at nozzle exit, so that the calibration charts can be used to set the desired
properties.

For example, the first step to get a hypersonic jet is to find a good pressure ratio
for a given de Laval nozzle (table 3.2). Then, after having set piston driving
pressure and supply pressures, changing T1 and T2 gives different pressures for
ambient and jet respectively. Typically, for a given nozzle, a set of experiments is
performed changing the parameters T1, T2 whilst P, Ps and P, are kept constants,
in general they are set afresh when a new nozzle is assembled on the system.
Furthermore, in a set of experiments T2 can be adjusted to obtain well matched
jets or even slightly unmatched jets, having a jet-to-ambient pressure ratio Py/P, in
an approximated range 0.7 to 1.3, since the boundary layer inside the nozzles has
stabilizing effects against the pressure mismatching and prevents the formation of
the normal shocks inside the nozzle and at the exit [51,53,56] (for more
information see section2.2.1); this gives rise to interesting flow morphologies,
appearing as perturbations of a properly matched jet (for slightly unmatched jets it
is also possible to calculate corrections to the nominal Mach number). Bringing
the pressure ratio outside of this range leads instead to the formation of strong
shocks and expansions close to the nozzle exit, i.e. to definitely over or under
expanded jets. In general, these jets are greatly affected by turbulence, so that the
mixing with the surrounding ambient becomes faster than in matched jets. When
this phenomenon takes place, it can be observed in the camera window.

In our experiment the jet injection into the vessel is not ideal, or instantaneous, but
follows a time-dependent pattern (see figure 3.8 related to the mass flow curve).
We define the values of the parameters corresponding to a nozzle operating in
ideal steady conditions as “nominal”. Here the nominal Mach number at the
nozzle exit, depending on the given tests, are M= 10, 15 and 20, the Reynolds
number, defined as 2ry M C/v, where C is the speed of sound and r is the jet radius
at the nozzle exit, is of the order of 10* forMach 10 and of the order 10° forMach
15 and 20 which are expected sufficiently high to represent near asymptotic
conditions.

3.6. TestProcedures

In this research, owing to the specific needed conditions and also the limitations of
the first version of the system which wasalready employed to study the properties
of highly under-expanded jets with truncated nozzles [57,58],the system is
modified and calibrated for the new purpose,long scale nearly matched hypersonic
jet flow.The test procedure and calibration for each part is different due to the
required pressure ratio for each given Mach number.

The test procedures are divided into three parts; for each part a nozzle, i.e. a
nominal Mach number is chosen, then density ratio is varied due to selecting
different gases and/or adjusting the pressure ratio on near unity. In what follows,
the first part is Mach 20, second Mach 15 and the third is Mach 10.
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3.6.1.MACH 20

The de Laval nozzle for Mach 20 has a large diameter (table 3.2), so that it is
necessary to put the vessel in a long configuration in order to observe jets
extending for a sufficient number of initial diameters. According to table 3.2,
matched pressure ratio Py/P; is close to 180000, so for a typical test at ambient
pressure P, up to 10 Pa, stagnation pressure should grow up to about 18 bar, what
may create safety problems in our system. The solution is to decrease the ambient
pressure to the minimum value (about 1.5 Pa), but as mentioned, vacuum vessel is
not ideal and at low pressures residual air becomes predominant. To overcome this
problem, the vessel is filled with ambient gas up to more than 20 P,, then a timer
let the vacuum pumps work for a given time, in such a way as when the vessel
pressure reaches again the minimum level, the residual gas can be considered
almost pure ambient gas. After,the general procedures described in section 3.4and
also timing system (figure 3.17), can be followed until the experiment is
completed. Timer stage T2 must be set in advance in order to obtain the desired
jet.

This system is shown in figure 3.24 and is for the case that jet gas and ambient are
not the same.
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Figure 3.24. General diagram of the system controls and connections
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3.6.2.MACH 15

According to table 3.2, the matched pressure ratio Py/P; for Mach 15 is about
48000, well afforded by the system in standard configuration. In this case the
standard procedure described in section 3.4 can be followed as it stands. But when
jet and ambient gases are fed from the same bottle, the system and procedure
change. The system is modified by adding a manual solenoid valve to the
connecting pipe at a given distance before ambient solenoid valve (red valve in
figure 3.25). In this case, first the valve of jet gas bottle is regulated to the pressure
to afford thedesirable pressurefor ambient. This pressure is obtained due to the
data from calibration; figure 3.21 shows a sample of needed data.While the bottle
valve has been opened, the manual solenoid valve is opened for a short time to
trap the gas in connecting pipe to the vessel (red pipe in figure 3.25). By this
system, we have enough amount of ambient gas in desirable pressure which is
kept inside the connectingpipe; in other word the connecting pipe plays a role of
reservoir for the ambient gas. Now to afford stagnation pressure of the jet gas,
obtaining at the end of compression phase of the piston, supply pressure would be
increased to the suitable one due to the calibration charts.
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Figure 3.25. General diagram of the system controls and connections when ambient and jet
gases are the same
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3.6.3.MACH 10

For Mach 10 the calibration and test procedures are more complicated. The main
issue is the matched pressure ratio Py/P; , which in this case is about 6700. One
way to obtain this pressure ratio can be theincrease of ambient pressure, but there
is a limitation, because with increasing the ambient pressure, the quality of images
worsens. To satisfy the pressure ratio for a typical test at 10Pa of ambient
pressure, stagnation pressure should be less than 0.7bar, i.e. less than atmospheric
pressure. This condition creates problems in the loading phase of the piston, since
it becomes necessary to load low pressure gas and then recompress it to the final
Py< 1bar avoiding contamination from the surrounding ambient. To get the proper
stagnation pressures, another system has been designed. As shown in Figure 3.26,
a small reservoir has been added to the jet gas pipe to keep inside it some amount
of gas; its pressure is a bit more that atmospheric pressure. Once this reservoir is
full, the valve of jet gas bottle is closed and by adjusting a precision valve
connected to the vacuum pumps, the pressure of jet gas in the reservoir is reduced
to the desirable one (in the order of 0.4 bar). This so low pressure of the gas inside
the reservoir can deliver a suitable stagnation pressure at the end of compression
phase of the piston. Again, the desired pressure ratio is obtained by preceding T1
and T2.
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Figure 3.26. General diagram of the system controls and connections when ambient and jet
gases are the same
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Chapter 4

4. Visualization and measurement
techniques

A wide range of visualization techniques has been developed over the years for
understanding the physical phenomena of complicated 3D flows. Traditional
visualizations are primarily qualitative, yielding limited information on flow
structures; any quantification required laborious measurement by hand, typically
from photographic film. An important achievement of modern experimental fluid
mechanics is the invention and development of digital techniques for visualization
and measurement of instantaneous flow velocity and flow formation. In the most
part of modern techniques, like particle tracer methods, the flow is illuminated in
some manner such that the flow particles in a finite domain are visible; a series of
images of the flow are captured to record how the particles move in response to
the fluid flow and then the quantitative analyses of the flow, including velocities
and structural characterization, is performed by image processingwhich plays an
ever-increasing role in fluid mechanics research. The best applied visualization
method depends on the tests and sometimes common methods do not work for
particular ones and other innovative methods are used. Hypersonic jet flow is one
of these topics; over the last decades several experimental systems have been
produced to create and visualize this kind of flows, and most of these experiments
used innovative techniques for visualization. Some examples are the plasma jets
created by laser ablation of shaped targets, or by lasers colliding on aluminum
foils [60, 61, 62], the laboratory plasma jets which have been produced involving
magneto-hydrodynamics effects [63], the laboratory study concerning the
deflection of supersonic jets produced by molecular clouds [64]. In general, these
methods could visualize the jet on the short scale lengths. The apparatus used in
the present work is completely different from mentioned ones, and as described in
the chapter 3, it is built specifically for the generation and visualization of
hypersonic jets on the long scales; the main principle of this system is the
production of fluorescent images of the flow under test by an electron beam
(explained previously in section 3.1); then flow is displayed and analysed by
image processing methods. This chapter in the coming section discusses briefly
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about the visualization system, which is explained in more details in the last
chapter, and mainly the next sections focus on the measurement techniques for
moving structures velocities, image processing methods for denoising and
reconstruction of jet images, an optical technique for measurements of the jet
spreading angles, and finally density measurement technique.

4.1. Visualizations

The visualization technique is explained in details in the chapter 3, and here it is
just briefly described. The visualizations are based on the electron beam method:
the jet travels along the vessel and intersects an electron sheet. Indeed the electron
gun emits an electron beam and the beam, after passing through the six coils
performing focusing and deflection, creates electron sheet. When the jet intersects
the electron sheet, fluorescence turns out; certain molecules of the gas absorb the
light and raise their energy level to a brief excited state. As they decay from this
excited state, they emit the fluorescent light (see section 3.1). Here fluorescence
takes place and permits to acquire the images. A high speed camera equipped an
image intensifier capture these images and then by image processing, the flow is
analysed (figure4. 1).

Camera

Intensifier
de Laval

nozzle

Electron Sheet

Jet axis

Electron gun

Figure 4.1: Visualization working principle.
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In this experiment, focusing on the long scale jets, the electron gun and camera are
set on the second ports as shown in figure 4.2. Hence just the first part of the jet,
passing the electron sheet, is a free jet and the rest is the interacting jet with the
backward flow. This system, which the help of coils, has also the possibility to
move the electron beam vertically to capture different 2-D sections from 3-D flow
in each desirable vertical position, but here the plane is just set in the middle of the
jet flow.

electron
.
i o T 7 _ [ gun head
%ﬂ'aiemxis
1 s s

camera
window

Figure4.2: Schematicview of the vessel; the electron gun and camera can be mounted onto
two ports and optical windows.

4.2. Image Processing

Image-based measurement methods and also image processing techniques are
becoming increasingly common in fluid dynamics and are seen in applications
ranging from low subsonic to hypersonic flows. This section focuses on the use of
image processing methods for investigations of hypersonic jet flows; indications
about the jets propagation and their resulting morphologies are obtained by means
of several techniques carried out on the fluorescent images. The main topics
presented in these subsections are treatment of the dark images, an improved
measurement technique for the moving structures velocities, an image processing
method for denoising and reconstruction of jet images, and finally the technique
for measurements of the jet spreading angles and density measurements.

4.2.1.Dark Image Treatment

The resulting images from the camera show that the captured plane, created by the
electron sheet, is not perfectly uniform. The left panel of figure 4.3 shows an
image of the electron sheet without presenting of the jet. As is obvious an oblique
dark strip exists in the imagedue tothe low-response pixels on the CMOS sensor of
the camera which leads an output level drop in a narrow area. However, they still
absorb some light and thus cause a drop in the illumination level in a narrow area.
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This flaw can severely limit the quality of the images when the jet appears. It is
removed with a standard technique based on a multiplicative compensating
function, because absorption of the light is proportional to the population of the
gas molecules and the intensity of the strip varies with the signal intensity. A
model for multiplicative function to compensate these distortions is given in the
equation below,

f(x) = s(x)- n(x) 4.1

The desirable (uncorrupted) image is denoted by s(x), which in our case s(x)
should be a uniform plane, the dark strip processes by n(x), and the acquired
image(corrupted) by f(x) (figure 4.3-a). To find uncorrupted image (s(x)), the
matrix of dark strip( n(x)), should be found and then by dividing pixel by pixel of
f(x) by n(x), uniform image is obtained. Let rewrite the last formula in the new
format in 4.2:

s(x) = f(x) - n'(x) 4.2)

which n''(x) is a compensating matrix. For this purpose s(x) is defined as a
uniform image; a matrix with the mean pixel value of acquired image added to the
same variance distribution of that image. So if the matrix of a uniform image
(figure 4.3-b) is divided (pixel by pixel) by the acquired image (figure 4.3-a),
yields the compensating matrix; n”'(x), which is shown in figure 4.3-c. This matrix
should multiply to all other images to remove this dark tape (see [65] for further
details).

a b c
Figure. 4.3: a) original image, b)desirable uniform image, c¢) image of compensating
matrix
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4.2.2.Moving structures velocities

In order to obtain the details of the jet morphology, captured images for each
given test, are reconstructed in such a way to display the continuous propagation
of the jet flow. For this goal, the movement of structural flows between
consecutive images is obtained and then images are juxtaposed according to the
flow movements. In other words, it is necessary to know the velocities of the flow
among images to reconstruct and display the continuous flow.

In our work, the applied approach in order to measure the flow motions is based
on the advanced correlation techniques. It is modified and developed techniques
of the correlation techniques used in 2-D PIV. Particle Image Velocimetry (PIV)
is a whole-flow-field technique which provides instantaneous velocity vector (two
velocity components) for the measurements in a cross-section of a flow. The main
principle in PIV is according to the correlation technique applied in sub-sections
of the target area of the particle-seeded flow between two light pulses; the flow is
seeded by particles and regarding the fluid under test, it is assumed that the
particles follow fluid elements without affecting the flow itself. Then the flow is
illuminated in the target area with a light sheet. Here the camera captures each
light pulse in separate image frames. Once a sequence of two light pulses is
recorded, the images are divided into smaller subsections. The subsections areas
from each image are cross-correlated with each other; pixel by pixel. The
correlation operator produces a signal peak, identifying the common particle
displacement. Indeed the main application of this operator is in signal processing
which cross-correlation is a measure of similarity of two waveforms as a function
of a time-lag applied to one of them. If the signals are vectors, by cross-
correlation shifting along vectors is measurable.

An accurate measure of the displacement in PIV-tests and thus also the velocity is
obtained by sub-pixel interpolation. In other words the velocity vectors are
derived from subsections of the area of the particle-seeded flow with measuring
the movement of particles between two light pulses.

In this experiment, the jet flow is not seeded to trace them with the same
performing technique in PIV, but an alternative method, based on the similar
technique in a two dimensional visualized flow, is used; the illuminated flow due
to electron sheet, is visible in such a way that the jet flow in a finite domain can be
captured. A series of images of the flow are recorded on consecutive frames (e.g.
film). Then cross-correlation technique is used between some rows of consecutive
images to find the movement of the flow along the recorded frames.

In general for discrete functions, f and g, the cross-correlation is defined as:

(f*g) [n] Zf [m] g[n+m] (4.3)

m=—oo

In our work, cross-correlation is used for images; For instance consider two
consecutive frames where the jet head is appeared, this frame are represented by
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the relevant pixel matrices. Here to measure the moving structure, the movement
of the intensity of the middle row, marked in figure 4.4, is considered.

1

Figure 4.4: A pair of successive images; the middle rows are used for the correlation.

These two rows in consecutive frames actually are two vectors or two discrete
functions which call them f and g. Valued vectors f and g differ roughly by an
unknown shift along the x-axis (figure 4.5). One can use the cross-correlation to
find how much g must be shifted along the x-axis making it identical to f. The
formula essentially slides the g function along the x-axis, calculating the integral
of their product at each position. When the functions match, the value of (f * g) is
maximized. Because when peaks are aligned, they make a large contribution to the
integral.

Figure 4.5:Image intensities (pixel values) vs pixel positions of the 2 images inthe middle
rOws.
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Figure 4.6 shows the correlation for these two rows and is obvious the peak is not
so certain, because the second curve is not just a translation of the first one and it
causes to have wide uncertainty for the intensity-displacement.

6.00

20 40 @ 20 100 120 140

Figure 4.6: The integral correlation curve from curves taken in 4.5.

In order to reduce this uncertainty, another operator,a cross-reflection of the
curves, is done with respect to the common origin and this gives rise to the new
curves. These new curves as are shown in figure 4.7 are generated by adding
another mirrored curve. The correlation can now be calculated as usual, (see
figure 4.8),

where R is a reflection or mirrored operator.
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Figure 4.7: Cross-reflection of the curves taken in figure 4.5

Now the correlation between these new curves is obtained and the maximum
correlation is clear. When the functions match, the value of Y component is
maximized (figure 4.8). The reason for this is that when these two curves, f and g,
are aligned, they make a large contribution to the integral.
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——— without reflected operation
—— with reflected operation
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Figure 4.8: The integral correlation curves with and without reflected operation

The X component of the peak shows the shift of two vectors or in other words the
displacement of the jet head among two frames, then by juxtaposition, jet image is
reconstructed. Resulting velocity is simply obtained by dividing the displacement
to interframe time. Figure 4.9 shows two samples of juxtaposed images of two
consecutive images.

Second Image First Image

,FirstImage
S

Middle row

|
| Middle rows used
selected|for cofrelatibn

for correlation

Figure 4.9:Two samples of juxtaposed images of two consecutive images.

Displacement 4.‘

The accuracy of this velocity measurement generally depends to a limited extent
on the image noise and to a greater extent on the displacement of the structure
under test during the image exposure time (influencing theoverlap between two
consecutive frames). Here, the exposure cannot be lowered as desired because of
the required light level; therefore the uncertainties on the measured velocities may
become remarkable, in particular for faster jets. Because of these uncertainties, the
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velocity measurement could have maximumuncertainty of 20% which is
considered as error in the results of chapter 5.

This technique also is used to measure moving structures in the rest of the jet but
for them should care to pick a right row for correlation measurement. There are
some instabilities on the mixing layer which are mainly subjected for Kelvin-
Helmbholtz instabilities (it is explained in chapter 5), and correlated rows should be
selected on the mixing layer. Figure 4.10 shows a jet flow after impacting the end
of the vessel,which the instabilities are presented. Here two rows are selected on
the boundaries, the technique is applied for both and the displacement is the
averaged one.

Figure 4.10:Instabilitiesof the flow in the rest of the jet.

But sometimes obtained displacement by this technique is not so accurate, because
there are 3-D instabilities rotating and changing shape along the jet. In this case
different displacements in different locations must be correctly reported, and the
jet structure can be spatially reconstructed by the juxtaposition of shifting parts.
Furthermore, the velocity of these instabilities varies along the jet and in the worst
case it is so fast that jet structures do not have any overlap in two consecutive
frames, so that the shift is greater than the frame width and cannot be measured.
In these cases a manual adjustment is performed to find the best juxtaposition
which results a continuous development of the flow. Sometimes this manual
adjustment is applied to the jet heads which their velocity, regarding the sampling
frequency, is very high. Figure 4.11 shows a sample of this kindthat jet head does
not have enough overlap in two consecutive frames, so the flow shifting is done
manually leading to continuous reconstructed flow.

Figure 4.11:A sample of reconstructed jet that the displacement of the jet head is done
manually.
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In other cases, the structures have shifted lower than the frame width but they fall
on the border of the electron sheet: in these cases, the reconstructed image is not
continuous and there is an undetected region between frames which appears as a
dark border between mosaics of images. The upside of the reconstructed jet taken
in figure 4.11 is due to this reason.

4.2.3.Image Filtering

This section focuses on filtering the fluorescent images from the fluctuations.
Figure 4.12 shows the raw images of a jet without any treatment.

Figure 4.12. A reconstructed jet from raw acquiring images from the camera

As is obvious in figure 4.12, image is not so smooth and is disturbed by some
random fluctuations. These noises, defined as the uncertainty of intensity, are due
to the statistical and the accumulative nature of photon detection owing to the
statistical quantum fluctuations, and are the variation in the number of photons
sensed at a given exposure level. These noises may be reduced by increasing the
sampling rate of image acquisition or increasing the intensity and frequency of the
electron beam, but this approach is often impractical for our imaging because of
the problems of jet movements, photo bleaching, and radiation damage. To
attenuate this noise, inpainting filter and dynamic high pass filter, are used.
Imageinpainting is almost a new and important topic in image processing which is
the technique of reconstruction a damaged image in an undetectable form. In our
case, the undetectable regions are the locations of random fluctuations which will
be explained in section 4.2.3.1.

Here the common algorithms to restore the damaged images are introduced and
after our performing algorithmis described.Reviewing the literatures [66], several
restoration algorithms could be found which they address the problem of filling in
missing data from different points of view. They can be categorized into four
groups:

1.Partial Differential Equation (PDE) based algorithms.
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2.Structure-based restoration.
3.Convolution- and filter based methods.
4 Texture synthesis models.

Partial Differential Equation (PDE); it’s based algorithms deal with connecting
edges and discontinuities. Some complex approaches of this method are proposed
to join interpolation of grey levels and gradient/isophotes (line of equal grey
values) directions. This method iteratively propagates information from outside of
the area along isophotes in the selected region for inpainting. In order to perform
propagation in the right direction of the isophotes, the direction of the largest
spatial gradient, obtained by computing a discretized gradient vector, is applied.
(for more details see [67,68]).

Structure-based restoration: This approach firstly reconstructs edges which
separate smooth or texture regions, and then the information, surrounding sketch
lines, is restored according to the patch-based matching algorithm. Finally missed
regions are reconstructed by exemplar based method which is under constrained of
the surrounding sketch(for more details see [69]).

Convolution- and filter based methods; here the inpainting is performed by
convolving the damaged image with a proper kernel. A fast digital image
inpainting method is proposed which depends on convolution operation and uses a
diffusion mask which is repeatedly convolved to the missed regions (for more
details see [70]).

Texture synthesis based models; this method tries to fill the damaged regions by
a sample of the available data of the image and such that statistics of neighbouring
current pixel matches for statistics of the damaged region. One proposedmodel is
nonparametric texture synthesis model to inpaint textural images; the similarity
between their local neighbourhood and the surrounding neighbourhoods is used to
restores missed pixels. In his technique, one is randomly selected from candidate
neighbourhoods and the value of central pixel is used at the current location.
There is some modification in this method by a patch-based algorithm (for more
details see [71]).

In our case the used method isa directional median filter which is the last
category; Texture synthesis based models. It is described in the following section.

4.2.3.1. Directional Median Filter

Torestore the damaged regions, due to the fluorescence phenomenon, an algorithm
is proposed using statistical information to reformthe noisy pixels.This method
simply replaces the value of a pixel with the median of the intensity levels in its
neighbourhood; the median value of the known pixels in each direction is
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calculated, and then, a damaged pixel is replaced by the median of the obtained
values.

The median filter is one of the best-known order-statistic filters in image
denoising topic. This filter also could be applied to moderate considerably the
impulsive noise. This inpainting methodsmoothens the images while do not
destroy edges and other details in the images [66]. Figure 4.13 shows the working
principle of a directional median filter; first, it determines the median in different
directions. Then, the median of the obtained medians is considered as the output
replacing in the missed pixel; due to acting the filter in several directions, instead
of a neighbourhood, results better edge preserving than a conventional median
filter.

¢ o Q g o

Figure 4.13: Aspect of a directional median filter.

Different steps of the algorithm are as follows: after determining the damaged
regions, the algorithm considers two pixel thick boundaries of the distorted region.
For each damaged pixel on the boundary, known pixels in different directions are
selected. Then, the median value in each direction is determined, and finally, the
damaged pixel value is considered to be the median of these medians.

Once, all of damaged boundary pixels are reconstructed, the algorithm has
finished its first iteration. In the next iteration, the new boundary, regarding the
results of the first iteration, is calculated. Then in a similar manner, the boundary
of pixels is reconstructed. The method needs two iterations for an image without
complex edges, but for regions with complex edges it will need a larger number of
iterations.To evaluate the performance this method, it is tested on a sample of
damaged image; the qualitative results for this sample is shown in figure 4.14.
Figure 4.14-a shows an image with a large damaged region and figure 4.14.b
displays the inpainted image obtained by the proposed algorithm. As it is obvious
the proposed algorithm provides very adequate results in the large damaged
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regions. To inpaint this image, just three iterations are performed to achieve this
acceptable quality as the output in figure 4.14-b.

Filtered Image Original Image
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Figure 4.14: a) an image with a large damaged region, b) the inpainted image

In cases where complex edges are included in an image, it is only sufficient to
change directions or consider more directions in order to complex edges are
preserved. In our images that jet moves horizontally, two vertical directions, up
and down, are deactivated to yield better results as the reconstructed jet along its
progression.

But about the first step, which is about the determination of the damaged regions,
or in other word the locations of the noisy pixels, a gradient filter is used. The
gradient filter captures the random fluctuations which are inherently due to the
fluorescence phenomenon. When their locations are obtained, inpainting filter is
applied to their noisy regions. Figure 4.15 shows this process, and as is obvious,
this method perfectly removes the random noises.
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A Defective Image
(noisy)

Withdrawn noise
(by gradient filter)

Improved Image
(by impainting method)

C=A-B

Figure 4.15: a sample showing application of impainting technique in recounstacted jet.

However, the proposed algorithm also can be used for the dark borders between
reconstructedimages of the fast jets where the flowdoes not have enough overlap
between frames. Figure 4.16 shows a sample of the jets which the borders can be
inpainted with the directional median filter.

Figure 4.16: A sample of th fast jets having dark borders.

In this sample the reconstructed jet is not perfectly continuous and there is a
undetected region between frames, so the border can be considered as damaged
regions, as shown in figure 4.17, and then inpainting technique is used to fill the
missed data.

Figure 4.17: The borders between frames, characterized by black bars, are considered as the
undetected region.

<%
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For this case, due to the horizontal movement of the flow, the vertical components
of median algorithm are deactivated in all iterations; figure 4.18 shows the given
principle of the median filter.

x x
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Figure 4.18: Aspect of a directional median filter based on almost horizontal directional
median filters.

In the first iteration, the median value of three known pixels in the boundary of
undetected columns in three directions is calculated, and then the unknown pixel
is replaced by the median of the obtained values (figure 4.18). This process,
limited to three directions, let data propagate longitudinally from both sides of the
missed data so that the region under processing is filled. In the next iterations, this
process is repeated again along these three directions and the obtained values are
replaced. The output results obtained with the given directional median filter is
illustrated in figure 4.19; as can be seen the resulting image does not seem real, is
looks somewhat artificial. Nevertheless it is possible to apply this method for
some fast jets, when undetected regions are very small with respect to the jet
diameter, obtaining visualizations of reasonable appearance. This method instead
has been not used for the quantitative results of chapter 5, that are based on
juxtaposed frames with continuous borders.

Figure 4.19: The same jet as shown in ﬁufe 4.16 but filling the undetected region between
frames with median filter’s algorithm illustrated in figure 4.18.
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4.2.4.Inpainting and Fourier Filter

The last procedure,after filtering the noisesdue to the fluctuations of
florescencephenomena, is to attenuate the smallerfluctuations. Hence a dynamic
high pass filter, filtering low amplitude components in the Fourier space, is used
to smoothen the reconstructed images. Figure 4.21 shows the effect of this filter,
and as is clear, the image is smoothed by decreasing the random disparity between
pixels.

Original Image

Filtered Imag

Figure 4.21: Two filters, dynamic high pass filter and inpainting are applied to the original
image and yielded filter image

4.2.5.Spreading angles
After the reconstruction of the jet image, the spreading angle of the jet core can be
measured. But for some jets it is so difficult to specify the jet core. Figure 4.22
shows one of these cases which backward flow has surrounded the jet beam.

Figure 4.22: A sample of reconstructed heavy jet flow.
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For this measurement, several columns of the reconstructed image, located just
behind the jet head, are selected (figure 4.23). Then the averaged curve of pixel
intensity of the columns is obtained (green curve in figure 4.24). In order to find
the jet core, a special criterion is defined according to the derivative curve, based
on the fact that, in the vicinity of the jet core, the derivative is high because of the
sharp variations in the pixel intensity. So the boundary of the jet core is
conventionally assumed to be bounded by the highest variations of intensity. In
figure 4.24 the dashed lines show the places of the highest derivatives on both
sides of thejet, and the distance between these vertical lines represents the jet core
width. Then, the spreading angle can be obtained by comparison with a similar
measurement of the jet core width at the nozzle exit.

Figure 4.23: Lateral selected columns of reconstructed image, behind the jet head.
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Figure 4.24: Green curve: averaged curve of pixel intensity, Red curve: derivative of green
curve, absolute value.

4.2.6.Density measurements

The method for density measurements is based on the fluorescent emission from a
gas excited by an electron beam.

Fluorescence occurs when the molecules excited by the electrons return to the
groundstate and give back energy in the form of emitted light. The energy of
incident electrons can also be transferred to translational molecular degrees of
freedom or other molecular excited states (quenching collisions).

The relation between the radiation intensity I and the numerical density n of a gas
can be defined as[48,72]:

kn
I = 4.5
1+hn =)

In relation (4.5), the k nfactor accounts for the proper fluorescence phenomenon
where K is a constant that includes the sensitivity of the measuring system, whilst
the term h n in the denominator accounts for the loss of fluorescence caused by
quenching, and h is a specific coefficient of the nature of the gas which depends
on the temperature:

h=2no’P,'\JAZR, T (4.6)
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Where O'is the quenching collision diameter, Pqy,the spontaneous transition
probability, T the temperature and Rgasthe gas constant). Figure 4.25 displays a
typical fluorescent emission at constant T.

Photoemission
imn 0 I~ ki/ky(T)

[relative units] 8 — ]

6 e
/f
4
NV
[~ k] no
0 2 4 6 8 10 12 14 16
(gas mixtures: [~Xj Ij) numerical density n [x 1023 m-3]

Figure 4.25: The typical fluorescent emission vs. Numerical density at constant T. [48]

For relatively rarefied gases, that is, those in the small numerical density limit,
equation (4.5) shows that I is proportional to n, whilst for higher densities, the
emission encounters an asymptotic limit (saturation):

ITo<cn as n—0
. “4.7)
lim — I =const.

At the low pressures considered here (1.5 < p < 200 Pa), we can approximate
equation (4.5) as:
I=kn (4.8)

Since I is a spectral superposition, this relation also holds for the three colours
acquired and stored in the digital colour image yielded by the camera. Three
constants depending on the spectral emission range associated to each colour
(RGB) can be introduced, in a treatment based on the use of colour cameras,
leading to information on the gas species present in a mixture [48,72]. In this
study, however, we use monochrome images. Thus, it is possible to write Radiant
intensity Ivs numerical density n which is just I is gray level of fluorescent image.
Radiant intensity Ivs density p is similar, of course:

- Kp (4.9)
1+K,(T) p

and for low densities the law can be approximated as:

I= Kqp. (4.10)
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Real intensities are affected by a noise component, so that:

I=In+ Kip 4.11)
and in a real measurement, the intensity is related to the region of interest, which
is a sector of angle & (opening of the electron blade), so

Izg(hN+hlp) @.12)

Both the noise component and the signal component are proportional to the beam
current:

I:g(hN+h1p) (4.13)
a

andfinally, the two h-constants are related to the MCP voltage of the light
intensifier, in a way that can be expressed as

hy=a,+a,V+a,V?
h =b,+b,V+bV?

(4.14)

For measuring the density, the coefficientsD, &;and bymust be obtained by

calibration on known gas densities. Finally, the density measurements are
obtained by inverting formula (4.13).

Figure 4.26 illustrates a sample of density measurement along the middle line of
the shown jet.

26t < t < 56t

desity ratio

- N W b

Figure 4.26: A sample of the light jet flow and its axial density for the jet; density is
expressed in nondimensional form as density ratioreferred to the unperturbed ambient
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Chapter 5

5. Results

5.1. Visualizations

A large set of the jets has been studied in this experiment: the Mach numbers
range from 7 to 21, and the density ratio n from 0.5 to more than 100. Because
there is no other experiments on long scale jets, in order to better exploration of jet
morphology, a number of jets has been compared with the corresponding
numerical simulations; the simulations are obtained by the astrophysics research
group at the University of Torino; the employed code, PLUTO, is a freely-
distributed software for the numerical solution of mixed hyperbolic/parabolic
systems of partial differential equations (conservation laws) targeting the high
Mach number flows in astrophysical fluid dynamics. These numerical simulations
aregenerally obtained over a 2D cylindrical domain in the coordinates (r, z),
normalized over the initial jet radius r, taken at the nozzle exit. 3-D simulation is
possible, and performed in particular cases [73].

In the experimental visualizations, the light intensity is proportional to the
localdensity, whereas in the corresponding numerical simulations the density
maps are intentionally produced. Each experimental image is obtained by
juxtaposition of time correlated frames (see section 4.2.2) on a short time range
including the instant chosen for the corresponding numerical image.

Another point about the following results which in some cases compared with
simulations is; the simulations generate snapshots of the whole jet,while they are
compared with the mosaics of images taken at subsequent times. Hence to have a
fair comparisonof simulations and experiments, and also to avoid producing
'frozen' reconstructions, the laboratory reconstructions are made ofa limited
number of juxtaposed slices by considering the time scaleof the jet, i.e. the
presented imagesdo not cover a time so longthat the jet shape can vary
dramatically over it [76].

Figure 5.1 shows the parameter space of the density ratio via Mach number for
different couple of jet and ambient gases.
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The yellow region in figure 5.1 is the experiments performed in the Mach 5 range,
although the experiment in this range did not yield proper results as the long-scale
jet, but highlights an important aspect of the physics of hypersonic jet flows.Let
have briefly feedback to chapter two; three parameters influence on the
morphology of “hypersonic pressure matched jets”; Mach number, density ratio
and length ratio (length to diameter ratio). Hence to reduce the variables to two
ones, the length ratio shall be kept in a fixed range (in order of 100). Regarding
the Mach 5 nozzle, which hasa small diameter (= 0.6cm), just two sections of the
vacuum vessel were used (section 1 and 5 of figure 3.3). But experimental
visualization shows even with decreasing the vessel length to the shortest possible
one, the jet flow does not presentcoherently when reach to the electron sheet, and
owing to the mixed turbulent layers, the jet collimation destroy. This result is also
obtained by numerical simulation [74]. This behaviour is due tothe relatively low
Reynolds number of Mach 5 jets; for the jets with low Mach numbers (< 5), the
Reynolds number is much lower than other ranges of Mach numbers (10,15 and
20), which leads the viscous forces overcome inertia forces along a short distance
from the nozzle, and the mixed turbulent layers destroys the jet structure and
prevent the jet collimation.

Hence, according to the first step of our experiments, done in the Mach 5 range, it
is highlighted that for the jet with lower Mach numbers (M < 5), due to relatively
high viscous forces around the mixing layer, jet flow cannot last coherently for a
long distance (long distance; length to diameter ratio more than 100).
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Another no explored region in the parameter-space plane of figure 5.1 is the high
density regions at Mach 20 range; the results ofMach 15, having a wide range of
density ratio, shows the jet morphology changes with increasing the density ratio,
but when the density ratio goes higher than 10, its morphologydoes not change.
Therefore the experiments of the Mach 20 are performed for a shorter range of the
density ratio (up to 10) which is in the range of interest.

In the following, a number of the reconstructed images of the flow visualization in
the interesting range of Mach numbers and density ratio are taken.

5.1.1.Results showing effective parameters on the
jet flow

Here several cases, having wide-ranging of density ratio and Mach number, are
selected to analyse the morphology of the jet flow. In regard to the figure 5.1, the
widest range of the density ratio is available at Mach 15 range. Therefore first this
effect is investigated in the Mach 15 range; see figure 5.2.

100.0 ; g i
i (n too high)
500 A
| A o . @ \
2100 \ e @ o @ @\
g f \ ' ® \
= 50* N L y | - N
= t N LT L. . """"" \
c [ \ L \
8 \ '.J %
10+ Ll
0.5 _ (Re is too low) \;
[ \
\
0 5 10 15 20 25

Mach Number

Figure 5.2. The selected region in the parameter space, for exploring the influence of the
density ratio

In the first subsection, five cases of the jet flow with different jet-to-ambient
density ratios at fixed ranges of Mach number (Mach 15), are compared; the first
case is slightly under dense jet, the second is slightly overdense, the third is in the
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intermediate range of density ratio, forth one is overdense jet flow and last case is
highly overdense jet flow.
In the second subsection, three cases, having a similar density ratio of underdense

jets, at different Mach numbers, are selected (figure 5.3), so the effect of Mach
number has been studied.

100.0 |
50.0% \ ) ’ {n too high)
\\ /,—" 3 ([ ] \
_" “ et \
2100, Y gt e R, i @ @\
o [ \ ' e \
< 50F \ ; Vi
c
fa i . 0" N

10+ L
05" (Reistoolow) \

B
\
N

0 5 10 15 20 25
Mach Number

Figure 5.3. The selected region in the parameter space, for exploring theinfluence of the
density ratio

In both of these subsections, the beam pumping phenomenon has been seen; to
prove and better understand, in some cases the experimental results are compared
with existing numerical counterparts [75,76].

As far as the jet evolution is concerned, in the following the physical time is
expressed time units of 7 , which is defined as the ratio between the jet radius at
the nozzle exit r and the speed of sound inside the jet and in the nominal
conditions. So the time scale depends on the jet under test and the given nozzle,
and is variable; for instance of Mach 15, it is of the order of 1ms for the pressure-
matched heavy jet (overdense) and 0.2 ms for the light jet (underdense). The
lengths also are scaled in units of r, which is a constant due to the each given
nozzle.
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5.1.1.1. The effect of density ratio in fixed Mach
number

Here five jets with different jet-to-ambient density ratios at a fixed range of the
Mach number, Mach 15, are compared. In the first case, the experiment is
performed for a slightly underdense jet; n=0. 9. Figure 5.4 shows a helium jet
traveling in a xenon ambient, it is a slightly unmatched jet obtained by setting a
stagnation/ambient pressure ratio Py/P,=3.88X10%+ 20% and an ambient pressure
P, =10.0 £ 0.1Pa. These parameters lead to a jet with Mach number M=13.4 at the
nozzle exit and a density ratio n=0.9, thus the jet is slightly underdense in
comparison with the surrounding ambient. The space unit is the exit radius of the
nozzle r= 0.03568m. Figure 5.4 shows this light jet before impact with the end of
the chamber; one sees the bow shock, the thick cocoon extended along the jet
beam which generates a shear that acts on the inner part of the jet. Here the
backward flowing cocoon is very large in comparison with the size of the jet core,
which is now surrounded in turn by a region of fast expanded jet gas (dark in the
image) and by an unstable interface between jet gas and ambient gas. For this jet
the core gas velocity v, can be estimated about (2050£300) m/s, which is simply
derived from the relation v, = m , whilst the measured value of the

head structure, by correlation technique, is v, = (340 £ 70) m/s, so the ratio vy/vy is
6.03.

Figure5.4: light jet (He in Xe), density ratio= 0.9 and M=13.4.

The second kind of the jets shown in Figure 5.5 and 5.6 are slightly overdense
jets. In the jet taken in figure 5.5, the jet head is so sharp, owing to the heavy
xenon ambient which contrasts the light jet advancing.
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Figure5.5: slightly overdense jet (He in Xe), density ratio= 1.40 , M=15.3.

Figure 5.6: Slightly overdense jet (He in Xe) - density ratio= 1.35, M=16.1.

Figure 5.6 shows the jet with almost the same density ratio as one taken in figure
5.5, and roughly similar conditions; ambient pressure P,=4.0 *+ 0.1Pa,
stagnation/ambient pressure ratio Py/P,= 7-10*+ 30% and Mach number at nozzle
exit is 16.1, generating a slightly overdone jet; 1 =1.35. The jet in figure 5.5 has
slightly different ambient pressure and stagnation/ambient pressure ratio which
results similar conditions; density ratio 1.40 and Mach number at the nozzle exit
15.3. For the jet shown in figure 5.6 the core gas velocity v, at the nozzle exit can
be estimated the same as jet illustrated in figure 5.5, which is (2420 + 330) m/s,
and the measured value of the head structure is v, = (490 £ 100) m/s, so the ratio
Vo/Vy, is 4.94 which is less than the jet in the last case (n =0.9, M=13.4).

As it is obvious, although the density ratios of these jets are similar, here the shape
of the terminal/bow shock structure is remarkably different of the jet presented in
figure 5.5; in the hypersonic jets, the head shape changes continuously with time,
under both free-boundary and vessel-boundary conditions, because of the natural
unsteadiness of the hypersonic flow behind the head. This phenomenon, often
referred to as “beam pumping”, takes place even if the mass flow is perfectly
constant, since it is an inherently unstable phenomenon [75]. Figure 5.7, showing
head velocity vs time obtained from numerical simulation [76], indicates that the
jet head displacement is not continuous or smooth, even with a regular mass flow,
but has a periodic impulsive behaviour; the jet gas, after being decelerated by the
terminal shock, is deflected sideways and form a small backward flowing region
behind the bow shock, the so-called cocoon, which then mixes with the ambient
gas. Again flow passes thorough acceleration phase till facing the next terminal
shock, and this trend goes on to make impulsive behaviour.
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Figure5.7: Jet head velocity in dimensionless r,/t unitsvs dimensionless time for the light jet
case and outflow lateral conditions [76].

In figure 5.8, the given jet (jet in figure 5.6) is numerically simulated according to
the density map whichis normalized to the unperturbed ambient value, also the
time unit for this light jet is T = 0.18 ms[76]; Top panel indicates the jet at time
instant t = 151. Second to forth panel indicates the jet progression of three time
instants. The last panel of figure 5.8 shows the laboratory visualization,
juxtaposition of scale correlated frames in a time range including the shown
numerical simulations. Figure 5.7 shows the head velocity of this numerical
simulated jet and illustrates the “beam pumping” phenomena, which jet head
comes ahead by generating two lobes around its sides.

Because the jet head in figure 5.5 has less velocity v, = (460 £ 100) m/s than one
captured in figure 5.6, v, = (490 = 100) m/s, and also regarding their shape
presented in these captured instances, it could be concluded as follows; the jet
head in figure 5.5, having less velocity and sharper shape, is for the instance of the
acceleration phase, which can be synchronized with t = 13t in figure 5.7, and the
jet head presented in figure 5.6, having higher velocity and blunter shape, is for
the instance of the deceleration phase; synchronized with t = 157 in figure 5.7.

It is also important to note that the experimental observation of the head structure
and of the knots is difficult because of the finite, non-negligible exposure time of
the camera, necessary for getting enough light (see section3.3.2).
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Figure5.8: Jet head velocity in dimensionless ry/t unitsvs dimensionless time for the light
n 005 039 0.71 1.03 1.35 1.68 2.00
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jet case and outflow lateral conditions [76].

The third case illustrated in figure 5.9 is in the intermediate range of the density
ratio, 1 =4.6; Helium jet in Xenon ambient. Here to have a higher density ratio,
ambient density and consequently ambient pressure are decreased to pa
=2.5+0.1Pa, which leads to a Mach number of nozzle exit, is 14.3. The measured
value of the head structure is vy = (580 % 120) m/s and the core gas velocity v, can
be estimated = (2510 £ 250) m/s, so again the ratio v,/vy is 4.33 decreased due to
the increasing density ratio. Here a bow shock is presented in front of the jet and
after the bow shock is just a naked beam lacking cocoon altogether. This trend of
losing the cocoon by increasing the density ratio is expected from mass continuity
low on the working surface (see section 2.3).
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Figure5.9: moderate overdense jet (He in Xe), density ratio= 4.6, M=14.3

The fourth case is about a heavy jet. Figures 5.10 illustrates the evolution of a
heavy jet, n=46, propagating through the ambient before hitting the vessel. Here
the shape of the terminal/bow shock structure is remarkably different from the
previous cases, owing to the heavy xenon ambient which contrasts the light jet
advancing.

Figure5.10: heavy jet (He in Ar) - density ratio= 46, M=13.7

As it is expected from heavy jets, here we have just a naked beam without cocoon
around the head. It is also obtained by the numerical simulations [74]. The
estimated nozzle velocity at the exit v, = (560 * 60) m/s, and the measured value
of the head structure is v, = (150% 30) m/s, so the ratio v,/vy is 3.73 which again
decreased by the increasing density ratio.

The last case is a highly overdense jet flow (n=77) in comparison with the
surrounding ambient, Figure 5.11 shows the head of a xenon jet travelling in an
argon ambient, and at the nozzle exit Mach number M = 15.1.

Figure5.11: very heavy jet - density ratio= 77, M=15.1

The jet structure visible in figure 5.11, which has n =77, is almost the same as
overdense jet flow shown in figure 5.10 (n =46); it may be interpreted as follows:
the jet head is made of a bow shock, travelling left to right, clearly visible in
figure, followed by a terminal shock much smaller than the bow shock, and in this
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case very close to it, so that it cannot be resolved in the image. On the right of the
bow-terminal shock structure, only the unperturbed ambient gas is visible; on the
left of this structure, the jet core is clearly visible, it is made of xenon travelling at
a velocity v, which can be estimated about (560£60) m/s. This velocity is larger
than the one of the shock structure v, = (210£50) m/s, measured by correlation
techniques. The velocity ratio, v,/vy,, which shows the jet acceleration along its
development,is 2.66. The velocity ratioshows the rational trend as density ratio is
increased; the jet acceleration decreases due to increasing the density ratio,
because of the opposition of the ambient.

It is clear that the jet shape is getting steady among high density ratio; for
confirmation, another sample of highly heavy jet (n=102), is illustrated in figure
5.12; although this jet is not so clear but has the same shape of the jet is figure
5.11 and 5.10, and prove this behaviour.

Figure 5.12: Highly heavy jet, Xenon in Air. M = 15, ambient pressure, density ratio=102

The results of these five cases in the Mach 15 range show clearly the effect of
density ratio on the jet morphology. The jet with low density ratio, case one (n=0.
9), has a sharp jet head and thick cocoon of backward flowing gas around the jet
beam, and with increasing the density ratio in the second case, (slightly overdense
jet, n=1.4), the head shape is still sharp but slightly less than one in underdense
jet, and also the thickness of cocoon faintly decreases. For higher density ratio in
the third case, having an intermediate density ratio (n=4. 6), the bow shock in the
jet front changes to the blunt one and the backward flow (cocoon), almost fade
away and finally in the fourth and fifth cases, the jets with high density ratios (n
=46, 77), it is just a naked beam lacking a cocoon altogether. The visualization of
the jets confirms that the jets with density ratio more than 10, have almost the
same head shapes [74,76].

5.1.1.2. Underdense jets having different Mach

numbers
Here three underdense jets with similar density ratio and different Mach numbers;
9.9, 13.4 and 18.1 are compared to see the effect of the Mach number on the jet
behaviour. In these cases to have a low density ratio, Helium was used as jet gas
and Xenon as ambient gas and all figures have the same scale.
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In the first case, shown in figure 5.13, a helium jet travelling in a xenon ambience,
is a nearly matched jet obtained by Mach 10 nozzle. The control parameters (T1
and T2 yielding suitable P, and P,) lead to a jet having at the nozzle exit a Mach
number M = 9.9 and a density ratio n = 0.85. The core gas velocity v, can be
estimated about (2000 + 100) m/s, whilst the measured value of the head structure
is vy = (280 = 50) m/s, resulting the velocity ratio vg/v, = 7.14.

Figure 5.13: light jet (He in Xe), M=9.9 density ratio= 0.8

In this range of Mach number and density ratio (M=10 and n =0.85), several jets
were captured and it is observed that the head shapes and also their velocity are
not similar, even with the same parameters (same pressure ratio and density
ratio);figure 5.14 shows the jet at M=10 and n =0.85, which has similar
parameters of the jet taken in figure 5.12. The head shapes between these jets
(figure 5.13 and 5.14) are different; in the jet captured in figure 5.14 the measured
value of the head structure, having blunt shape, is v, = (155 + 40) m/s whilst for
the jet in figure 5.13, the jet head velocity, having sharp shape, is measured about
(280 = 60) m/s.

This behaviour can be interpreted due to the beam pumping phenomenon [75], as
follows: the jet head shown in figure 5.14, is the captured instance of the flow just
after deceleration phase which facesthe terminal shock, and the jet head in figure
5.13, is for the instance at the end of acceleration phase, which have a maximum
velocity among an impulsive phase. If we back to figure 5.7, illustrating a sample
of the pumping effect on the jet head velocity, it is seen the velocity can jump
around 40% among an impulsive stage which has good agreement with the current
results.

W, IR 5t o R Py 0

Figure 5.14: light jet (He in Xe), M=10, density ratio= 0.85
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It is also important to note that the experimental observation of the head structure
is difficult because of the finite, non-negligible exposure time of the camera,
necessary for getting enough light. This produces an unavoidable image blur
effect since the displacement of the structures under study is not negligible during
a typical exposure time.

In the second case Mach number is increased whereas density ratio is kept in the
underdense range. Figure 5.15 shows the given jet; by increasing Mach number in
the next underdense jet n=0.8, the jet head is sharper and also the size of the
cocoon, if compared with the size of the jet core, is smaller than the previous case
(jet presented in figure 5.13). The obtained Mach number at the nozzle exit is 13.4.
The core gas velocity is estimated 2050 £200 m/s, and the measured value of the
head structure is vy = (340 = 70) m/s, so the ratio vy/vy is 6.03 which is less than
previous jet (M=9.9 and n =0.8).

Figure 5.15: light jet, (He in Xe), M=13.4,11=0.9

The last case in underdense jet generated by the nozzle Mach 20, figure 5.16
shows this jet which has density ratio 0.9 and Mach number at the nozzle exit is
18. Here the jet head gets sharper and also cocoon get thinner in comparison with
two last cases. The core gas velocity is estimated 2300 +300 m/s, and the
measured value of the head structure is = (645 % 130) m/s, so the ratio v,/v is
3.56, it is seen that with increasing Mach number, this ratio decreases; in general it
seems that although the jet head velocity is increased with the increase of thejet
core velocity, but its velocity ratio, showing flow acceleration, decreases. In other
word, the surrounding ambient does not let the flow proceeds proportionally to its
initial velocity.

Figure 5.16: light jet, (He in Xe) M=18, density ratio=0.9

By comparison among these three jets it is seen that the lower Mach number leads
to a new change in the jet behaviour; the general morphology of the terminal/bow
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shock structure in Mach 10 appears similar to the ones at M=15 and 20, but the
profile of the bow shock is blunter in Mach 10, as it can be expected for a lower
Mach number. Furthermore, the size of the cocoon, if compared with the size of
the jet core, is even larger than in higher Mach numbers, again this is an expected
effect of the low Mach number.

5.1.1.3. Selected Results Showing General
Morphology

In the previous sections the effect of density ratio and Mach number were seen
separately, and it was concluded that for the jets with high density ratios, the flow
behaviour is almost unchangeable.So the region of interest would be in the green
region in the parameter space of figure 5.17.This range of density ratio also
captures well the YSO jet, where the jet density is usually close in value to, or not
much higher than, the ambient one.

Here the plan is to address the cases of intermediate density ratios for exploring its
influence with a combination of Mach number on the jet evolution, therefore for
each given Mach numbers (10, 15 and 20), three jets differing in their density
ratios; slightly underdense, slightly overdense, and moderate dense, are selected.
The analysis of these jets, with regard to the different density ratios and Mach
numbers, will give the general morphology of the flow.
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Figure 5.17: The selected region in the parameter space, for exploring the general
morphology
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The jets are illustrated in figures 5.18 to 5.20 included three sets of the jets. For
each set, three different Mach numbers are selected. The resulting image is then
compared to the corresponding existing numerical simulation [77].

The Figure 5.19 shows three light, underdense jets, having similar density ratios <
1 and Mach numbers from 10 to 18. Many known properties are visible both in the
experiments and in the simulations, namely the presence of a large cocoon, the
appearance of compression knots along the jet core and the increasing bluntness of
the jet head for decreasing Mach numbers. However, the last property must be
considered by keeping in mind that head shape changes continuously with time,
owing to the beam pumping phenomenon (see section 5.1.1). In this set of light
jets, the blunt shape of the Mach10 jet is considered.

In the laboratory images (figure 5.18) at Mach 10, the bluntest shape of the jet
head is taken which has good similarity with the simulated one. At Mach 18, one
can see a non-axial symmetric displacement of the jet core, which cannot be
reproduced in the related numerical simulation (top panel). This case in explained
in detail in the section 5.2.2.4.
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16t <t < 34t

34t <t < 78t

140t < t < 340t

Figure 5.18: Set of 3 slightly underdense jets of He in Xe: from below, n=0.85, 0.9 and 0.9,
Mach number = 10.0, 13.5 and 18.0 [77].
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A simple quantitative comparison between experiments and simulations can be
made by measuring the jet head velocity, the results are shown in Table5.1, and
show a good agreement, slightly worsening at the lowest Mach number.

Table 5.1: Head velocities for the jets in figure 5.19

Case Veplmv/s], & 20% Voumlm/s], £7%
Mach 10 155 200
Mach 13.5 340 350
Mach 18 645 750

The Fig. 5.19 shows three slightly overdense jets, having similar density ratios > 1
and Mach numbers from 11 to 18. Again, both in the experiments and in the
simulations a cocoon and some compression knots are visible, whereas the jet
head is blunter for the lower Mach numbers. With respect to the underdense jets,
here the higher density ratio causes a slight decrease of the cocoon and jet head
sizes. The comparison between experimental and numerical jet head velocities is

shown in Table 5.2, even in this case there is a good agreement, worsening at the
highest Mach number.

Table 5.2: Head velocities for the jets in figure 5.20

Case Vexplm/s], +20% Voumlm/s], £ 7%
Mach 11 355 340
Mach 16 490 500

Mach 18 415 550
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19t <t < 26t

0.01 0.34 0.67 1.00 1.34 167 200

26t <t < 56t

0.01 0.34 067 1.00 134 167 200

115t <t <200t

Figure5. 19: Set of 3 slightly overdense jets of He in Xe: from below, N=1.2, 1.35 and 1.4,
Mach number = 11.0, 16.0 and 18.0 [77].
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The Fig. 5.20 shows three overdense jets, having similar density ratios 7 =35 and
Mach numbers from 7 to 17.9.

40

12t <t < 30t

20t <t <58t

115t <t < 235t

Figure 5.20: Set of 3 overdense jets of He: from below, ambient is air, air, He, n =4.4, 4.6
and 5.4, Mach number = 7.0, 14.3, 17.9 [77].
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In this case, as expected, the backward flow zone related to the cocoon formation
has a definitely smaller size and the compression zones, when present, are
narrowly spaced, so that they cannot be resolved by the experimental technique.
The jet head structure is smaller than in the previous cases it must not be confused
with the bow shock, which reaches the boundaries of the domain. Unfortunately,
at the lowest Mach number presented in this figure, the formation of a proper head
structure is hampered by the pressure ratio Po/P,which is, in this particular jet,
close to the allowed limit for a nearly matched condition. The comparison
between experimental and numerical jet head velocities is shown in Table 5.3,
even in this case there is a good agreement.

Table 5.3: Head velocities for the jets in figure 5.21

case Verplm/s], £20% Voumlm/s], £7%
Mach 14.3 580 600
Mach 17.9 680 700

It is worth noting that pressure matched hypersonic hydrodynamic jets maintain
their collimation up to large distances from the launching region, at least within
the physical limits of the walls of the chamber.

5.1.1.4. A rare case

The top jet of figure 5.18 which is the jet at Mach 18, a non-axial symmetric
displacement of the jet core is visible in experimental results. This jet is shown in
figure 5.21 along its evaluation for a longer time (after impact the vessel and),
here this sinusoidal movement is more visible. The interesting point is that this
behaviour is presented just in thevery high Mach number of underdense jet and
also cannot be seen in the corresponding numerical simulation (the below panel of
figure 5.21). Actually the top panel of the figure 5.21 is an intentionally frozen
reconstruction for the sake of showing some particular features of this jet (do not
respect the principles exposed at the beginning of this chapter).

One reason for this non-axially symmetric presented in experimental results, is the
nature of three dimensional instability of the flow, whereas the numerical results
are simulated by considering a two-dimensional domain [74, 77]. At the moment,
we might interpret this observation as an effect of the higher Reynolds number at
the nozzle exit that disrupts the symmetry of the mean base flow. In particular,
one must consider the effects associated to the viscous and turbulent boundary
layer developing along the inner surface of the long de Laval nozzle necessary to
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generate the Mach 20 jets; this boundary layer at the nozzle exit is about 65% of
the nozzle diameter. This long layer can act as a source of excitation for the long
transversal perturbation observed in this image. However, whether this behaviour
at high Mach numbers is an effect of the injection mechanism adopted or is the
result of the growth of intrinsically non-axially symmetric jet modes remains to be
investigated.

Figure 5.21: the propagation of a slightly underdense jets of He in Xe: n= 0.9, Mach
number = 18.0 [77]

One must note that among the jets at Mach 20, just this underdense jet has the
self-induced non-axisymmetric long wave instability, and other jets, ones their
density is more than ambient one, (77 > 1) do not behave the same.

In figure 5.21, besides the non-axisymmetric long wave instability of the jet,
another phenomenon is noticeable; the intense knot which is visible on the jet axis
in the rest of the jet (it is marked with a red rectangle in the rest of the jet in figure
5.21). Regarding the counterpart simulation of the free jet (the below panel of
figure 5.21), theknot is presented after jet hitting at the end of the vessel, andit
would be due to the interaction with the backward flow. Although this bright knot
is not related to the free hypersonic jets, it opens another aspect of the interacting
jet with the backward flow. The following section explores the rest of the jet
which also indicates the effect of back warding flow on the jet.

5.1.2.Jet flow after Impact with the vessel end

In our experiments, the flow is free jet just before impact with the end of the
chamber, and after the jet head hits the end of the vessel, it is the interaction of the
forward flow with backward reflected one. In the following the morphology of
these interactions for two kinds of the jets, light jet (slightly underdense/overdense
jet) and heavy jet (highly overdense jest), are explored.

If we come back to the figure 3.8, the nozzle mass flow versus time is illustrated
for a sample jet flow. As the piston works and the valve begin to open (t = 0), the
outflow increases to a maximum value, then it diminishes as the gas contained in
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the reservoir is used up. During the decreasing phase, the mass flow is determined
by the natural decay in the amount of gas remaining in the piston chamber [76]. In
the following for the light jets (slightly under/over-dense jets), the
flowpropagation after impacting is synchronized to the output flow before the
decreasing phase, and for the heavy jet is it synchronized to during the decreasing
phase.

5.1.2.1. Light jet interaction

Here as the first case, the behaviour of a two light jets, a slightly overdense jet and
a slightly underdensejet,after impacting the vessel end is investigated. The jet gas
in the both is Helium into Xenon ambient gas, with different Mach number and
density ratio; for the first jetzp =1.35and M =16.5, and for the second one

1n7=0.9and M =18. This range of density ratio also captures well the YSO jet,

where the jet density is usually close in value to the ambient one.

The first part of the jets, before hitting the vessel, are shown and explained before
in the section 5.1.1. This also captures well the YSO jet, where the jet density is
usually close in value to the ambient one.

For the first jet, figure 5.21 shows the laboratory visualization of a jet with
n=09and M =18 included the jet after impact; herethe non-axisymmetric long

wave instability of the jet is related to the jet before impacting (see section
5.1.1.4). But along the jet after hitting the vessel, a bright knot is presented which
is marked with in the figure 5.21. This knot is interpreted due to the matter
reflected at the vessel end; when the head jet impact the end of vessel, it reflects
backwardly and can compress the rest of jet along its propagation. So the bright
knot marked in figure 21, presents in the captured instance where the reflected
flow meets the rest of the jet.

To prove this interpretation, second light jet, which is slightly overdense is
investigated in more details and also compared with corresponding simulations
[76]. Figure 5.22 shows the laboratory visualization of a jet with
n=135and M =16.5. Here also the flow is not free jet, and it is the interaction
of backward flow created by hit jet head, and we focus on the part which is
interacting with reflected flow. Again along the rest of the jet, an intense knot is
presented which is marked in the figure 5.22.

Figure 5.22: Light jet, Helium in Xenon before the rest of the jet after impacting.
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This intense knot is visible about ten jet radii from the vessel end and the
interesting point is that this knot is also presented in the corresponding simulated
jet along its propagation after impact (figure 5.23). Time unit for this light jet is t
=0.18 ms.

o -

Figure 5.23: Light jet, Helium in Xenon, the same as figure 2.23, Here, the images shown
were taken in a time range that came after the instant where the jet head hit the vessel
end[76].

As is clear in the simulation, this knot is due to the matter reflected at the vessel
end, and the difference in the simulated and experimental positions are for the
most part due to measurement errors, but also to the uncertainties in the injection
modelling, as our estimation for the output mass flow was used for the input in
numerical simulation. So in the both flows of the light jets, the intense knot, due to
the reflected flow created by hit jet head, is seen and the numerical results also
prove our interpretation.

With a look at the experimental visualization of the jets in figure 5.21 and 5.22, it
is realized that the jet is collimated for a time and after destroying by mixed
boundary layer. For heavy jets, the rest of jet flow last collimated for much longer
time (see the next subsection).
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5.1.2.2. Heavy jet interaction

The second case is related to the heavy jets (which are almost ballistic). For two
jets the flow is visualized in order to monitor a change in the flow patterns after
impacting.

In the first jet, a xenon jet travelling in argon ambientis taken. Figure 5.24 shows
the laboratory visualization of this heavy jet withy =77and M =15.1. The first

panel of this figure is the free jet, and the other panels are for the jet after hitting
the jet head which are the interest of this section.The jet structurevisible in figure
5.24 may be interpreted as follows: The images presented here come from a movie
made of 150 frames taken at 4300 frames per second; an outline of the movie
converted in reconstructed parts of the jet is presented in this figure. Frame 15 to
30, show the free jet flow, i.e. practically not perturbed by the wallseffects. After
image 30, the jet head impacts the vessel end, so that a strong backflow is
generated andthe flow inside the vessel becomes a jet surrounded by a coaxial
stream flowing backward. Under these conditions, the interface between the two
flowsbecomes unstable, so that strong waves appear, and are particularly visible in
the frames 61 to 90. These instabilities move forward at high velocities; the
velocity of instabilities is greater than the head velocity(v;>vy). The next panels
ofthe figure 5.24, illustrate the rest of the jet; another interesting point is that here
the jet beam is unperturbed for a much longer distance than light jet which means
the duration of the heavy jets is longer than light jets.This big difference between
light and heavy jetsis due to differentjet mass flowand also different jet velocityof
heavy jets from the ones ofthe light jets. Here the backward flow cannot create
bright and compressed knot as presented in the light jets. It would be due
tocondense and collimated jet beam which the reflected flow cannot considerably
affect on it.
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Figure5.24. Sequence of reconstructed images for the heavy jet Xe in Ar at
n="T7and M =15.1. e numbers on the left refer to the frame positions in the movie[78]

)

The second heavy jet, which is highly overdense is investigated in more details and also
compared with corresponding simulations [76] to confirm the morphology. Figure 5.25
shows the laboratory visualization of a xenon jet in air ambient with
n=102and M =13.7.

The evolution of this heavy jet propagating through the ambient before impact the
vessel is illustrated previously in figure 5.12,and figure 5.25 is related to the jet
flow after hitting the vessel end, which is compared with the corresponding
simulation at several different time instants. This flow propagationshows the jet
remains almost unperturbed by the interaction with the external medium. The time
unit for this heavy jet is T = 0.96 ms.
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Figure 5.25: Heavy jet, Xenon in Air. Same jet of figure 5.25, the panels have the same
meaning but the images are taken in a time range that comes well after the jet head hits the
vessel end, during the mass flow decaying phase[76].
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The interaction with the reflected flow eventually produces a finite perturbation,
which non-linear interacts with the outflow. This is sufficient to spoil the axial-
symmetry. However, it is not sufficient to spoil the collimation of the jet. At later
stages, when the jet weakens according to the diminishing the jet gas; this
interaction causes non-symmetrical oscillations that are visible in both simulated
and real jets.

This suggests the possibility of a very large longitudinal extent of the heavy
hypersonic jet and its related capability to transfer energy, momentum and mass to
large distances (on the Earth, in space, impossible new applications).

In this jet, the flow velocity grows with time and the velocity of instabilities are
greater than the head velocity (v;>vy,), which has the same behaviour of the last
heavy jet (figure 5.24) and also is in agreement with the numerical simulations
[76]. In regard to the current observations for the velocity of instabilities, the Jet
evolution can be sketched as in figure 5.26 under the hypothesis that the changes
in structure properties are slow with respect to the exposure time;

At time t =t the head enters the camera window, and travels through this window
in some frames. The jet head is v,. Then, the head is generally followed by a thin
and stable core, becoming progressively more intense,

visible in many frames. At a certain time t = t, the head reaches the vessel end: in
an ideal (infinite) ambient it would simply continue to travel (red sketches in
figure), in the real case the head is destroyed and the jet gas begins to raise the
ambient density by turbulent mixing, what changes the original jet/ambient
density ratio.

This perturbation doesn’t seem to give rise to reflected structures, since no
reflected waves were observed in the whole experiment set.

Then, at a certain time t = t, periodic forward-travelling structures begin to enter
the camera window,and their velocity vs can be measured by correlation(see
section 4.2.2) , with best accuracy when the wavelength is shortwith respect to
camera window size (here vg is intended as phase velocity of a wave crest and not
as groupvelocity). Several kinds of structures were observed, similar to Kelvin-
Helmoltz waves at the beginningand to multiple shocks at the end. These
structures travel in the forward direction, and are generallyfaster than the head, but
slower than the gas: vy>vs>vy, so the waves tend to reach the head.
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Figure 5.26:Schematic view for the flow velocity at heavy jets.
5.2. Spreading angle measurement

The spreading angle of the jet core is measured by the image processing method
applied to the reconstructed images of the jets (see section 4.2.5). The
measurement is based on a special criterion, defined according to the derivative
curve of the pixel intensity of averages columns behind the jet head; because in
the vicinity of the jet core, the derivative is high, the boundary of jet core is
conventionally assumed to be bounded by the highest variations of the intensity.
Figure 5.27 illustrates a sample of the taken columns behind the jet head. For the
measurement in the following results, 200 columns behind the jet head are taken.
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Fig. 5.27: Lateral selected columns of reconstructed image, behind the jet head.

In the section, the jet widths for three different jets are illustrated;

Figure 5.28 is related to an underdense jet at Mach 10.1 and density ratio 0.8; the
green curve is the averaged curve of pixel intensity of the columns behind the
given jet head, the red curve is the derivative of the counterpart green curve, and
the dashed lines show the places of the highest derivatives on both sides of the
given jet. The distance between these vertical lines represents the jet core width.
Then, the spreading angle can be obtained by comparison with the jet core width
at the nozzle exit.
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Figure 5.28: Mach 10.9 and density ratio 0.8; green curve: the averaged curve of pixel
intensity of the columns behind the jet head, red curve: the derivative of the counterpart
green curve, dashed lines: the places of highest derivatives.

Figure 5.28 results that the jet width is about 1.8 times of nozzle diameter. For
measuring the spreading angle, the core width at the nozzle exit, as the reference
jet width, is needed but it is not possible to measure by the same practical method,
however it is obtained from the similar principle applied to the numerical
simulation. A proper definition of the reference jet width at the nozzle output can
be given by observing that in the present experiment the information is mainly
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obtained from density-dependent measurements: for this reason, the jet width will
be identified as the bounded diameter by the maximum steepness; where the
second derivative along the increasing phase of the density curve is zero.

This definition of the reference jet width is one of the possible definitions among
many other options. But if we have to deal with spending angle measures, we
must use this definition, because measurements in the far jet like figure 5.28 are
luminosity-based, i.e. density-based, so the same definition, generalized by the
same criterion, must be applied also for the jet at the nozzle exit. Figure 5.29
shows the jet width boundaries at the nozzle exit, assuming as the points of
maximum steepness, which are obtained numerically [77].
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Figure 5.29: The jet width boundaries at the nozzle 10 exit [77]
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Figure 5.30: Simulated density profile at the exit of Mach 10;dashed line reports the
thepoint of maximum steepness or zero 2nd derivative

Figure 5.30 shows simulated density profile at the exit of Mach 10, and as obvious
the jet width is about 15.6 cm (twice of the core radius) which is 58% of the
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nozzle diameter. By comparison the jet width at the nozzle exit (0.58 D) and jet
width in the far field captured in front of electron sheet (1.8 D), and also the
distance between them (31.3 D), the spreading angle is obtained which for this
case it is about 2.23 degrees.

The second case is an overdense jet,77 = 4.4 at Mach number 7, shown in figure

5.31. Here the jet width is about 1.6 times of the nozzle diameter, leading to have
1.86 degrees for spreading angle which is slightly less than one in previous jet
(shown in figure 5.28). This comparison shows the effect of density ratio, slightly
underdense and overdense, on the spreading angle, and as is expected increasing
the density ratio leads to have more collimated jet and consequently smaller
spreading angle.
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Figure5.31:m=4.4 at Mach number 7, green curve: the averaged curve of pixel intensity of

the columns behind the jet head, red curve: the derivative of the counterpart green curve,
dashed lines: the places of highest derivatives.

In order to know the effect of Mach number on spreading angle, a jet with density
ratio (=1.4) at Mach number 18.9, illustrated in figure 5.32, is compared with

the previous jets, being at Mach 10 range. In this jet, core width is about 0.32
times of the nozzle diameter, but for this given nozzle, Mach 20, the jet core at the
nozzle exit is about 36% of its diameter, which means jets at high Mach numbers
do not expand and their spreading angle is nearly zero. In other word, in the
higher Mach numbers, the jet flow is much more collimated than lower Mach
numbers.
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Figure 5.32: density ratio=1.4, Mach number = 18.9, green curve: the averaged curve of pixel
intensity of the columns behind the jet head, red curve: the derivative of the counterpart
green curve, dashed lines: the places of highest derivatives.

5.3. Density measurements

Another kind of quantitative result is about density measurement, using the
proportionality law | =k p between the light intensity due to fluorescent emission

and the density (see section 4.2.6).

Whenever possible, the results are obtained by using different values of the
constant k for different gas species. Here density values are measured along the
axes of three jets, it should be noticed that the inner zone of the jet heads, namely
the region between the bow shock and the terminal shock, cannot be analyzed
because it contains two mixed gas species (see figure 2.1).

The output density values are corrected accounting for the image background
noise and the final curves are compared with the relevant numerical ones. Figure
5.33, 5.34 and 5.35 show experimental and numerical results of the axial density
for the three slightly overdense jets. Densities are expressed in non dimensional
form as density ratios 77 referred to the unperturbed ambient.
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Figure 5.33: Experimental (upper panel) and Numerical (lower panel) axial density for a
slightly overdensejets;M=18 and density ratio 1.4, Densities are expressed in non
dimensional form as density ratios 77 referred to the unperturbed ambient[77].
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Figure 5.34: Experimental (upper panel) and Numerical (lower panel) axial density for a
slightly overdense jets. M=16 and density ratio 1.35, Densities are expressed in non
dimensional form as density ratios 77 referred to the unperturbed ambient[77].
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Figure 5.35: Experimental (upper panel) and Numerical (lower panel) axial density for a
slightly overdense jets, M=11 and density ratio 1.2, Densities are expressed in non
dimensional form as density ratios 7} referred to the unperturbed ambient [77].

The results, given in terms of the density ratiopreferred to the

unperturbedambient, show that the experimental technique is capable to reproduce
the large scale density variations, whereas the small scale details are lost.
However, it must be recalled that the small scale structures exhibit turbulent
temporal variations scarcely reproducible. That is, even at higher time resolution
of the camera producing less blur in the experimental images would probably
reveal different small scale variations at each repetition of the same jet.
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Conclusions

About experiment;The experimental facility and instrumentation has shown to fit
the experimental requirements and to give valid results for the aim it was designed
and assembled. The whole facility is reliable in the different configurations and
usable in a wide range of Mach Numbers and density ratio, helping us to reach our
goal; investigation of hypersonic jets in different conditions. The uses of matched
or quasi-matched de Laval nozzles allow to have rather well known boundary
conditions of the jets. The calibration procedures developed for the different Mach
Numbers are also reliable. The distance of observation, as referred to the initial jet
diameter, is far larger than any of the available experiment and is in the range of
stellar jets, while it is not the only purpose of these facilities. Although real stellar
jets are not generated in this way, the development of the jets and their observable
structures and instabilities in the form of “knots” are not related to boundary
conditions but are part of the jet development itself.

About the imaging; several image processing techniques have been applied to the
study of the jets morphology. Wide images of the jets were reconstructed by
partial juxtaposition of denoised frames. Also an accurate technique to measure
velocity of flow structures was introduced, based on modifications of standard
correlation techniques. The spreading angle was measured by an inventive
technique, and for the density measurement, the method based on the
proportionality between the light intensity due to the fluorescent emission and the
density, was used.

About the results, it has been shown that many of the facets of the stellar jets
may be simulated in a pure fluid dynamic experiment, without the need of
electromagnetic fields, what is an important issued in astrophysics; some facets of
the jets are included the detailed aspects of the head bow shock, its bluntness and
the shape of the cocoon as a function of the density ratio and Mach number. Both
overdense and underdense jets have been visualized in a wide range of density
ratios and this has allowed to have an insight on the change both in the jet and
cocoon structures, and also in the instabilities that appear on streams interfaces. In
this sense the use of gases of strong density difference, as Helium and Xenon has
been of focal importance.

This methodology allows giving some insight on the behaviour of the free
hypersonic jet flows and can also be usedas an important validation of the
numerical tools.

Also the jet behaviour, after impact the vessel end, has been explored; the fact that
the jet structure, after impacting, is still persistent, although is not part of the
stellar jets effort of simulations, is interesting as it is a new piece of knowledge. In
some cases, the visualized jets have been compared with the existing numerical
simulations which are in good agreement in most cases. In General our
experimental results highlight the following aspects:
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I) The collimation of near-isoentropic jets over distances much larger that the
initial radius.

IT) The jet persistence (which, for the heavy jet, is maintained lengthy even after
the impact with the vessel end-wall).

IIT) The presence of a cocoon surrounding the underdense jet, while this is not
visible for the overdense one.

IV) Variation of the spreading angle with changing the density ratio and Mach
number (increasing the density ratio or Mach number, leads to have more
collimated jet and accordingly decrease in the spreading angle).

These aspects refer to experiments ruled by Newtonian dynamics, and do not need
of the confining effect associated with the presence of magnetic fields. Some of
these aspects are common to stellar jets, in particular the jet confinement and
persistence over long distances, in units of the initial radius.

For future;

Although the quality of the images is not so good as desirable, due to the camera
limits and also as a consequence of the intrinsic limits of the electron beam
technique, they may be elaborated to get enough data, while the use of a camera
with higher performances is the most urgent further development of the
experimental setup.

Another progress in the facility could be moving the nozzle inside the vessel,
closer to the electron sheet, to investigate the jet morphology for the lower range
of Mach number, having less Reynolds numbers.

To explore the jet morphology in the thermal aspect, the facility would be
developed to further heat the gas jet, while it will probably require major
modifications to the full system and in any case a rather high cost.
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