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Abstract

‘ = i1
The transport of particles in a compress- DV, DOPPLER-VELOCIMETER

ible, two-dimensional vortex behind an

edge in a shock-tube is examined both (T_imﬂ%)
experimentally and theoretically. In order ” Tm o [T\
to point out the limits of laser anemome-
try, the deviations of the particle move- e
ment from the vortex movement dependent on =
the particle material are calculated
numerically as well as experimentally, and MACH-ZEHNDER-
presented with a new optical measuring INTERFEROMETER
technique for the investigation of veloci-
ty distributions, by means of Doppler- 8% &vp(Tm)
pictures.
Introduction Tom TPo
The determination of flow velocities is %¥=Ag

made more and more with the help of the i
optical Doppler-effect. Because of the avm | 8¥om | m | 18¥meml| Tm | TPm | Tmilom
Doppler-shifted frequency of light scat- ws | ms | Mo | oy | W | U Torm
tered through dust particles, the veloci- m i
ty of the particles added to the flow can 1423 | 1748 | 08 019 62 30 107
be ascertained. With sufficiently small 198 | 6% | 088 012 60 20 20
particles, the particle velocity is prac- 1708 | 1749 | 103 0.06 60 30 1.07
tically the same as the flow velocity. The

: ; : ; 1535 | 1647 | 093 007 58 20 190
measuring method fails if too high gra-
dients of velocity in the flow area occur. 1501 | 1553 | 097 003 Ra i il
Measurements of veloc%%y jumps of weak Mean values
shock waves by Georgel') give an impression I o | s |
of this. The velocity jumps were registered | 159 | em | o2 | oo | se0 | 2 '
with two different measuring techniques Fig.l: Measurements of the velocity pump
with a Doppler-interference velocimeter of a weak shock wave (George()}

and with a Mach-Zehnder interferometer.
Figure 1 shows that the maximum of the
velocity jump in a spark is not reached
before the double or treble time in the
measurement with the velocimeter and the
amplitude is about 10% smaller than with
the interferometer measurement.

The noise of supersonic jets is emitted
in forT ?f rather regular Machwaves (Oertel
et pl. A\ ). The question is, how the Mach-
waves depend on the characteristics of the
jet and the ambient gas, and what is the
reason for their having nearly equal angles.
With an interferometer for taking x,t-
streak records, particularly clear traces
informed about the speeds of the mixing
layer structures at the origins of the
Machwaves. Immobilizations on appropriately
moving film (Fig.2) revealed the fact that
travelling Machwaves having a preferred
angle do also exist inside the jet. With
different measuring techniques several
surprisingly simple similarity laws have
been found which have finally led to the
proposal of suppressing the Machwaves by
means of a hot subsonic envelope. It could

Fig.2: Coherent structure? of a supersonic
jet (Oertel et al.l7))
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be shown that this method works. But the
reason for the simple relations is still
unknown. The correlation functions
measured with two velocimeters do not
support the assumption of strong circum-
ferential coherent structures being the
origin of the Machwaves. This failure
may perhaps be due to the tracer inertia.

The aim of these investigations is to
get knowledge about the dynamics of gases
charged with dust and to show the limits
of laser-anemometry. The question of
whether turbulent flows, especially flows
in boundary and mixing layers, can be
made visible and measured through dust
transport, was to be clarified. Further-
more it was to be shown what streaklines
state about a flow, particularly when the
particles cannot follow the flow. There-
fore the particle transport in a compress-
ible, approximately two-dimensional vortex
behind an edge in a shock tube is examined.
Figure 3 shows in the upper part the
measuring chamber with the built-in model.
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Fig.3: Test chamber

The shock Mach number is 1.2 to 1.6 in the
experiments presented here, and the shock
produces on the model edge a vortex which
moves downstream under a certain angle

and thereby grows, as is represented in
principle in the lower part of Fig.3. The
results of the measurements are compared
with the works by Howard and Matthews (2)
and Rott (3). With the help of these works,
the particle movement in the vortex can
approximately be numerically calculated.

Theory

Howard and Matthews proceed from the
assumptions that the vortex discharge is
a symmetrical and pseudostationary prob-
lem in which the flow variables only
depend on one variable, namely the quo-
tient from the vortex radius r and the
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time t, when the coordinate system moves
with the vortex. In addition they assume

a homoentrope flow. Leaving the vortex core
out of consideration they get from the
continuity and momentum equations the flow
variables in the vortex as a function of
the vortex radius r and the time t, as well
as two parameters which represent a meas-
urement for the vortex size and intensity
respectively:

T,v = f(r,t,rI,B) .

Rott is concerned with the growth of the
vortex and its movement downstream. By
neglecting viscosity and heat conduction
and in the case of incompressible flow, he
gets from the potential equation a rela-
tion for the quotient of the distance a of
the vortex from the edge and the speed of
sound c2 multiplied by the time t as a
function of the Mach number and three
angles, that is the model angle, the posi-
tion angle of the model in the flow and the
angle between free flow and vortex motion:

a

Cot
Thus the movement of the idealized vortex
is fully described. Scattered particles are
now added to the flow. For this we assume
that the particles follow the free stream
without slippage. Besides this, the parti-
cles should have a spherical contour and a
fixed, known diameter. In the first approx-
imation, the validity of the Stokes law can
be assumed. The particle movement is
approximately calculated over a balance of
forces, as a function of the particle size
as well as of the flow data. So the radial
velocity of the particles over their posi-
tion in the vortex can be shown in a
diagram, with the particle size R as pa-
rameter (Fig.4).

o fM,e,0,y)

It can be recognized that smaller parti-
cles follow the vortex movement better; the
radial velocity is small. But even the
smallest particles withdraw from the vor-
tex centre. Here the problems with the
methods of measuring diffused light become
clear. On the one hand, the particles
should be large e.g. 1 um, in order to
retain an intensive signal, but on the
other hand they should be small, to some
extent substantially smaller than 1 um,
so that they can follow the flow exten-
sively. The particle movement in the
vortex can be approximately numerically
simulated for different particle sizes.
The particle movements in two like vor-
tices are represented in Fig.5, firstly
for particles with the radius 0.25 um
and secondly for R 0.75 pym. The flow,
coming from the left, has a Mach number
approximately 0.5. The continuous lines
represent the lines connecting the start-
ing positions of the particles with their
final positions during a small time inter-
val At, It is noticeable that the inner
area of the vortex, where no particles are,
gets considerably bigger with increasing
particle size.

of
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Fig.5: Numerical simulation of particle
movement in a vortex

In Figure 6particle paths and streaklines
are shown for particles of differing size.
The flow conditions are the same for the
three particle sizes observed. A particle
which is joined to the flow shortly after
the shock wave has run over the edge,
describes the path shown on the left of
the picture. With increasing size, the
particle distances itself from the vortex
centre and then no longer follows the
movement of the vortex. In the case of
R =0 the theoretical relations no longer
hold, but in this way an approximation of
the actual vortex movement is conveyed.

It becomes clear that velocity measurements
depending on the choice of particles must
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Fig.6: Particle paths and streaklines

of particles of different size

lead to differing results. On the right-
hand of Fig.6, streaklines are represented.
On the basis of these lines it can be re-
cognized how great the deviations from the
actual vortex are, if too large particles
are chosen. Since the flow processes are
very often visualized by streaklines, it
must be critically considered what the

flow looks like in reality.

Eerriment

In Figure 7we see a vortex with TiO;
particles at two times, visualized by a
shadow method. The Mach number M. is just
0.56. The flow with N, comes from the left.
The interior of the vortex is almost
devoid of particles. They cannot follow
the vortex movement, which is also shown
by the numerical simulation. In comparison

Shadow graphs of Vectorfields
vortices at two times| of TiO:-parti-
without and with cle velocities

TiOz-particles (M-0.56)

Fig.7:




to this, the vortex without particles is
only half as big as the vortex with parti-
cles.

For the local measurements of flow veloc-
ities, a laser-Doppler velocimeter with a
Michelson interferometer is used, which
was developed in our department of the
ISL. In Fig.8 the principle drawing of the
optical set-up can be seen. The Doppler-
measurement consists here in a spectro-
metric determination of the wavelength
shift. Laser light illumines the measuring
point and is scattered there on the parti-
cles. The Doppler-shifted scattered light
is focused on an optical fiber with an
objective and is thus transported into the
spectrometer., The optical path of one of
the two interferometer arms is extended
with a glass block. A path difference A¢
makes the interferences dependent on the
wavelength and so renders the measuring of
wavelength changes possible. The modula-
tion of the intensity P is

Ad

P = Py cos®(n 5 )

with the two-beam interference, If we
derive by the wavelength A, it follows:

dP/Pg _ Ad . Ad
& o e W - sin(2 ﬂfrﬂ .

If A% is chosen very large against the
wavelength X, then a great sensitivity of
P compared with small wavelength changes
is received. The signal is connected
linearly to the velocity component. For
further details, see the works of Smeets
and George(4) (5),
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Fig.8: Principle sketch of the laser
velocimeter

Fig. 9 shows a velocity signal measured
with the velocimeter. The measuring point
lies 7 mm downstream and 10 mm below the
edge. The shock Mach number is 1.4. The
horizontal velocity component of smoke
particles is measured. The incident shock
leads to a jump in velocity. The consequent
vortex, the centre of which runs past above
the measuring point, slowly turns the
flow direction around. Below the vortex
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Fig.9:

centre is a back-flow. After reaching the
minimum, the velocity increases again, and
the measuring place shifts upwards in the
vortex.Finally the shock reflected on the
wall of the measuring chamber collapses
and terminates the experiment. A comparison
with the calculation shows the same course
for the horizontal velocity component.
Since the simulation only covers the vor-
tex flow, no shock waves occur. The vortex
reaches the measuring place, the velocity
passes through a minimum, turns around,
and finally the vortex leaves the meas-
uring place. In the experiment, the veloc-
ity change from the minimum to the maximum
is 300 m/s, in the calculation for smoke
particles 1t is 310 m/s. The velocity
inversion is completed approximately 10 us
faster in the experiment.

With instationary flow problems it is
¢ften not the velocity at a certain point
as a function of the time which is of
interest, but rather the velocity distri-
bution in the flow area at a fixed time.
Up to now a velocity picture could only be
realised by a multitude of separate
measurements. The development of the pho-
tographic technique of a so-called Doppler-
picture was recently undertaken in our
department of the ISL. This method can be
applied in particular for investigations
at the vortex. The experimental set-up is
shown in Fig.10. The basic set-up corre-
sponds to the concept of the Doppler-veloci-
meter previously described. An optical
system which focusses the object onto the
mirrors M1 and M2, forms the entry into
the interferometer. The splitting of the
incident scattered lights follows over a
beam-splitter cube. Both mirrors, and thus
also the object, are shown over a lens
onto a film. If the mirror M1 1is turned
by a small angle a, then Fizeau-fringes
emerge in the plane of the mirrors,
parallel to the axis of rotation. A given
fringe-pattern is transferred into another
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Fig.10: Doppler-picture of a vortex,

optical set-up
fringe-pattern by a wavelength change. As
has already been shown, the wavelength
sensitivity depends on the path difference
of the two interferometer arms and thus
on the thickness of the glass block. The
evaluation of a Doppler-picture is made
simply. A wavelength change effects a
fringe shift.The wavelength change AA can
be directly calculated by measuring the
fringe shift As and thus also the velocity
change:

Au _ As | 1

©  AF/X Cosy,*cosy:

with ¢ = light speed; vy, = angle between
flow direction and lighting direction;
Y2 = angle between flow direction and di-
rection of observation. Further details are
described in the work of Oertel et al.%O),
In Fig. 11 four examples of Doppler-pic-
tures of a vortex at different times are
represented. The flow comes from the left
with a shock Mach number of 1.5 in N».
Smoke particles are added to the flow.
undisturbed interference fringe-pattern
lies parallel to the model edge. The shift
of the interference fringes in the vortex
can be clearly recognized. With this method
of measuring, we also receive information
about the particle distribution, as well as
about velocity distribution in the vortex.
Again it can be recognized that the interi-
or :of ‘the vortex. is - practically free of
particles. So measuring the velocity in
this area is in principle hardly possible.

The

To compare this method with the local
velocimeter method we determine the veloc-
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t = 40us

t=134ps

Fig.11: Doppler-pictures of a vortex

ities of the four Doppler-pictures at an
adequate place (Fig.12). This place was

2 mm downstream and 4 mm below the edge.
Both techniques show comparable results
with a systematical error of about 10 us,
perhaps coming from the t =0 determination.
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Comparison of Doppler-picture

Fig.124:
and velocimeter measurements

Concluding remarks

With the theories of Howard and Matthews
as well as Rott, the flow of a vortex
behind an edge is described in approxima-
tion. Thus the particle movement depending
on the particle size and density can be
calculated by applying the law of Stokes.
The experiments conducted have shown good
agreement with the theory. For Doppler-



anemometer measurements, the production
of defined particles and their simulta-
neous measuring is imperative, for not
overstepping the boundaries for the
application of the differing particle ma-
terials for the various flow problems and
to be able to estimate the deviation from
the actual flow in question. These
boundaries are given by the respective
flow problems and the demands of the
experimentalist on the exactness of his
measurements. The velocity measurement
using Doppler-pictures delivers a general
view of the distribution of a velocity
component in the flow area in one picture,
although at the cost of high exactitude.
It is frequently just the knowledge of
this distribution which is of interest.

A more exact measurement could then be
carried out in a further experiment at a
chosen place. The development of this new
measuring method is not yet completed,
and the boundaries of sensitivity of the
system have not yet been reached.
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