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ABSTRACT: Ejectors are devices usually made of two converdargtrgent coaxial nozzles which are
used to convert pressure energy into kinetic enérggse devices involve very complex phenomenawhic
strongly affect their performance. Flow visualipatimethods are often used to provide precious imdtion

as for the nature of the flow within the ejectonsdathe comprehension of the physical phenomena
encountered. Unfortunately, the visualization mdthaised successfully until now in these systems are
primarily qualitative techniques. The objective tbfs paper is to present an attempt at quantitatow
visualization by Particle Image Velocimetry. PIV aserements are conducted in a supersonic air ejecto
Several ejector operating conditions (with or witheecondary flow entrainment) are studied. Différe
flow seeding methods (natural seeding by condemsaticrodroplets, artificial tracers added into the
secondary flow) are tested. The velocity fieldsadietd are compared with CFD simulations of the faowd
allow the rigorous validation of numerical models.

1. Introduction

A supersonic ejector is a simple device used to/@drpressure energy into kinetic energy. It cdssig two coaxial
converging-diverging nozzles : the primary nozaealéesigned to deliver a supersonic jet which said entrains a
secondary flow along the mixing chamber of the sdeny nozzle. Supersonic ejectors are employed amym
applications : vaccum pump, ejecto-compressor $lsigparator, jet propulsion thrust augmentation, .

Generally, experimental studies on these devicedamused on global parameters measurement sughnaary and
induced flow rates or motive and aspiration pressuHowever, supersonic ejectors involve very cemphenomena
(interaction between supersonic and subsonic fl@hecks, mixing, instabilities, possible condersati. . . ) which
strongly affect their performance. A detailed stunfythe flow, by measurement of local pressure elogity for
example, is sometimes considered but proves vdigatie to implement in particular in the case opetsonic flows
with shocks. The visualization of the flow represean interesting alternative to these measureteehiniques by
giving access to very precious information relatethe nature of the flow within the ejectors ahe tomprehension of
the physical phenomena encountered [1, 2]. Unfatily, the visualization methods used until nowgdtaomography,
schlieren) in these systems are primarily qualitatechniques. Some attempts at quantitative flmalization by
particle image velocimetry have been carried owjuite specific applications [3 - 6] with mitigateesults due to the
complicated conditions of investigation (high fls@locity, quality of flow seeding). We can also etthe recent work
by Dolesj [7] who obtained PIV measurements innfiging chamber of an ejector without connectedusdiéfr but for
flow velocities lower than 100 m/s.

The objective of this study is to present the fiestults of PIV measurements obtained in our laboyan a supersonic
air ejector. Several ejector operating conditiow&h( or without secondary flow entrainment) aredstd. Different
flow seeding methods (natural seeding by condesrsatiicrodroplets, artificial tracers added into #eseondary flow)
are tested. The velocity fields obtained are coegbanith CFD simulations of the flow and allow thigarous
validation of numerical models.
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This paper is organized as follows. The followirgton describes the ejector configuration andRhé experimental
arrangement. The last section discusses the reshtined and in particular the comparison betwden PIV
measurements and numerical results predicted bgp@fymmetric simulations of the flow.

2. Experimental setup
2.1 Ejector configuration

The tested ejector is formed of two converging-oiireg coaxial nozzles (figure 1). The primary flasvaccelerated
through the primary nozzle to supersonic velocityits exit, producing the suction of the secondaityflow. The

sucked air enters through three inlet holes whiehasranged at 120° to each other around thersgithhamber. The
primary and secondary flows then interact in thestant area mixing chamber of the ejector. The gnywinduced air
mixture is finally discharged into the surroundiignosphere. The main ejector dimensions are shovigure 1. The
primary Laval nozzle is designed to produce a s@ec flow with an exit Mach number of 2.3. Theatge throat-area
ratio, defined by the ratio between the radialisecof the mixing tube and the throat section @& ghimary nozzle, is
equal to 9. It may be noted that during our experits, the ejector can operate with induced flowgfentrainment
condition) or without secondary flow (vacuum opgral.

Secondary flow inlet (1/3)

k. Primary nozzle

Diﬂ'user_

Mixing tube -
Primary —_— —_—
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flow inlet @ 12 mm
@ Bmm © 50mm

Settling chamber

Fig. 1: Ejector configuration

2.2 PIV experimental arrangement

The velocity measurements in the ejector flow aegfggmed by Particle Image Velocimetry. The PIV exmental
arrangement shown in figure 2 consists of a doaaléty laser emitting al = 532 nm wavelength for about 200 mJ of
nominal energy and about 9 ns of pulse duratiosefdof optical lenses is used to transform therlasam of 4.6 mm
diameter into a light sheet (with a constant widlightly inferior to 24 mm corresponding to the mix chamber
diameter) reflected in the upstream direction altreejector axis. The viewing direction is pergeuldr to the flow
axis. A Laser Pulse synchronizer is used to autertet control of the timing between laser pulsas Rl camera. It
permits the acquisition with only 200 ns of tempadrderval between each pair of images. Since tigh velocity
inside ejector can reach 600 m/s, this temporabmlon is used with an interrogation window 06 @m x 0.6 mm
which corresponds to a spatial calibration of 3>pixels.

Regarding the seeding of the flow, two seeding oedhare used during our experiments. The first atettonsists in
using natural tracers formed within the flow. Théseers are water microdroplets issued from thelensation of the
moisture present in the air feeding the ejectoprévious study [8] has detailed the mechanism®whétion of these
microdroplets and has shown that the mean dianedétédrese droplets does not exceed @i The second seeding

method uses artificial tracers (i.e. DEHS partidésbout 0.3um mean diameter) which are added into the secondary
flow.
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Fig. 2: PIV experimental arrangement

3. Results and discussion

PIV measurements are compared to computationaltsgmedicted by 2D axisymmetric simulations of floav [2, 9].
The steady state Navier Stokes equations were Galsimg the pressure-based solver with pressupeitglcoupling
and second order discretization scheme. Turbuleasemodeled using the realizable k-epsilon model.

The first results presented in this study conckendjector operating with free entrainment of sdeoy flow. Figure 3
compares experimental flow visualizations obtaif@d3 values of primary stagnation pressure P1l.damh pressure,
the top image shows the original flow visualizatiachieved by laser tomography and the lower imdgesvs the
velocity field obtained after PIV processing. ViSmations cover the totality of the mixing tube.des tomographies
were carried out by introducing scattering partidl®o secondary flow. The central region of trenlwhich appears
into dark on these images corresponds to the namgzone (i.e. flow region without mixing betwete primary and
secondary flows) which is not marked by any scettetracers. This flow region grows as the pres$yiiacreases. We
also note oscillations of the non-mixing zone duénstabilities which occur at the primary nozziét.eThe quality of
these images is sufficient to correctly extract #adocity field speed except for the region jusimdstream of the
primary nozzle exit where the parasite light reftens prevent correct velocity measurements. Tiseli® presented
thereafter correspond to a distance restricteldea8® mm located in the entry of the mixing tube.

Figure 4 and figure 5 compare results obtained rxgatally by PIV and numerically by CFD for a pany stagnation
pressure P= 4 bar. It may be noted that the vertical lineichhis observed on the PIV velocity fields (arouhd x-
abscissa 130 mm) is a parasite light reflectionth@n transparent surface of the mixing tube. Theegrental and
numerical velocity fields in figure 4 both show tleemation of a shock structure (also called shivaln) composed of
a series of oblique shocks, which occurs at the aixihe primary nozzle and interacts with the sefzoy flow along
mixing tube. This shock train is characteristicaofmixed flow regime : the primary jet is supersoaicthe primary
nozzle exit and the induced flow remain subsonimg@lthe mixing tube. PIV and CFD visualizationsadtéd under
these operating conditions are in good agreemspgaially concerning the number and the locatioshafcks. These
findings are supported by the velocity vectors espntation given in figure 5. They show the vergdjagreement in
the velocity values between PIV and CFD. Never$®l®IV measurements show a slight asymmetry irvehacity
profiles which is not observed in the numericalutess This difference can be explained by the thett the CFD
simulations use a 2D axisymmetric stationary medath is unable to predict the instabilities caubgdhe interaction
between the two primary and secondary flows.
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Fig. 3: Laser tomographies and PIV velocity fielldshe mixing tube of the ejector

Figure 6 and figure 7 compare results obtainedgudifierent flow seeding methods. Figure 6 show®ad agreement
between the evolutions of axial velocity measursthg natural and artificial tracers, especiallyameing the number
and the location of shocks. PIV measurements apgpdae independent of the flow seeding method amsistent with
the numerical results. The incoherent velocity galmeasured around the x abscissa 130 mm are dhe parasite
light reflection on the transparent surface of thiging tube. On the other hand, visualizations hef telocity field
(figure 7) highlight a better visual quality obtachwith natural flow seeding. This can be explaibga higher number
of natural tracers and by their light scatteringdmadndeed, a previous study [8] has shown thatter microdroplets
formed by condensation within the flow have a mdemeter which does not exceed Qi and therefore are small
enough to scatter in the Rayleigh regime.
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Fig. 4: Comparison of PIV and CFD velocity fields primary pressure P1 = 4 bar
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Fig. 5: Comparison of PIV and CFD vectors for prignpressure P= 4 bar
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Fig. 6: Evolution of the axial velocity in the ming tube Fig. 7: Comparison of velocity fields
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The second part of results concerns the ejectoratipg without induced flow and more particularhetevolution of
the flow pattern with the primary stagnation pressh. Figure 8 compares the velocity fields obtainedPty and
CFD for four values of P For the lowest pressure tested €P2 bar), no shock is observed in the mixing tebgy.
The primary pressure must reach a value of 3 bajive rise to the first shock. Then, we can cleahserve the
development of the shock structure with increasivegprimary stagnation pressurg éP4 bar and P= 5 bar). Figure 9
presents the evolutions of axial velocity in theximg tube entry for four values of primary pressutemay be noted
once again a very good coherence between the selmeiasurements by PIV and the results numerida. Vielocity
values are close and the shift of the shocks jposi very weak. The first figure, relative to pamg stagnation
pressure P= 2 bar, confirms that the pressure recovery m®de achieved without formation of shocks in thzimg
tube. This is consistent with the nozzle flow thetirat predicts the unchoking of the supersoniwflo the primary
nozzle divergent. First shocks of weak intensitgusdfor a pressure; 3 bar. The shock train is fully developed as
sSoon as one imposes a stagnation pressure higirerdtibar. The axial velocity distributions obtaingdPIV and by
CFD are in good agreement for the high primary suess. The difference between measured and cadwaiocities
does not exceed 5 %.
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Fig. 8: Evolution of velocity fields with primaryressure P
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Fig. 9: Axial velocity evolution with primary presse R

4, Conclusion

This study presents first velocity measurementaigu$tarticle Image Velocimetry obtained in our latory on a
supersonic air ejector. For all the ejector opagatconditions considered in this work, the compmariof the
measurements with the velocity fields calculatedCBD is very satisfactory despite the complexitytaf flow studied.
Results are also consistent with the theory of mgréc flow in ejectors, mainly for the shock traieory. Therefore,
the PIV technique proves to be a very interestiay for the validation of CFD simulations in supamg ejectors. Two
flow seeding methods (using natural and artifis@dttering tracers) have been tested and have ginglar results.
PIV measurements can complement pressure measusemyeth provide more information than conventiorzedel
tomography visualizations.

A more complete investigation of the flow in the@pr, consisting in covering other flow regionsl applying the PIV

technique to other flow regimes (such as the fsllpersonic regime where both primary and seconflaws are
supersonic), is in progress.
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