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ABSTRACT

A method of gas flow visualization based on laser induced fluorescence has been

theoretically and experimentally investigated.

Liquid droplets seeded with fluorescent substance were introduced locally in an air flow. A
laser light sheet is used to scan the flow field. The light emitted by the fluorescent substance is used

to obtain, after filtering the image of a point on a specific streamline.
The method has been applied to the visualization of streamlines around a cylinder.

The possibility of the use of this method in the visualization of flows in turbomachines has

been investigated. Some of the main features of the necessary cquipment have been defined too.
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3

1. GENERAL
1.1 Fluid flow in urbomachinery-characteristics.

The specific characteristics of the fluid flow in the turbomachines are heavily conditioning the

experimental methods to be used for their investigation.

Under normal conditions the fluids flowing through the turbomachines are mixtures of gases

(0 2, N2; C0 2; a.s.o.). The flows are viscous and turbulent. Sometimes chemical reactions also

take place (i.e. burning) but our investigation does not cover these flows.

The solid boundaries are, generally, asymetric, with numerous changes in curvature radius.

Under normal conditions some of these boundaries are in rotational movement, mostly at high

speeds. They are usually of metal (alloys).

Technological and functional conditions (i.e. tip clearances) lead to some supplementary

flows (or perturbating factors).

High pressures and temperatures are frequently encountered (with non-uniform distributions).

All the abovementioned factors contribute to the appearance of highly complicated flow

patems even in simpler cases (subsonic, low temperatures, no chemical reactions, no rotating

boundaries).

1.2 Visualization method

1.2.1 Utility
The visulization methods allow direct perception either by eye or similar apparatus

(photgraphic, film, camera) of one or several properties of the fluid flow. Because of the

complexity of the phenomena, the visualization of the flows in turbomachinery is preceeding,

almost in all cases, any modern research whether theoretical (mathematical modelling) or

experimental (measurements of flow characteristics). Ref. [1] describes a visualization method

(coloured smoke) used to obtain a first description of horseshoe and passage vortices in

turbine-blade passage. The authors reached the conclusion that these vortices cannot exist

independently. Ref. [2] is one of the few efforts to observe directly the Gortler and Karman

vortices on the pressure side and trailing edge of a static blade cascade. The influence of the

geometry of the blades has been investigated. An extensive study of the tip region of a rotating

blade row is described in ref. [3]. The effect of the tip clearance on the end-wall boundary layer is

investigated. Several important conclusions are presented of which we quote: "The photographs

exhibit no direct evidence of blade boundary layer fluid beying centrifuged into the enl-wall layer".

A very interesting study combining visualization with pressure measurements on the blade (in a

water analogy rig) is presented in ref. [4]. The study allowed the authors to reach conclusions on

the practical design of the blade tip: "...Such efficiency improvement is most likely to be obtained

on rather thick blades, indicating that mini-shrouds (winglets) may be desirable, especially for thin



Sades". The visuai o methods can be extended to quantitative investigations too, using modern
img r sig techniques. ~et. [5] shows aeoo sprays being automatically mapped (COntDun

built by computer). Ref. [6] prests the use of a visualization technique to build density maps in a

transonic compressor tor. Here too the primary photographs (images) are corrected with the aid

of a computer and new maps are drawn. Ref. [7] makes an extensive analysis of the severe

requirements imposed on any visualizing method to be applied for turbomachinery flows. Still:
"Quantification and validation can then follow via the hard data provided by anernometry guided by

what has already been seen". A visualization method must help to locate favourably other

instruments (i.e. thermocouples; pressure transducers; a.s.o.) and reveal regions of separation,

vortexes as.o.

1.2.2 Main features.

1.2.2.1 The information carrier is light and the path between the light source and the collectCr is

made up of linear segments (no optic fibers used.).

1.2.2.2 A flow property is translated into an image.

1.2.2.3 This translation is usually realized by an intermediate element called tracer. It has to be

different from the fluid (optical properties) but has to behave similarly from aerodynamic point of

vue (velocity, direction of movement a.s.o.).

1.2.2.4 The visual methods have to (and do, generally) produce low level energy perturbations in

the studied flows. Care has to be taken not to produce important local changes either on the fluid or

the tracer particles when iigh energy exciting beams are used (or focused).



2. VISUALIZATION MEIOD SELECTION.

The key element in the selection of a vhaliaton method is the trawc. Accoling to the

specific behaviour of each tracer type under iilumination (radiation) the methods can be grouped in
reflection or absorption/emission type. mumination (radiation) with rays out of the visible range

(uv, x, gamma, a.s.o.) has not been investigated in the present wok

2.1 Methods based on light reflection.

These methods use a multimolecular tracer which reflects of the incidient light. Such

tracers might be either liquid or solid. Ref. [8] describe a smoke generator. The moke is composed

of micron size solid ash particles which reflect the incident light beam. Ref. [9] describes ', tracer

of liquid (oil drops, water drops). Both types of tracers have been used in studies of flows in wind

tunnels or turbomachines. Ref. [101 and I1] describe the use of awoke Pners to the study of three

dimensional flows around bodies in wind tunnels (ONERA - France). Ref. (3] describes the use of

smoke in a moving rotor.

The main deficiency of these methods consists in the high level of "noise" in the collected

image: the incident light and the reflected one are of the same type (wavelength) and the solid

boundaries (metallic) reflect light too. Therefore contrast between tracer Image and the rest of the

environment is poor. Specific methods have been de d for boundary layer flows. Ref. [12]

presents traces of ink on paper, in a cascade of turbine blades mounted in a wind tunnel. "The
taces represent an approximation to limiting streamlines". A similar type of visualization using

ammonia and Ozalid paper has been used in a rotor, in movement, ref. [13]. A stroke light was

used to achieve clear traces on the paper.
Some important practical conclusions have to be drawn:

a. there are no special requrements for the investigated fluid and flow (natural air, standard

rotor and casings, open circuit wind tunnel, as.o.).

b. the tracers are available in a wide range (solids, liquids) and considerable experience has

been accmulated in the production and distribution of these tracers in the flows.

c. the light source and the light collecting device are very usual ones (commercial lamps,

photographic apparatuses).

d. there is no "universal" method for both the bik and the boundary layers because of the

high level "noise" associated with this type of visualization.

2.2 Methods based on light emission.

These metms are based on the phoohluminescence phenomenon which is luminescence

(light emission) under light stimulation: "Fluorescence means a luminescence stimulated by
radiation, not continuing moe than 10- sec. after the stimulating radiation is cut off" [14g Under

the stimulating radiation atoms raise to a higher energy level, but return soon to a lower state by
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emiting a new radiation. The wavelength of this new radiation might be higher than the incident

one (according to Stokes' law). In some cases this wavelength might be smaller and it is called

"anti Stokes radiation". For fluids, the quenching phenomenon has to be kept in mind: The
stimulated molecules (artms) collide with other molecules and energy is transferred to dhem. The

number of collisions per second per atom is specific for each fluid of course, to the prssure and

temperature conditons, [14].
Despite the complicated problems which arrise when using these methods a great

advantage has to be born in mind: these tracers allow, with adequate filtering, to separate the
emitted light form the incident one (if If V light is used for stimulation too). The emitted light can

be collected at any angle because it is randomly polarised and the intensity is independent of the

direction [47].
Since the stimualtion is at molecular/atomic level, the tracer substances have to be

dispersed down to this level, i.e. they have to be either in gaseous state or in liquid solutions with

highly transparent liquids or solids. Ref. [15] presents an experimental study in wind tunnels:

"extremely thin fluoresent nylon" filaments (0.02 mm diameter) we attached to the studied surfaces

and illuminated with ultraviolet radiation. "... a barrier filter (is placed) over the camera lens,
which passes the visible fluorescence and blocks the reflected ultraviolet".

A special technique was used in ref. [16] in order to investigate the flow around a wing in

motion. "The models were towed in a water channel and several thin, ... sheets of fluorescent dye
were excited with a sheet of laser light to visualize the complex, unsteady separated flow around

each wing". Fluorescein, Rhodamine B and Rhodamine 6G were used (good solubility in water).
Ref. [17] investigates the supersonic cold flow mixing between slit nozzles. The visualization

lechnique uses iodine vapor as tracer. It is excited by a green argon ion laser beam. "If a

narrow-band optical filter is used to block the green pumping (exciting) beam, a planar cross

section of the fluorescing steam can be observed or rercorded...". Although not presenting a
visualization method proper, ref. [ 18] describes the use of a gas tracer (biacetyl) "especially suitable

for seeding gas flows". Since quenching in oxygen is very important the experiments had to be

conducted in nitrogen and... the system was thoroughly leak checked to exclude oxygen.".
The substances having luminescent properties have a specific wavelength of maximum

absorption of the stimulating light and a specific wave length of emision. Therefore a high energy

beam of prescribed wavelength can be obtained only by using lasers as sources. Ref. [19] presents

an extensive revue of measurements in gas flows using laser-induced fluorescence. An important

conclusion is drawn by the authors: "Condensation is a significant problem with most of the

substances that can be used with the presently (1983) available laser wavelengths.. .". "Of most
interest to gas-dynamic applications is the column* for future lasers having wavelengths of 230nm

or less with which argon could be excited to 106.7nm..
Several researchers used the laser-induced fluorescence technique in velocity
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measumments. The fluotescent tracers produce Doppler shift of the emitted radiation frequency due

to their oeent. [20], [21]. The main advantage is that fluorescence is isotropic and allows to

work with the receiving optics in whatever direction and with large aperture (collecting angles).

Alldiough the signal is lower than that of standard laser-Doppler ".... filtering can be very efficient

in reducing the high back-ground noise problem, common to some LDA systems, particularly in

boundary layer applications..

A special group of light emission methods is based on electrical discharge stimulation. A

ionized column of particles is created between two electrodes by an electric discharge. A series of

succeeding sparks will folllow the ionized column and illuminate it. The gas flow will displace the

column. If the parameters of the sparks are known (durations, disturbances a.s.o.) valuable

information can be obtained from the photographs. [22]. This method has been applied both to

stationary set-ups and for moving impellers [23]. This mehtod requires severe insulation and the

material of the impeller has to be nn-metalic. If local investigation of the flow is to be conducted it

has to be born in mind that any type of electrodes do disturb the flow.

2.3. Selected method.

2.3.1. Purpose

The purpose of the method selected in the present work is limited to the visualization of

the streamlines in a gas flow, despite the placement of the line (bulk or boundary layer). The flow

is cold and no chemical reactions take place.

The first stage of the study has to prove the feasibility of the method and its application to

a stationary set-up.

2.3.2. Selection.

The methods based on light reflection have been discarded from the beginning because the

high level of noise produced by walls and the incident light (all of the same wavelengths). The

methods based on electric discharges were also discarded because of the significant disturbances

introduced in the flow by the electrodes.

The main target of the work was to determine the fundamental characteristics of a light

emission based method and check its feasibility. Table 2.3.2-1. presents the requirements and the

possibilities in the laboraloy of the Technion - Haift.
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Table 2.3.2.-1.

Tracerl Carrier Investi- -_,__/Ae__nt

type* type gazed Monochom. Seeder Wind tunnel Collecting cs
fluid light source closed open amplifiert** recording

Gas - Not air Yes/Yes Yes/Not Y/N N/N N/N Y/Y

Atom - Not air Yes/Yes Yes/Not Y/N N/N N/N Y/Y

Solid - Normal
air Yes/Yes Yes/Not N/N N/N YIN Y/Y

Solid Liquid Noma
air Yes/Yes Yes/Yes N/N N/Y Y/N Y/Y

Note:
* The name "gas" applies to molecules of substances in gaseous state.

** Amplification is referred to light intensity.

Several comments have to be made from the beginning:
- At this stage we did not take into account the market prices of the substances or the

equipment necessary and not available in the laboratory.
- The equipment necessary to get the tracer substances from its marketing form to the used

one (in table) has not been taken into accoumt.
- Since our interpretation of visualizing is of the classical type no electronic device

(including computer) has been taken into account in the collecting-recording section.

- The collecting-amplification device is considered necessary (a priori) for the cases using

normal air on the base of a higher quenching and unknown impurities.

Both closed and open type tunnes need filtering either in order to keep the investigated fluid clean

or to avoid damaging the environment.

All the alternatives require a seeding apparatus. It has to introduce the tracer in a required

quantity in the invetigated regim. For the case of a liquid carrier some experience was available

from the laer-Doppler anem try techniques.

The case of a solid tracer with a solid carrier (nylon with fluorescent dye for example) has

not been investigated because no such carrier has been found on the market.

Taking into account all the pro's and con's the solid tracer in a liquid type carrier in

cnu with an open type wind tunel has been selected as the mainframe of the expperInnt.

I
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3. TEST RIG
The main elements of the test rig were already available in the laboratory and our efforts

concentrted on adapting them to our experiments

3.1 Wind tunnel
An open type wind tunnel made of perspex (1) was linked to a centrifugal fan (2). The fan

is entrained by variable speed electrical motor (3). The wind tunnel has a rectangular section. A
Pitot tube (4) was installed to estimate the free velocity. A schematic view of this arrangement is
shown in fig. 3.1. - 1.

A special arrangement was devised for the test section. A cylinder was placed in the wind
tunnel axis for the first stage of the experiments. The seeder had to be introduced in the flowing air

at various positions around the cylinder in order to achieve the mapping (i.e. tracing) of various
stream lines. The liquid carrier droplets are to be introduced into the flowing air through a

hypodermic needle with 0.55mm diameter. Fig. 3.1.-2. to 4 show the arrangement as used in the
experiments. Appendix 1 contains the detailed drawings of the test section. An eccentric discs
system has been used for the correct* placement of the needle tip and axis in the test section
(relative to the cylinder) - fig. 3.1. - 5. (and picture shown in fig. 3.1. - 4.). In order to place the

tip at a given x-y position the angles a - 0 have been calculated with eq. 3.1. - V,2. In order to

achieve an isokinetic introduction of the droplets the direction of the velocity vector has to be also
given by the hypodermic needle. The support of the needle (fig. 3.1. - 3.) allows for any angle to

be obtained. Both the discs were marked for the reading of the angles. The positioning is manually
achieved.

12

= sin[; - (R;2RIR

eq. 3.1. - 1

2 2

a =am tg(0; +arc4 + 2R IR2

eq. 3.1. - 2.

Glass windows were provided on two perpendicular walls of the tunnel.
Several characteristics of the test rig are listed in table 3.1. - 1.

• Note

Since the flow is two dimensional in this case the needle needs not to be positioned in the third
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dimension and its axis is fixed at 90" to the cylinder axis (i.e. parallel to the tunnel floor).

A summary analysis of the precision of the needle tip positioning mechanism is presented in

appendix 2.

Table 3.1.- 1.

Parameter Units Value 7

Inlet section m 0.049

height - H

Inlet section

width -W m 0.200

Net section

area- A m2  0.0098,,

Inlet section

hydr. radius RH In 9.0197

Test section

distance-L m 0.220

Mlaximum average

velocity in free
secion * MI/s -50

Maxinumf average

ty in minimum

ow section m/s -75

ids number

tt Section 1500000

*Note

This value has been determined using a Fo tube placed in the mid section of the wind tunnel
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window Pitot tuboe FAir inlet T' A ,,

L
(indoor)

' i test section.

perspex wincFunnel

variable speed
electrica motor I Air outlet

(outdoor)

fig. 31.-1: genera arrangement of wind
tunneL.
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fig 31.-2: test rig -generaL arrangement.
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f ig. 3.3: test section Lateral view.
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fig. 3.174: needLe positioning mechanism.
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3.2 Seeding system.

In order to determine the characteristics of the seeding system several separate and

sometimes conflicting problems had to be solved.

3.2. 1. Fluorescent seed selection.

An extended literature survey has been conducted in order to find the substances fulfilling

most of the requirements. The first of these was to have the emitted light intensity as high as the

incident one. The second was to have a relatively large span between the maximum absorption and

maximum emission wavelength in order to introduce some commercially available filters. Fig.

3.2.1.- ref. 14] is illustrating these two requirements as fulfilled by a substance calledliodamine

G in ethanol (solvent).

Since we had an AT laser as light source those substances were investigated carefully

which had the absorption band close to 514.5 mm - the laser beam wavelength (green). The laser

can be tmed to a lower wavelength too but with a lower intensity and therefore we discarded this
wavelength.

A ve*useful description of the main properties of fluorescent substances in conjunction

with different solvents has been found in ref. [241, [25]. All the fluorescent (or luminescent)

substances have chemical or photochemical instability which does not allow prolonged illumination

or too high incident beam intensity. However the estimated parameters of our experiment are far

away from the critical values (example: estimated illumination time for an air flow of 50 m/s is

4.10 -5 sec; illumination time for a rhodamine type st bstance to deteriorate photochemically, is

several hours [26]).
Ref. [26] has proved to be most valuable since the method of illuminating the tracer

substance in liquid solution droplets is essentially similar to a dye-laser system. However our

conditions are far more difficult because the state of the fluorescent solution cannot be controlled in

the same way [26].
The main properties of the fluorescent substances and solvents investigated are presented

in tables 3.2.1. - 1. and 2. From the literature survey we selected three substances for each type

(tracer and carrier) with the best (published) chararacteristics and investigated them in the

laboratory. None of them is toxic and no unusual corrosion or pollution problems might occur. All

n commercially available at low prices (even at high purity). No thermal restrictions were imposed

on the Pim e m since the solvnts remain in liquid state under ou experimental conditins.
We determined the optimum pair (n)ced/carrir concenuatio for these substances (tables

3.2.1 - 1 and 2) under static conditions as described in ref. [27]. The optical set-up is shown in

fig. 3.2.1-2 and the results in fig. 3.2.1.4 -9.
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Te soluions wen placed, at room temperature, in perspex samples (1 x I x 40 m) used

in specatomMety. ne samples were illuminate with the Art laser tuned at 514.5 um. A power

meter indicated the input laser power. A photomultiplier was used to collect the emitted lio A

filter for the incident 514.5mm beam was placed in from tot the phonulplier. The po nhlier

was placed under a 20° angle from the incident beam and focused at different distances in order to

check the influence of the winction in the third volume.

In principle the amount of light collected is different because the volume of emitting

solution is different (see fig. 3.2.1 - 3). The output of the photomultiplier was connected to a

digital voltmeter and the readings manually recorded.

As it can be seen in fig. 3.2.1 - 4 and 5 only small differences are due to the placement of

the focus. In the weaker solutions the influence is somewhat sensible (see log g = -5; -6).

The solutions of the tracer substances in the carrier ones (solvents) have specific properties

according to the solvent and the concentration of the tracer. Dyes (in Table 3.2.1 - 1.) have a

tendency to form aggrpgates of several molecules or with the solvent molecules (especially polar

ones [28]. Such aggregates have a different absorption spectrum than single molecules. The

aggregation phenomenon can be reduced by temperature increase [28]. However a temperature

increase leads to a decrease in fluorescence (fig. 3.2.1 - 9) and [28].

As it can be seen in fig. 3.2.1. - 5 there is only a small difference between the output of the

water solution and the ethylenglycol one (same concentration of Rhodamine 6G) although the first

is a polar solvent and the second not. The aggregation is insignificant in this case. Both solutions

showed good stability in time (chronometer measurements). The third solution (fluoresceine in

water) appears to be more sensitive to prolonged il umination. One has to bear in mind that part of

the incident beam energy converts into heat in the ;olution [29]. As it can easily be seen in all fig.
3.2.1 - 4,5,8 the solutions of lhodamine 60 are far more strong than the fluorescein or uranine

ones. On the other hand there is no significant difference between the solvents for the rhodamine

6G solutions although there is a slight advantage for the ethylenglycoL

The most important factor to be analyzed is the concentration of tracer substance. Fig.

3.2.1 - 6,7 show that at high illumination (0.6W input power) there are no differences in output

whether working at 1:4000 or at 1:X10000000 11 The differences are greater at lower input powers

(0.4 or 0.2 w).* At very low input (0.2w) the effect of the concentration becomes important (in

ethylenglycol 1:4000 solution is responding almost twice higher than the 1:100000 solution). For

*Note

The fluorescent subs ances have an almost directly proportional emission to the incident radiation

up to a certin value when sauaion occurs [29J. We can see an almost linear variation fmm 0.2+

0.4 w input at any entratiom
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the 0.4w input power the response in both water and ethylenglycol are similar down to 1:100000.

Our measurements were conducted in order to obtain relative absorption/emission

characterstics for the substances in tables 3.2.1 - 1,2.

Our qualitative findings are in good agreement with other measnnents, ref. [30], [29].

The better performance of the rhodamine solutions over the fluoresceine (uranine) ones is clearly

demonstrated in fig. 118 pp. 350 ref. [30]: the rhodamine solution yields three times stronger than
the fluoresceine one (see also our fig. 3.2.1 - 5). The maximum output is also found around

1:100000 [30]. Our finding that these substances are not fluorescent in crystallin format at room

temperature has also been confirmed in literatre. - ref. [30] pp. 448.
We have concluded that for our experiments the rhodamine 6G in water solutions with

concentrations between 1:5000 to 1:200000 can be used with a predictably good performance.

3.2.2 Seeding aerodynamics.
The liquid droplets which carry th. fluorescent material have to follow as closelyk as

possible the velocity changes of the flowing fluid. The droplets have an inertia which grows with

their diameter. On the other hand the optical parameters (incident light collected, emitted light)
increase with their diameter. Therefore a compromise has to be realized between these contradictory

tendencies, for the given experimental set-up. A detailed analysis is beyond the scope of this work.
However a concise presentation follows based mainly on ref. [31].

The relative motion between a droplet (particle) and a surrounding fluid is expressed by the

eq:
rd p dU, I , U I x4p dV---- pp =-3n. d- PV + -! P, d-T I "2 ""6 " -

6~- 'P~ ---.t .±dV 6-p dt 2 6 t

32 2. - tdv d

[Hinze, 1959]
where: dp = droplet diameter

pp= droplet density

Pt= fluid density

= fluid viscosity
t = time

Up= instantaneous droplet velocity

U t = " fluid velocity
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V reltive velocity (Up - Ut)

This eq. neglects electrostatic, gravitational and centri.fgalf. The Reynolds number for the

creeping flow past a sphere is defined as:

Re, ppi V dp:Re= <1

For the cases of liquid droplets in gas flows PP/Pt >> I and the eq. can be simplified to:

dU, 18A(

In the case of centrifugal flow a specific term is added:

dUp 18 I 2
= d 2--- ( n , u ) + r .- w .r

, P

where r = radius of curvature

Wr= angular speed

Two solutions were calculated for this eq., in simplified hypothetical, cases [301: turbulent

subsonic linear flow and forced vortex with zero radial fluid velocity. Both have shown that

droplets with diameters greater than Ipm either cinnot follow turbulent changes wilth frequencies

higher than 10 KIHz or will be rapidly deposited on the external cylider of the vortex flow (reach the

wall after 2-ro path - ro is the radius of droplet introduction in the vortex).Similar results have been

obtained in [321.
Several experimental works [331. [211, [191 have confirmed these findings. For a droplet

density of -lgcm 3 velocity deviations of less than 1% and angular deviations of less than 10 can

be obtained for flows with velocities up to -400 mls [331. For laser-Doppler measurements

performed within a compressor rotor, a 60 angular deviation and ± 2% velocity deviations wre

obtained for droplets of 1.U diameter.

3..3. Apparatu descriptio
Several conditions have to be fulfilled by the seeding apparatus: a) to transform the
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tracer/carrier solution in an aerosol; b) to separate the small droplets (-1+ 5gim diameter); c) to

introduce the aerosol with these droplets isokynetically in the studied area; d) to allow the

continuous operation of the system.

An apparatus fulfilling these conditions has been especially built (fig. 3.2.3 - 1.) An

electrically driven pump feeds the atomizer with tracer/carrier solution continuously. The pump

supplies 2dm3/min of liquid at 3bar. A manometer indicates the pressure at the atomizer inlet A.

Compressed air is suppilied at the atomizer inlet B, from the laboratory standard air supply. A

pressure rgulator maintains the air inlet pressure at 3 bar. The atomizer has a 0.,45 mm orifice for

the waterjet and a final outlet diameter of 1.25 ma. Therefore a sonic air flow is obtained, in the

1.25mm orifice. This flow breaks the low velocity liquid in small droplets. The air and droplets jet

is expanding freely in the vessel. This vessel has several functions: it separates the small droplets

and directs the aerosol to the outlets A and B, collects the bigger droplets in its lower part and

ensures the correct functioning of the pump; it ensures the change in flow at outlet B. This

apparatus is of the aerodynamic dispersion type. The vessel is mobile and can be easily cleaned. A

quantity of 12kg of solution is initially introduced in order to ensure a sufficient suction level for

the pump. No sensible change has been observed at the level indicator after approx. 20hr of work.

According to the estimation, shown in appendix 3, the diameter of droplets introduced in
the test section is lower than 10 pLm.

3.3 Optical set-up

3.3.1 Optical set-up description.

The flow in tubomachines is three dimensional. Therefore we adopted a method suitable

both for the two dimensional flow in our wind tunnel and the more general case - three

dimensional. The method is called tomographic: the flow is "cut" by light sheets in two directions

(perpendicular) [34], [40]. The tracers are photographically recorded at 900 to the two directions.

Two projections of their streamlines are obtained and the real streamlines can be reconstructed. The

principal elements of the set-up and their arrangement We shown in fig. 3.3.1 - 1.

The first optical elements are the light sheet generating lenses. The laser beam is ellipsoidal

and slightly divergent. In order to obtain a light sheet two methods are possible [35]: either using

cylindrical lenses (or even a glass rod) or a scanning device which moves the laser beam at high

frequency in one direction. The method with lenses is simpler to realize but the energy is not

uniformly distributed in the section of the sheet which is of unequal width (elliptic). On the other

hand the scanning devices which eliminate this inonvencience might produce stroboscopic effects

and "cause important recording difficulties for exposure times only slightly different from the
sweep period" (341. We decided that for our expermnt the cylindrical lenses might be sufficient.

In order to have the maximum collecting angle we placed the light collecting elements at
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900 from the light sheet axis. These elements are: a filter for the laser beam wave length, a focusing
lense, an image intensifier and a photographic apparatus. The image intensifier has been thought
necessary in order to allow the reduction of the emitting zone (aerosol jet intersection with the light

sheet) as much as possible.
Ihe positioning mechanism allows the collecting optical system to follow the light sheet in

its progression in the flow.
Ihe filter allows only the tracer emitted light sections of the aerosol jet* coming out

from the needefi' -amngement shown in fig. 3.3 -1. the z-z axis integrated light gives the
theoretical image shown in the detail. The coordinates of the point on the streamline can be
determined as shown in fig. 3.3.1 - 2. Because of specific laboratory conditions slight
modifications in the placement of the equipment Mve made as shown in fig. 3.3.1 - 3.

The collecting optics have been positioned such as to move simultaneously with the
scanning device (mirror 1) of the light sheet (i.e. the axis of the image intensifier corresponds to the
axis of the light sheet and move in the same direction x - x). The up-and-down motion of the image
intensifier allows for the scanning of the second direction (y - y).

A special set of alignement procedures have been elaborated for this set-up (appendix 4).

These procedures enabled us to obtain the correct positioning of mirrors, lenses, a.s.o. relative to
each other and the studied flow region.

*Note:
If the aerosol is coming out at exactly the same velocity as the fl aid (air) then the notion "jet" is not

approprate.
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3.3.2 Incident light analysis.

The light source is an Argon-ion laser (Spectra Physics model 165). It can work

continuously with a power or Iw. It can work either on the blue line (488nm) or on the green one

(514.5nm). The laser beam has a diameter of 1.25nm, with a divergence of l0 3 rad. For our

experimems the green line was used. A system of two cyindrical lenses was used to obtain the light

sheet. A spherical lens, before the two cylindrical ones, allows the reduction of the thickness of the

sheet from 1.25 mm to 0.5mm [391. The parameters of the lenses are listed in table 3.3.2 - 1.

Type Focal length

mm

spherical 250 Table 3.3.2 - 1.

cylindrical 44

cylindrical 44

If the system uses only the two cylindrical lenses the theoretical height of the sheet is equal to

theincident beam diameter (1.25mm). The spherical lens raises this height to 2.5mm in the test

section. The incident sheet radiance is 0.8" 108 (w/cm 2 ster)

Power 1w r w 1

Radiance= 2 =8 0= L O s t w "
Test section area. Divergence L 2- 10- 4 (10- 2)' .cm2ter

3.3.3 Collected light analysis.

The estimate of the collected light is essential for the design of the collecting optics and
photographic equipment. The problem of light absorption by aerosols of liquid droplets is fairly

complicated. However a simplified calculation can give us a satisfactory estimate too [35], [36],

[27], [29].

We applied twice the Lambert-de Beer law which gives the relation between incident and

emerging light intensities* when traversing a solution:

* Note

In our case intensities have to be replaced by radiances ( w/srcm2 1.
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lemerging = incident" 'Kc'L

where:

K = extinction coefficient

c = concentration of solute (particles in suspension)

L = length of light pass

In the first stage we estimated the light absorbed by a mist of droplets. Several simplifying (but

generally accepted in literature) hypothesis were made:

a. Extinction in air was neglected.

b. The reciprocal influence of droplets was neglected.

c. Only cylindrical lenses are used to generate the light sheet.

d.The mist (aerosol) is formed of Ijim diameter droplets.

e. The aerosol occupied zone has a I-10-4m width.

f. The droplet concentration was taken 1011 (droplets/m3).

g. The efficiency factor for a rain drop [35] was 3.

The extinction coefficient is then calculated [35]:

K = 3. xd 2

where d is the droplet diameter.

The result of this calculation gave the amount of light absorbed in the aerosol mist:

labs = Iincident * (1-e-kc L ) = Iincident. 2. 10 7

In the second stage we estimated the light absorbed by the tracer molecules dissolved in the

carrier droplets. The hypothesis adopted were:

a. The extinction coefficient for Rhodamine 6W is 6500 1
m. mol/m 3  [25]

c. The droplet diameter is 1lpm.

The incident light beeing the absorbed one from the previous stage we obtained:

'abs = 'incident (1-e k *c *L) = lincident ' 2" 10-7 • 0.9 = 1.8" 10-7 ' Iincident.
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However not all the absorbved light energy is re-emitted by the tracers substance. The

quantum yield (for all the investigated substances) is to be taken into account.
For Rhodamine 6G it is 0.95.
If we take into acocunt the receiving optics (i.e. a magnification of I with a lens of 150 mm focal

length) including a filter for the laser beam ( = 514.5mm) with a transmission coefficient of 0.8

[37] then the collected intensity of the emitted light (X = 590 rim) is:

Icollected I*abs-0.8.0.05.10" 2  [w / cr2]

= 1.4 "10"9 "Iincident

Using the calculation method presented in [27] we obtained roughly the same result

( 2.4 '0- 10 -Iincident). On the other hand a ratio of 6"10 - 9 between incident and emitted light has

been obtained for somewhat close conditions in [6].
The very small ratio makes a direct recording (photography) impossible, therefore a light

intensifier device is justified.

We used an image intensifier with a typical 45000 gain (amplification) [38]. An intensity of

6.3 • 10- 5 (w/cm 2 ) can be expected at the photographic recorder. We may note that this is

equivalent to a 4.4 pix illumination which is much higher than the 0.2 Wx equivalent background

illumination of the intensifier device. This will ensure a good contrast on the photography, too.

A note for the magnifying lens: the 1 x magnification with a 250 mm focal length and

aperture = 5 gives a depth of field of -Y3 mm (far bigger than the investigated zone - 1mm) [39]

depth of field = 2. focal length. (magnification + 1). aperture
100. magnification?

3.3.4. Photographic recording.

An Olympus OM-10 apparatus equipped with a zoom lens has been used to photograph the

image on the image intensifier screen. The screen is in the green colour and the recording has been

made in colour, on an ASA100 Kodak film. The exposure time has been fixed at 1(2 sec. Fi.g.

3.3.4-1. shows such a photography. In order to obtain a better view, the original pictures were

magnified on black and white copies.
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4. RESULTS

4.1 Description of photographic records.
The pictures in fig. 4.1.1 to 4 represent a set obtained in the same conditions. We recall

that the average velocity in the free section of the wind tunnel is 5o mr/s and that the water droplets
were seeded with rhodamine 6G illuminated in the test section by a green laser light sheet. The
emitted light is in the orange domain. The original pictures were taken in colour, the pictures in fig.
4. 1.1 to 4 are magnified 4 times versions. Three bright spots can be seen distinctly.
a. The first (in the right side) represents a droplet hanging on the lip of the hypodermic
needle. This droplet is almost always present. It is not directly illuminted by the laser sheet
however the absorbed light is sufficient to allow a strong emission. The droplet is approximately
1-2 mm in diameter.
b. The second bright spot appears in the middle of the picture and represents the region of the

aerosol jet illuminated by the laser sheet. This spot has an elliptic form growing from fig. 4.1.-1 to

4. This growth in the y-y direction is due to the jet divergence.
c. The third spot is due to light reflection by the cylinder wall. This reflection is due to slight

misalignment as can be seen in fig. 4.1.-5.
The cylinder has been covered with reflecting coating but some light is still reaching the

collecting optics. One must remember that the filter does not eliminate the incident wavelength

514.5 light totally but only in 80-90%.

4.2. Streamline visualization-validation.
The ultimate check of the method consists in "building" a streamline from the coordinates

of points on the pictures. We compared (in table 4.2.- 1.) the values of the coordinates of the axis of
the second bright spot (in the middle) in fig. 4.1.-1-4 and the coordinates of the streamline points

starting from the needle tip coordinates (xo,yo) as calculated from the inviscid flow stream

function equation, ref. (411.

V/u-=r , sinO- 1 --2 -=y I a'

eq. 4.2.1

where:

= stream function

u.= undisturbed flow velocity

a = cylinder radius

x,y - point coordinates on the streamline
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table 4.2.-i.

Y x Xcalc 8x X0 = -34.7mm

mm mm mm % YO = 18.6 mm

a = 30.mm

18.6 -32.9 -34.9 -6

20.4 -31.1 -34.0 - 8.5

22.2 -29.3 -33.0 - 11.2

24.0 -27.5 -32.0 - 14.0

The value of v/u. is calculated from the same equation for x = xo and y = yo.

The coordinates of the points on the pictures were manualy measured.

It can be seen easily that at the last point photographed on the same jet (fig. 4.1.4) the error

in determination is of approx. 15%. Such a value can be considered very encouraging at this stage

of the experimental method development.

4.3. Conclusions

The first conclusion to be drawn is that a method of visualization based on laser induced

fluorescence is feasible under conditions close to those in turbomachines.

However atractive, one has to have in mind that a tracer of the seeded droplet type implies

very complicated problems in the seeding apparatus (design, control, flexibility, a.s.o.) which has

to be specially designed for the experiment.

The optical problems are rather easy to overcome with the equipment available today

(lenses, filters, image intensifiers, a.s.o.) but a special attention has to be given to the positioning
mechanisms both of the needle and the optical set-up. These mechanisms have to be of very high

precision when complicated flows are to be investigated.

In order to determine the applicability boundaries of the method further refinements and

trials are necessary.
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fig. 4.172: streambne visualization
step *2
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fig. 4.1-3: stream~ne visuaUsalion
step 3.
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fig. 4.1-4: streamline visualization
step 4
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COMPONENTS LIST

I. Wind tunnel

2. Cylinder 0 60

3. Bolt M6

4. Nut M6

5. Needle 0.5; *1

6. Disc A

7. Disc B

8. Needle support plate

9. Needle support pin M3

10. Screw M4

11. Nut M4

12. Retaining arm A.

13. Nut M6

14. Screw M6

15. Retaining arm B

16. Connecting hoose

17. Nut M3
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Appenldix 2



Positioning of needle tip precision.

The precision analysis has been made in the following way:

Several starting points wav chosen in the undisturbed inlet region of the flow (x0

-50mm, yo = 1.2 + 30 mm) fig. A.21. The streamlines corresponding to these points have tne

general theoretical form (inviscid flow around a cylinder [42]:

For each point of these theoretical lines a pair of angles ot and P3 (for the discs) has been

calculated. If we assume that the marking on the discs allow for the distinction of 2.50; 20; 10 or

even fractions (0.20 and 0.50) the calculated angles have to be rounded to the closest "readable"

value; for example:

If a = 29.370 (exact) then it has been rounded in the 2.50 precision to cx* = 30.00,

in the 10 precision to ot** = 29.00; in the 0.20 precision to cc*** = 29.40.

For the "readable" set of angles the corresponding xVLU0 has been calculated. We set two limits for

the A(\/u.) between which we considered the "readable" point still associated with the same

streamline (A1 = ± 0.16 and A2 = ± 0.32). see fig. A2-2. The points with "readable" angles

falling outside these barriers were discarded. Only the first quarter was investigated at this stage.

Fig. A2-3 and 4 summarize the results obtained from these calculations, for a starting point located

at yo = 5mm.

It can be easily seen that the regions of higher curvature radiuses (2 and 3) are affected

most significantly by the positioning precision: no "readable" point has been found to match the
theoretical ones down to +10 in the 3 region. In the 2 region the number of points is also
scarce. Only at 0.50 or 0.20 regions 2 and 3 can) be mapped also. As one can expect if a

larger A(VIAJ 0) is considered (± 0.32) the number of points in all the three regions is significantly

increased.

As a first conclusion we stared that the positioning mechanism (discs) have to be improved

up to fractions of degree (0.5 at least) in order to allow the mapping around the cylinder.
A more general conclusion is that for a complicated unknown flow, as around a blade, the

positioning mechanis has to be automatised and its precision as high as possible.
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Droplet size evaluation.

We made an independent estimate using ref. [43]. For a potential flow in a 900 elbow the

following collection efficiencies were calculated:

12% for lO1m diameter droplets and

57% for 25p1m diameter droplets.

For a 1800 turn as in our case we obtain that 77.5% of the 10 .m diameter droplets passed through

the elbow but only 26.8% of the 25.m diameter ones. Although the conditions for the calculation

of the collection coefficients are different in ref. [43] than ours (both geometrical and

thermodynamical) we concluded that our conditions do favorize higher separation rates (collection

coefficients) because higher temperatures, lower velocites, vertical flow a.s.o.

Our atomizing apparatus is of the "aerodynamic dispersion" type [41]. The atomizer (fig.

3.2.3-1) has the role of creating a primary dispersion in the air jet of the liquid. According to [41]

"the baffles intercept the greater portion of the aerosol flow from the atomizer head...". In the case

of a very similar apparatus (the "Collison nebulizer" [41]) with one 1800 turn in the air flow,

operating at air-pressure in the range 15 to 50 psi (same as ours), reference [41) states that: "...The

baffles intercept the majority of droplets having diameters greater than about 10m although a few

large droplets .... are emitted." "With water a few drops of 55 gm are detectable". ".... as much

as 99.92% of the atomized liquid is refluxed back into the reservoir".

Finaly we can estimate that most droplets were under 10pam diameter.
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Appendix 4
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Alignment procedure: step 1:

Establishing the parallelism between the laser beami and the wind tunnel.

a) The mirror placed on the laser beam path (at any angle 9p) deviates the beam to the mirror b)

placed on the external wall of the wind tunnel. The point I" is seen with the aid of a target and the

distance 81 recorded. A second position (2") is then obtained by moving the mirrors forward. If

the distance 82 is smaller than 81then the deviation angle ot is positive (see figure) and the

correction has to be made in the opposite direction, until 82 becomes equal to 81.
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Alignment procedure: step 2:

Establishing the perpendicularity of the laser beam to the wind tunnel axis.

The mirror @ placed on the laser beam path at an angle (p, (any) deviates the beam to the

mirror ®D placed on the external wall of the wind tunnel. If the angle (p1 is not 450 then point 1"

falls behind the mirror &. By rotating the mirror@s the correct position can be obtained (52= 0).
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Alignment procedure: step 3:

Establishing the perpendicularity of the reflected beam to the wind tunnel axis.

A target has been mounted in the place of dhe image intensifier (at the height H-calculated).
'he mirror b placed in the wind tunnel reflects the incident laser beam at 450 upwards. By
adjusting the position of the mirror @ - mounted on the wind tunnel - the reflected beam is

directed to the target such as 8,and 82become zero. The operation is repeated for several

positions along the wind tunnel.
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