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Abstract

Cavitation plays an important role in fuel atomipait mechanisms but the physics of cavitation
and its impact on spray formation and injector @ffncy are not well documented yet.
Experimental investigations are required to supptite development and the validation of
numerical models and the design of tomorrow’s itgesx; in the context of pollutant and fuel
consumption reduction. The complexity of modermeciars and the extreme conditions of
injection do not facilitate experimental investigais. In this paper, experiments are conducted in
a simplified geometry. The model nozzle consiststafnsparent 2D micro-channel supplied with
a test-oil (ISO 4113). Three different optical teicfues are proposed to investigate the channel
flow, with the pressure drop between upstream aondtream chambers as a parameter. A
shadowgraph-like imaging technique allows the obston of cavitation inception and vapor
cavities development throughout the channel. Thenigue also reveals the presence of density
gradients (pressure or temperature) in the charfleel. However, this additional information is
balanced by difficulties in image interpretationhieh are discussed in the paper. In addition, a
combination of Schlieren technique and interferoimdmaging is used to measure the density
fields inside the channel. The three techniquesili®esare carefully analysed and confronted.
These results reveal a wealth of information onftbe, with pressure waves generated by bubble
collapses, turbulence in the wake of vapor cavitied bubble survival in flow regions of high
pressure. Our results also show that cavitatioreptton is located in the shear layers between the
recirculation zones and the main flow, relativedy from the inlet corner, where the pressure is
minimum in average. To explain this behavior, weppse a scenario of cavitation inception

based on the occurrence and the growing of instaslin the shear layers.

Keywords: Direct injection / Cavitation / ChannkdW / Shadowgraph /

Interferometry / Schlieren / Nozzle



1. Introduction

In the modern internal combustion engine, diesajasoline is directly injected

into the combustion chamber. The liquid fuel iseatgd through a hole-type
nozzle with very high injection pressure, to proglacspray of fine droplets. The
spray characteristics are crucial, since they detex the evaporation and mixing
processes before combustion. In the nozzle hdiesflaw is strongly accelerated
and the pressure may drop down to the fuel vapessourre, leading to cavitation.
Cavitation is generally regarded as a source oblpros: noise, vibrations,

efficiency loss and damage. In the case of fuectnpn in particular, it leads to a
limitation of the flow rate. However, cavitation fefs some advantages by

preventing nozzles from fouling and possibly enliagatomization processes.

Cavitation in a diesel nozzle has been studiedhen garly work of Bergwerk
(1959). In this paper, vapor cavities have beereesl in transparent and up-
scaled nozzles. In (Nurick 1976) the developmerdavitation has been observed
in sharp-edged orifices. Nurick proposed a one-dsimmal model to describe
cavitation inception and development as a functmintwo dimensionless
parameters (the cavitation number and the discheogéficient). In the same
paper, the great influence of the orifice entrageemetry on cavitation is pointed
out. The influence of geometric parameters, asttieance radius (Soteriai al
1995; Schmidtet al 1997; Winklhofer et al 2001) or the orifice taper
(Winklhofer et al 2003; Payriet al 2005) have been later confirmed
experimentally and numerically. An effect of rougka at orifice wall and orifice
inlet has been also considered (Jenh@l 2008; Changt al 2006; Winklhoferet
al. 2003). These studies have shown that very weaiatims in the orifice
geometry could have a disproportionate influenceantation. A perfect control
of the geometry and surface conditions is therabletto study nozzle cavitation
experimentally, especially when comparisons with m@atational Fluid

Dynamics are concerned.

Experimental study of nozzle cavitation in real ditions is difficult. Direct

observation of such a small and fast two phase fleguires high resolutions in
both space and time. The nozzles must be trandpamenresist to high injection
pressure and chocks caused by the needle lift. Asngequence, only a few

experimental studies have been done in realistiditions (Badock, 1999) while
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most of them have been conducted on simplified g#oes: up-scaled nozzles,
lower pressure and velocities... In the presenepagavitation is studied in a
quasi-two dimensional orifice (channel), in pernranffow condition (without
needle lift) and lower pressure levels than thaseeotly used in real injectors.
Such a simplification has been already adoptedenipus works (Roosen 2007;
Winklhofer et al 2001). It provides several advantages in termgptital access
and image interpretation, notably. In this pape¥,also take advantage of the 2D
geometry to control and characterize the chanraihgéry and surface roughness.
Experimental results obtained in this simplifiedogetry, with simplified
working conditions, cannot be directly transferreal real diesel injectors.
However, these simplifications allow to obtain highality images of the flow
and quantitative information to be used as a refsreor Computational Fluid
Dynamics (CFD) results and the cavitation model®Ived. In addition, such a
simplified experimental set-up is suitable to studig physical mechanisms
involved (cavitation inception and development, lidebcollapse, ...) to enhance
our general understanding of nozzle cavitation. @lme@nnel flow is visualized as
a function of the pressure drop, by using a shadawglike technique, the
Schlieren method and interferometric imaging. Wg paspecial attention to
images interpretation and to the inception of @dh, by confronting results

obtained with the three different techniques.

The paper is organized as follows. In Section 2, dpparatus set-up used to
generate and control the channel flow is preser8edtion 3 provides the general
features of cavitation in channel flows. In Sectignthe principles of
shadowgraph is recalled and the shadowgraph-litea@rrangement proposed
in this paper is presented. Images of the flow iobthwith this arrangement are
then discussed, as a function of the pressure é&articular attention is paid to
cavitation inception and to qualitative information density gradients, provided
by shadowgraph effect. Section 5 is dedicated éoSithlieren method. The basic
features of the technique are recalled and dempsifiles are deduced from the
Schlieren images by integration. In section 6, aerferometric imaging
arrangement is presented. Unlike the previous fgaenit provides quantitative
information on the channel flow density. Densitgldis are deduced from the
interferometric images by taking advantage of datilie information provided by

the Schlieren method. Section 7 is a discussioredas the three techniques

3



results. Density fields, density gradients and ehaplaph-like images are
discussed together to further detail the shadowgli&p images interpretation, to
discuss the mechanism of cavitation inception, dadstudy the bubble
detachments and the pressure waves appearingsm ithages.

2. Experimental set-up

The channel consists of two separated metal shemtdwiched between a pair of
glass windows (Fig. 1). The channel is continuowslpplied with fuel (test oil
SHELL V-Oel-1404, ISO 4113) by a volumetric pumpraugh holes directly
drilled into the glass windows. A by-pass and vala#tow one to set the flow rate
in the channel, as well as upstream and downstpFassures. The temperature is
regulated by using a heat exchanger and the fudtaeed before returning in a
tank at atmospheric pressure. A flow meter tempegaand pressure sensors are
used to measure the flow conditions.

Filter

D < %
\]/Heat exchanger

Tank /\Pump )

Figure 1: Experimental set-up.



The use of separated metal sheets allows a bettérot of the channel geometry
and surface roughness. Fig.2 shows Scanning BfediWlicroscope (SEM)
images of the channel. Fig. 2a shows the whole redlafhe inserts (Fig. 2b to
fig.2e) focus on the channel entrance with tilted aon-tilted views of the lower
and upper entrance corners). The channel is ab00tush height (exact
dimensions are reported in Fig. 2a) and 1475 ung,lovith a weak taper of
about 0.4°. The channel depthlis2 mm. The surfaces constituting the channel
walls have been mirror-polished. Surface roughihessbeen characterized with
an optical profilometer, by an arithmetic mean fougssRa< 0.1 um. At the
channel entrance corners, the rounding is evaluatbd less than 10 um.

Figure 2: SEM images of the channel. a: overviewhefchannel ; b: lower entrance corner (non-
tilted view) ; c: lower entrance corner (tilted wie; d : upper entrance corner (non-tilted view) ;

: upper entrance corner (tilted view).

Three optical techniques have been used to visudle channel flow: a
shadowgraph-like technique, the Schlieren methalddasminterferometric imaging
technique. The corresponding setups will be intcedulater in the paper. The
following section is dedicated to the presentatdrthe general features of the

channel flow.

3. General features

Fig. 3 is a schematic of the channel flow. Thedflfiows between A and B under

the effect of the pressure drofiP =P, - P,. In the following, the upstream

pressureP, will remain constant, while pressure drop and floate will be
increased by decreasing the downstream predsirédt the orifice inlet, the
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strong change in cross section and flow directiotuces a separation of the
boundary layers from the orifice walls and the fation of avena contracta
Recirculation zones appear between the walls amdnthin flow which undergoes

a supplementary contraction in the central pathefchannel.

‘ Recirculation zone ‘

A v B
L C' ----------------- [ —
ﬂ
Main flow

Figure 3: Schematic of the orifice flow.

A one-dimensional model is proposed by Nurick ()97® account for the
cavitation in nozzle flow. This simple model is bdson two dimensionless
parameters: the discharge coefficient and the aigmit number. The discharge
coefficient is defined as the ratio between thesactass flow raten and the

theoretical mass flow rate, given the pressure dyBpand the orifice sectio,.

More precisely,

m

= 1
SO\/Zp(PA_PB) @

D

where p is the fluid density.
The cavitation number is defined by Nurick (1976 }lze ratio

K=ta"h (2)
P.— P,

where P, is the vapor pressure of the fluitk decreases with decreasirig)

(increasingAP ) and cavitation occurs at low value kf (typically lower than 2).
Starting with low pressure dropP, the mass flow rate increases when
decreases and the pressiRe at the minimum section of the contracted flow,

decreases. Following Nurick model, cavitation irtsefm the orifice whenR,



reaches the vapor pressure. The flow rate therhesaa maximum value and

remains constant for further decreasingrpf

M, = S20(P, - R) 3)

where & is the contracted flow section in C. Under thislad flow condition

(K < Kgiit), the discharge coefficient can be related tactiv@raction coefficient:

Co =4 @

Cp, =C.VK (5)

Still following Nurick (1976): forK <K, , the flow is two-phase, the flow rate is
chocked and the discharge coefficient is propodiioto the square root of
cavitation number; foK >K_, , the flow remains single-phase and the discharge
coefficient is almost constant at about 0.8.

Fig. 4 displays the mass flow rate measured inctiennel as a function of the

square root of pressure drop. Pressure drop isgeldaby changing downstream

pressureR, at constant upstream presswRe= 50 bar. The flow temperature is

maintained to 32°C. At this temperature and at esgure of 50 bar, the fluid

density is p =815.4 kg.nt. The curve evolution is simple and can be desdribe
two parts. At low pressure drop, the mass flow ratalmost proportional to the
pressure drop square root. This reflects that ibEherge coefficienC, is almost
constant in these conditions. We deduce from thygesbf the curve (with¢S7.74
107 m?) that Cp = 0.795 for /AP <58 (P,>16.1 bar, K>1.47). For greater
pressure drop, the mass flow rate remains consitaig.reflects the linear relation
between C, and K 72 of Eq. (5), with a contraction coefficien€. = 0.647

deduced from Egs. (3) and (4).
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Figure 4: Mass flow rate in the channel as a femctf the square root of pressure drop. The
letters (a) to (j) refer to Fig. 9, where imagesoreled in the same pressure drop conditions are

presented.

4. Shadowgraph-like imaging

Almost all the observations of cavitating flows imozzles are based on
shadowgraph or backlight imaging configurationicBir speaking, shadowgraph
is a density sensitive technique, based on a bBlckination and an appropriate
defocusing. By extension, the term shadowgraphftisnomisused to describe
more general types of backlight images. In thisepapacklit images that are
sensitive to density gradient are presented, kaiis#t-up differs somewhat from

the standard shadowgraph, as described by Merz(i&m) for example.
The principle of the standard shadowgraph technique

Before introducing our optical arrangement in dstalet us recall the main
feature of the shadowgraph technique. Fig. 5 iscleematic of shadowgraph
arrangement, strictly speaking. A point light sauirg collimated to illuminate the
disturbed mediunD. Images are recorded on a CCD sensor (or a plagbigr
plate) by using an imaging lens which is defocuséll respect to the disturbed
medium. More precisely, the imaging lens is focusetb a plané, distant byl
from the disturbed mediunD. In the presence of refractive index gradients

(related to density gradients) D, an individual light ray undergoes a curved

trajectory, leading to a displacemedit and a deviation angle, with respect to
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the undisturbed ray at the mediun exit. Assuming that rays undergo only
infinitesimal deviations (i.ex andy coordinates of the ray are the same at the
medium entrance and exit) but have non-negligiblwature, the deflection angle

is written as:

S
g, =tang, = la—nds (6)
5 nox

where integration is done along the ray trajectbrgughD.

In planeO, the ray displacementx is roughly proportional té and to angles, .
Considering all the rays which contribute to im&genation, displacementax
(and equivalent displacementsy alongy direction) lead to a redistribution of
light intensity in plané® (and consequently in image plane) which dependb®n
refractive indexn variations in the disturbed medium. Under the egdion of
infinitesimal deviation previously introduced, thelative change in recorded

intensity with respect to the undisturbed intensdp be approximated by

Al 30 97
T Ii(ﬂ+ﬂJ(lnn)ds (7)

Assuming a 2D flow and still assuming infinitesinraly displacements i,

Eq. (7) becomes

Al(X! y) = —|IL (i + ij (|n n (x, y)) (8)

1(x,y) 9%x 9%y

Shadowgraph intensity distribution is then rougplpportional to the second
derivative of the refractive index, to the deptlof the disturbed medium and to
the distancd . In principle | can be adjusted to enhance or reduce the setysitivi

of the technique to small density variations.

In principle, Eg. (8) can be integrated to obtdwe trefractive index (or the
density) distribution in the medium. In practicdjadowgraph only provides
qualitative information on flow density. Firstlyhe technique is highly sensitive
to any source of noise, as a double integratioregsiired to obtain the density
field. Secondly, the calibration of the techniqupears to be a very difficult task
as samples with a well-known second derivativehef tefractive index must be

used.
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Figure 5: Standard shadowgraph arrangement.

Shadowgraph-like arrangement

In the shadowgraph-like configuration consideredhiis paper, the light source
and the camera are located on opposite sides afhtdenel (Fig. 6). However, it
differs from the standard shadowgraph arrangemestcribed above as the
camera lens is focused onto the channel flow, deoto visualize bubbles and
vapor cavity as usually done in backlit imagingcHa imaging is based on ray
deflection by interfaces. Assuming that interfaees never perfectly flat and
oriented perpendicularly to the incident rays, mafstays crossing an interface
are deviated with an angle greater than the cadlecingle, whatever they are
reflected or refracted through the interface. A®asequence, bubbles and vapor
cavities appear dark in the image. On the contdaqyjd regions would appear
bright, as (in absence of density gradient) theyaloinduce any ray deviation. In
the present case however, density gradients andithenel depti. are large
enough to produce visible shadowgraph effect, asvshlater in this section
(Fig. 8 and 9).

The shadowgraph-like arrangement can be viewed abacklit imaging
arrangement which is sensitive to density gradiBaie to the very small size of
the channel, the use of a large optical magnificatis required. With flow
velocities up to 70 m’s an extremely short light pulse is needed to afitic
freeze the flow. In addition, an incoherent lightisce is suitable to avoid speckle
on the images. To fulfill these requirements, aitligource is generated by

focusing the second harmonic of a Nd:YAG pulse@nda/avelengthiyac = 532
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nm and pulse duration of 6 ns) on a fluorescingymekthyl-methacrylate
(PMMA) sheet. The fluorescence emission is colledaand the remaining laser
light is filtered by using a band reject filter (t¢b filter Ly = 533 £ 8 nm). A dual
head laser is used to produce time delayed lighdéepuwith 12 ns duration
(FWHM) and a broad spectrum (about 100 nm) centered- = 592 nm (Fig. 7).
The time delay between the two pulses is adjustaoln to about 30 ns. Images
are recorded by means of an optical zoom (OPTEMC),2&t low repetition rate
(1Hz), on a 2048 x 2048 pixels, 10-bit CCD camdiae resulting resolution is
1.15 pm/px. Using the double-frame mode of the cansd the dual pulse
system, couples of images separated by 285 ns baem recorded. The
arrangement then allows the tracking of rapid evesd bubble collapses (section

7) or the production of velocity information, whichnot detailed in this paper.

Collimating Channel flow ccD
optic and filter Zoom
camera
J/ lens
Fluorescing SN Gpe—
PMMA sheet
]

%
Dual Head
Nd:YAG laser

———

Figure 6: Shadowgraph-like optical set-up.
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Figure 7: Light source temporal profile and spattmeasured by means of a fast photo-diode and

a fiber based mini-spectrometer.
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Shadowgraph-like images of the channel flow

Fig. 8a displays an example of instantaneous inohgiee channel flow, recorded
in the shadowgraph-like configuration previouslgchéoed. In this raw image, the
channel walls, the vapor cavities and the bubbbg®ar in black, when the liquid
Is essentially bright, as it should be in backitaging. However, grey structures
are also visible in the image, as a result of adeWwgraph effect. Fig. 8 also
displays a background image (Fig. 8b) and the caatiom of the quantityAl /I

(Fig.8c), previously introduced in Eq.(7) and E.(8is the raw image intensity

and Al is the relative change with respect to the undistd intensity, i.e.

Al =1 =1, wherel,is the background image intensity.

Channel wall

PTRSE L 4.‘_'-"“-" .

s

Vapor cavities Density gradients =

Figure 8 : Shadowgraph-like instantaneous image of the chdiowe

(a), background image (b) and normalized intengijty (c).

Fig. 9 displays a sample of instantaneous shad@hligike images for increasing
pressure drop from\P = 4.5 bar (a) toAP =40.2 bar (j). The images of Fig.9
represent the quantity /I previously introduced. These images can be vieaged
the results of a background subtraction and a niaraten of the raw images. At
low pressure drop, in Fig. 9a fakP =4.5 bar, the flow is single phase and

laminar. However, shadowgraph effects reveal degrisfractive index) gradients
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as grey level variations. Density gradients arated in the shear layers at the
channel inlet, in the out-going jet boundaries af@hg some streamlines of the
flow. In a compressible fluid, density variationncbe associated to pressure or
temperature variation, or both together. In liquittee temperature contribution
generally overpasses the pressure contribution &smgerature drop of 1K
approximately corresponds to the same density tiamighan a pressure increase
of 10 bar. In the present case, the origin of tlmsdy gradients is more
ambiguous, as pressure gradients can become vgey/\wath increasing pressure
drop. For AP = 4.5 bar (Fig. 9a), the density gradients in shear layers are
probably associated to both a pressure gradiemieleet the main flow and the
recirculation zone, and a temperature gradient. iil@ge also reveals some
streamlines, which probably originate from a thdrmarking of the flow, far
upstream from the channel. This effect completebamgpears at higher pressure
drop (higher velocity) in the following images. &te channel outlet, we also
suspect that both temperature and pressure grateimvolved. The temperature
gradient would be due to viscous heating near takswin the boundary layer all
along the channel. The pressure gradient would 93ecsated to the pressure
difference between the out-going jet and the doreast chamber.

For a larger pressure drapP = 15.8 bar (Fig. 9b), the density gradients in the
shear layers appear more contrasted as the predffteeence between the
recirculation zones and the main flow has increa$bkd gradients remain smooth
and regular in the beginning of the shear layeear(the inlet corners) but they
reveal developing instabilities at their end. StilFig. 9b, grey level random-like
variations appear in the wake of the recirculatmmes. These structures are
developing from the walls to the center of the flatvere they join together, about
the middle of the channel. We interpret this sutetas a signature of turbulence
and associated density (pressure) fluctuations.

13



— 0.75

0.5

0.25

Figure 9: Sample of instantaneous shadowgraphiiiteges (after background subtraction and
normalization) for increasing pressure drop fromwih AP = 4.8 bar to (j) witAP = 40.2 bar.
Upstream pressure is constant and equals 50 bar ddwnstream pressure is changed. The fuel

flows from the left to the right.

Cavitation incepts for pressure drag of about 26 bar, in the upper part of the
channel inlet, as shown in Fig. 9c and 9d. Shadaplgtike images interpretation
is not obvious because dark zones can be due uad@por interfaces or to
density gradients. In Fig. 9c, it seems that c#eitaincepts in the shear layer,
relatively far from the inlet corner, where the kst pressures are expected in
average. Further in this paper, we will proposeenario of cavitation inception
in the shear layer, based on the results provigethé three optical techniques
presented in this paper. In the lower shear laj&ig 9c, it seems that cavitation
has not yet incepted. Here, the shear layer apsbarsened with respect to the
previous images as it seems that instabilities rite=tt in Fig. 9b develop more
intensively and sooner (closer to the channel )irfat increasing pressure drop.
This apparent asymmetry between upper and loweéiopdne channel is probably

due to a weak asymmetry in the channel inlet gegmet
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For increasing pressure drop, the vapor cavitiegldp. They develop first in the
upper shear layer (Fig. 9d), then in both upper lamgr shear layers (Fig. 9e).
From Fig. 9f-9i, vapor cavities fill the entire newlation zones and progressively
elongate, as the downstream pressure further dmsearhe choked flow
conditions previously shown in Fig. 4 are reachaddP = 33.9 bar (Fig. 9h). At
this stage, vapor cavities have developed beyordotie-half of the channel
length. For the largest pressure drop considered @® = 40.2 bar, Fig. 9j), it
seems that the vapor cavities join together amdhi@ entire channel section. In
this extreme situation, cavities are probably nagenZD as it is hardly believable

that all liquid transform into vapor.

Fig. 9 shows that shadowgraph-like images providealth of information on the
flow. In addition to the features previously deBed, one can see bubble
detachments in the wake of vapor cavities (e.g- #a¢. In Fig. 9d, two regular
circles centered on the vapor cavity are clearyybleé. We interpret these circles
as pressure waves produced by bubble collapse.réesinilar events are
observed for larger pressure drop in Fig. 9e-9g.even larger pressure drops, in
Fig. 9h-9j, it seems that the amplitude of thessgure waves decreases and their
occurrence becomes less frequent. Such pressureswavoduced by bubble
collapse in an injector hole, have been considenatierically by Sezal et al
(2009), but to our knowledge, no experimental olm®yn of this phenomenon
has been reported yet in similar configuration.

Cavitation probablility

The sample images of Fig. 9 have been selectec teefiresentative of all the
images recorded in the same condition, but someati@ars from one image to
another can be observed. These variations are dsyesi in Fig. 10 which
displays images representing probabilities of @b occurrence. The same
pressure drop conditions than for Fig. 9 are cawed in Fig. 10. Cavitation
probabilities have been built by adding 50 imagesorded in the same
conditions, after applying a threshold to each ienag order to separate liquid
from vapor. It is then assumed that dark pixelgespond to vapor and bright
pixels to liquid. In other words, no distinctionngde between vapor cavities and
dark regions resulting from intense gradients. pi@ for the gradients in the

shear layers, the other flow features appearinghiadowgraph effects in Fig. 9
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have been removed in Fig. 10 as a consequenceetd@mg. However, cavitation

inception and cavities elongation are still clearhserved.

The Fig. 10 results offer some possibilities of mfifecation, taking the variability
of the observations into account. For example, tadwh inception can be
statistically associated to a critical pressure pdrédn averaged cavitation
probability has been calculated, in the rectangal@a displayed with dashed
boundaries in Fig. 10c. This area has been chaseontain the first inception of
cavitation, as previously identified in Fig. 9c,dato avoid the shear layer itself
and density gradients that must not be consideredis calculation. The average
cavitation probability in this area has been pbbts a function of pressure drop
in Fig. 11. Considering an arbitrary threshold @R4 in cavitation probability,
one can establish from Fig. 11 that cavitationtstar the upper shear layer for a
pressure drop of 25.7 + 0.3 bar. A similar analysithe lower shear layer leads to

a critical pressure drop of 27.7 + 0.4 bar.

| () AP=29.3 bar Cavitation
g)

probability (%)

(a) AP=4.5 bar

I ——— |
[
| S

z
(c) |

75%

w

(

50%

AP=25.7 bar

I

z
(e)

| ,
AP=27.7 bar ) AP=40.2 bar

Figure 10: Cavitation probability deduced from stvagraph-like images of the channel flow, for
increasing pressure drop from (a) witR = 4.8 bar to (j) withdP = 40.2 bar. Upstream pressure is
constant and equals 50 bar when downstream preisschanged. The fuel flows from the left to
the right.
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Figure 11: Averaged cavitation probability in recitation zones. The letters (c) to (f) refer to

figure 9 and 10.

As shadowgraph-like images are sensitive to dergriggdients, they could be
used, in principle, to measure the flow density.wmdweer, our attempts to
reconstruct density fields have failed and theee saveral reasons for that. As
previously mentioned, such a reconstruction reguaedouble integration. In
addition, calibration targets would be necessarylitain reliable quantitative
information. Finally, and this is probably the magason of our failure, Eq. (7) is
not valid as the assumption of infinitesimal digglaent is not satisfied. Eq(7)
predicts that the shadowgraph effects are propwtido the distancé and
completely vanish fol=0. We then tried to adjust the distarid®y displacing the
channel by means of a linear translation stageyder to reduce the shadowgraph
effects. We found that these effects were stillbles with contrast in the same
order of magnitude, whatever the valuelott is then clear that Eq.(7) is not
satisfied. The shadowgraph-like technique preseméeel cannot be used to obtain
quantitative information on density fields. It isnlted to provide qualitative

information on density gradients.

5. Schlieren imaging method

The Schlieren method is an alternative techniquestémdard shadowgraph to
measure density gradients. It is, in principle s#@re to the first space derivative

of the density along one direction.
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Principle of the Schlieren method

Fig. 12 is a schematic of a Schlieren imaging getAupoint source is collimated
to illuminate the test section. A first lens, generally called Schlieren head, is
used to generate a Fourier plane of the test secfioknife is placed in the
Fourier plane and a second lens is used to imageegh section on a CCD sensor.
The technique differs from shadowgraph which rezpiin defocusing. In the
Fourier plane, the knife edge cuts off a part @ point source image, which is
located on the optical axis, in absence of pertishgsee (a) in Fig. 12). In the
presence of refractive index (density) gradiententest section, optical rays are
deflected. Depending on the gradient sign, the kglurce image associated to the
ray is moved upward or downward with respect touhdisturbed case (see (b) in
Fig. 12), leading to a lower or a greater attermnatif light. Density gradients then
appear darker or brighter on images. Assuming ftiats undergo only
infinitesimal deviations in the test section, netjleg geometrical aberrations of
the lenses and considering a rectangular pointedarage, the relative change of

intensity with respect to the undisturbed casebmwritten as ( Merzkirch, 1974)

= = ds (9)

I a ¢ nox

Al f]llﬂ

where f is the focal length of the Schlieren head and the width of the point
source image in direction perpendicular to theeeiflge. In Eq. (9)% stands for

x in case of a horizontal knife edge (as considerddg. 12) and it stands fgrin
case of a vertical knife edge. Assuming a 2D flow atill assuming infinitesimal
ray displacements D, Eq. (9) becomes

Al(x,y):i 1 an(xy)
Ixy) anlxy) ox

The Schlieren method is then sensitive to the filestivative of the refractive

(10)

index, perpendicularly to the knife edge. Note thatder the assuming
assumptions, it is not sensitive to ray displacan@madowgraph effect), because
iImages are focused onto the test section. In ose ¢eowever, based on our
experience with our shadowgraph-like configuratisensitivity to the second
derivative is expected in both directions, and ferado the knife edge in

particular. In the following, Eq. (10) will be hower integrated to obtain
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qualitative information on the density fields thad expect to be more reliable, or
at least complementary, with shadowgraph-like tesul
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Figure 12: Schematic of Schlieren imaging method.

Schlieren method with a vertical knife edge

The knife edge is first placed vertically to obtadensity information along
horizontal directiony{ coordinate). Fig. 13 displays some examples ofi&em

images QI /1), for pressure drop equal to 15.7 bar (withoutiteéion, Fig. 13a)

and 29 bar (with vapor cavities, Fig. 13c). Figb18nd 13d display intensity
profiles along the center line of the channel, &ted from Fig. 13a and 13c
respectively. These profiles have been averaged3tvadjacent lines to limit the
effect of noise. The remaining fast oscillationsillie on the profiles are due to
the turbulent structures and not to noise. The ethshes plotted in these figures
result from the integration (midpoint method) ok timtensity profiles. These
curves are similar to density profiles if we assugee (10) as an approximation.
The integrated profiles are very sensitive to amjt ®f intensity profiles, i.e. to
the zero intensity definition. As a consequencegration has been done under
constraint, by forcing the density evolution torhdl in the zone (A) delimited by
the vertical dashed lines in the figure, near thanoel exit. Note that this

assumption is not exact as the pressure would asergowly in this region. We
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however assume that this decrease is negligiblepaced to the total pressure
decrease in the channel. Further in this paperdéresity fields obtained from
interferometric imaging will confirm this assumpiiowith pressure variations

lower than 1 bar in this specific region.

We estimate that the density profiles deduced fi®chlieren images are not
quantitatively reliable because the validity of EX0) and underlying assumptions
are questionable, because integrations are doner wodstraint and because no
calibration has been done. We however assumeritegfrated profiles provide the
general features of the flow density evolution gloine channel centerline. These
density evolutions will be helpful in the next gentto interpret interferometric

images and produce density fields of the chanoel.fl

The three techniques presented here are sengitidertsity variations. It is not
possible, in principle, to attribute this variatiom a temperature change or a
pressure change. However, one of the contributbtamsbe sometime reasonably
neglected compared to the other. In the presemt tlas density increase is about
6.5 10° kg.m* for 1 bar pressure increase, and about -7:1 K@m?® for 1K
temperature decrease. A 1K temperature decreasetbduce the same effect on
density than a 10.9 bar pressure increase. Thealgletmperature elevation in the
channel can be estimated following the work by Miof2005), for a laminar flow
with an adiabatic walls boundary condition. Tempaeelevations of about 2 10
2 K and 2.5 18 K are found for the conditions of Fig. 13a and.Figb
respectively. With Reynolds number in the order 18f, the laminar flow
assumption is not satisfied. However, assuming tihatorder of magnitude of
these estimations is correct, the temperature tedfeclensity would be equivalent
to a pressure variation in the order of 0.2 baat th to say in the order of 1% of
the pressure drop. The estimation of temperatunease given in (Morini, 2005)
Is global, that is to say, integrated over the whohannel section. One can
suspect that the temperature profile in the chaseetion is not flat and that the
temperature increase is greater in the boundagrdayear the walls, than in the
centerline of the channel. Then, density variatidesluced in Fig. 13 can be
interpreted as pressure variations by neglectingpégature effect. Fig. 13 then
provides the general feature of pressure evolusitamg the centerline of the
channel. The pressure decreases at the channelamlthe main flow section

decreases. The pressure reaches a minimum vathe atinimum flow section,
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caused by the flow separation. It then increasesha flow section increases
again, until a local maximum near about the floatt@chment. Beyond this point,
the flow section remains constant and the pressecesases slowly, until the end

of the channel.

s ep s

(b) —Schlieren Intensity (d) —Schlieren Intensity
---Density ---Density
i

-0.5

‘
.

0y NS My Ml P g, O
v

T T T

0 o5 1 15 1 25 0 1 21
Entrance Exit Entrance Exit

-1.0

o
G
=

Figure 13: Examples of instantaneous images redandimg Schlieren method with vertical knife
edge forAP =15.8 bar (a) and\P =21 bar (c). The curves under images represgansity

profiles along the centerline of the channel andasig resulting from integration of these profiles.

Schlieren method with a horizontal knife edge

Using a horizontal knife edge, Schlieren methodvigles information on
horizontal density gradient (alongcoordinate). Fig. 14 shows images obtained
with a horizontal knife-edge for different pressudireps. Intensity profiles along
the white dashed lines drawn on the images (avdrager 20 vertical lines) are
shown together with the results of their integmnatigith respect to coordinate
(increasing from top to bottom). Curves plotted thre left side of Fig. 14
correspond to the intensity profiles, along a lanessing the shear layers in the
separated flow region, near the channel inlet. &lEnsity profiles are obtained
by integration under the constraint of equal dé&siat both end points, i.en
upper and lower recirculation zones. Here agains thssumption is not
completely satisfied as the effect of a weak asytmmaf the channel has been
identified for cavitation inception (see Fig. lldamassociated comments in
previous section). However, we also assume thaefiieet of this asymmetry on
pressure fields can be neglected. This assumptibbrb& confirmed in the next
section, with the pressure fields deduced fronriatemetric images. In Fig. 14a,
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the flow symmetry at channel inlet is clearly visilin the image as the positive
gradient in the upper shear layer appears darktlamadegative gradient in the
lower layer is bright. The integrated profile shoavsincrease of density from the
recirculation zones to the center of the channéh wensity gradient located in
the shear layers. The density evolution along insfile is then essentially
associated to a pressure evolution. In Fig. 14blawd for greater pressure drops
AP =15.7 bar andIP = 24.6 bar respectively, the density profiles sirsilar but
the pressure difference between the recirculationeg and the main flow
increases. We note however that the apparent syipimeimages is broken. The
lower shear layer remains essentially enlighteme8ig. 14b and Fig. 14c but it
shows a dark line at its center. No equivalentHirimpe appears in the upper shear
layer which remains completely dark. Such darkdineuld be misinterpreted as
vapor cavities but the pressure drop is much loWwere ¢P = 15.7 bar in
Fig. 14b) than the pressure drop for which cawtainception has been observed
(AP > 25 bar) in shadowgraph-like images (Figs. 9 Hdd This dark line is due
to a reversing of the Schlieren intensity that Wwal discussed later in this section
(limit angle of deviation in Schlieren techniquE)g. 14c, the integrated profile at
channel inlet is strongly affected by this effect.

Intensity profiles in a cross-section of the ouirgojet are also plotted on the
right side of Fig. 14. The associated density pesfare obtained by integration
under the constraint of equal densities at bothpenats, that is to says, assuming
the same density above and below the jet in thendoeam chamber. For
AP = 7.8 bar, the density profile shows negative pestikthe jet boundaries. Such
a density variation in the out-going jet can belaixged as the consequence of
both temperature and pressure evolution. The dersiiwly decreases with
pressure form the jet center to the edges. At ¢hdgundaries, it undergoes a
supplementary decrease associated to an increasempierature due to flow
heating near the walls, all along the channel. (En@perature increase previously
estimated for the whole channel section was vergkw@ the order of 16 K).
From the Schlieren results, it seems that the temty® increase is essentially
located near the channel walls, and in the waksethealls downstream the
channel. The local temperature increase would gb Bhough to be visible on
Schlieren images. An order of magnitude of theseptrature increases will be

provided further in the paper with density mapsubed from interferometric

22



images. At the right side of Fig. 14b and 14c (oessure dropgP = 15.7 bar

and 4P = 24.6 bar respectively), the density profiles a {bht boundaries are
dominated by the pressure decrease. However, atioaddl effect of temperature
increase is likely to remain, as suggested by #pea of the density profile on

the right side of Fig. 14c, in the lower jet bounyda
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Figure 14:Examples of instantaneous images recorded usinfie8ah method with horizontal

knife edge forIP = 7.8 bar (a)4P = 15.7 bar (b) andP = 24.6 bar (c). The curves on the left side
represent intensity profiles in the separated ftegion, near the channel inlet. The curves on the
right side represent intensity profiles at the ct@routlet in a cross-section crossing of the out-

going jet. The density profiles have been obtaimgéhtegration of the intensity profiles.

Limit angle of deviation in Schlieren technique

The dark lines observed in the lower shear layerbig. 14 are due to a limit
angle of deviation in the Schlieren technique. Asvpusly described in Fig. 12,
density gradients induce optical ray deviations dimsplacements of the point
source image in the Fourier plane. The stronger greglient amplitude, the
stronger the displacement and the recorded inte(with appropriated gradient

sign). However, as schematically shown in Fig. Bia@ng gradient may produce
ray deviationg, of the same amplitude than the collection angleof the optic.

Instead of increasing, intensity then decreasels witreasing ray deviation. For
ray deviation equal to the limit angle one can exm intermediate intensity,
equivalent to the undisturbed intensity (for zemvidtion). Greater deviations

then result in dark regions, where brightness [geeted, as previously observed
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in Fig. 14b.

To underpin this interpretation, the density gratliand associated deviation
angle can be estimated from the density maps tothmduced in the next section,
and compared to the collection angle of the opse&lup. The dark line observed
in the lower shear layer of Fig. 14b first appe#os a lower pressure drop
AP = 9.8 bar. In Fig. 15b, the beginning of the sHeger appears dark. Further
from the inlet corner, where density gradients amaller, the shear layer is still
bright. In the middle of the shear layer, near altbe dashed line of Fig. 15b, the
Schlieren intensity is nearly equal to the undistdr intensity. Then, the ray
deviations at this point should be nearly equakhe collection angle of the
Schlieren set-up. Fig. 15¢ shows the density mapafiproximately the same
pressure drop (9.7 bar) than Fig. 15b (9.8 barpmFthis map, the maximum
pressure gradient along the dashed line is estimaiebe between 1.5 and
2 bar.unt. The associated ray deviation angle can be eastiynated from Eq.

(6) which provides the ray deviatiofy at the channel exit, in liquid. In air, after

passing through the glass window, the deviationleaisy nearly equal tone, .

Assuming a 2D flow, Eq. (6) then leads to

ne, = L@
ox

Knowing the resolution of the Schlieren imagingtsys (1.58 um/px), and the
relation between refractive index and pressure, dbigmated deviation angle
ranges from 5.2° to 6.9°. This estimation, perfe@grees with the collection
angle of the Schlieren imaging system, which isual6d.

As well as for shadowgraph-like images, the intetgsion of Schlieren
images is not obvious. Dark zones are not systeaitiproduced by the
presence of vapor or by negative gradients budntlee due to an excessive
positive density gradient. More generally, the #&kh method provides
general trends on the channel flow density butdhiability of the results is
clearly questionable, especially for large densgsadients. Another
technique is then needed to obtain reliable anchtitative information on

density fields.
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Figure 15: Schematic of the Schlieren intensityersing due to limit angle of collection (a).

Schlieren image with horizontal knife edge ft#* = 9.8 bar (b) and pressure map deduced for

interferometric imaging for pressure drap = 9.7 bar (c).

6. Imaging interferometry

Unlike the two imaging methods previously introddicenaging interferometry is
not sensitive to optical ray deviation. It is basedray retardation (phase shift)
measurement and it is then directly sensitive twsdy (or refractive index) rather
than to its first or second derivative. Our inteofaetric arrangement is shown in
Fig. 16. The green lightuf, = 514 nm) of a Argon-ion laser in continuous wave
operation is used as the light source. The beaenisimagnified by using a beam
expander which consists of two convergent lensegindhole is placed in the
focal plane of the first lens in order to achievepatial filtering of the beam. A
beam splitter (BS) divides the beam into a refezdoeam and an imaging beam
which illuminates the channel flow. The two beamme se-combined using a
second beam splitter and they are transmitted ¢firahe camera lens. As a
continuous illumination is used, the time resolntad the images is limited to the
minimum exposure time of the camera. Interferornetmages of the channel

flow are then averaged over 20 ps.
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Figure 16: Interferometric imaging set-up.

Fig. 17 provides a sample of interferometric imagésthe channel flow, for
pressure drops betweedP =9.7 bar and4P = 35 bar (Fig. 17a-17e). These
images show a fringe pattern which depends on #msity fields. Optical rays
traveling through the channel flow are phase dhifteepending on the refractive
index (or flow density). In association to the refece beam, these phase shifts
lead to constructive or destructive interferenddm® succession of bright and dark
fringes in Fig. 17a-17e is then a signature of dgrevolution throughout the
channel: at the channel inlet where pressure deesefast, in the recirculation
zones (for the lower pressure drops) and at th@rsHaoutlet. For increasing
pressure drop, from Fig. 17a to Fig. 17e, the deabetween fringes decreases
throughout the channel, as density gradients isee@ all parts of the flow. In
interferometric images, channel walls appear inygies the reference beam
contributes alone to images in these areas. Similapor cavities appear in grey
in Fig. 17c to 17e.
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Pressure Density

AP=9.7 bar (bar)  (kg.m>)
50.0 815.4
47.0 815.2
44.0 815.0
- 41.1 814.8
AP=15.8 bar 38.1 814.6
35.2 814.4
32.2 814.2
29.3 814.0
= 26.3 813.8
AP=25.7 bar 23.4 813.6
20.5 813.4
17.6 813.2
14.7 813.0
11.8 812.8
AP=29.2 bar 8.9 812.6
6.0 812.4
3.1 812.2
0.2 812.0

AP=35.0 bar AP=35.0 bar

Figure 17: Interferometric images of the of chanftel (left) and density fields deduced from
these images (right). A pressure scale, equivdtetie density scale, is proposed. It provides a
more meaningful view of the results but it religs @ constant temperature assumption which is

not satisfied everywhere.

To obtain quantitative information from imaging erferometry, we need a
relation between optical ray phase shift and floengity. The optical path
difference between a bright and a dark fringe i$ thee beam wavelength. The

corresponding refractive index change is then

sn :% (11)

To relate refractive indexh to flow densityp, the following Lorentz-Lorenz

relation is assumed

n® -1
n>+2

=kp (12)

where k is a constant which depends only on material f@gisé oil in the present

case). The constattis determined from known values of the refractindex

n, = 1.462 and the densjty = 820 kg.nt at standard pressure and temperature
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conditions P =1 bar andl = 20°C). The refractive index has been measured by
using a refractometer (NAR-1T). The density hasnbdeduced from density
measurement (Ndiaye et al, 2011) as a functioremiperature in the range 10-
130°C and pressure in the range 1-1400 bar. Iipdiper conditions (temperature

T =32°C and pressut ranging from 0 to 50 bar), the density increadesost

linearly with refractive index. The refractive indehangedn between a bright

and a dark fringe in the interferometric imagedhisn associated to a density

changed p=2.0 10" kg.m". If a constant temperature assumption is assuthed,
refractive index chang@n can be associated to a pressure chahBewhich

depends weakly oR but is almost equal to 3 bar in the range 0-50 bar

In principle, density fields can be deduced fronagimg interferometry, from a
known density condition (upstream for example) aodinting the number of
fringes. However, such a construction is difficuit practice as the sign of the
change is unknown. In other words, the density ghabetween a dark and a

bright fringe can be interpreted as an increase djp or a decrease ofJdp.

The results obtained with the Schlieren method banused to solve this
indeterminacy and carefully reconstruct the densigps shown in Fig. 17f-17j.
Density maps are presented with both a densityesbal and an equivelent
pressure scale. The pressure scale is a diredlateom of density in terms of
pressure, under the assumption of constant temypera¥his assumption is
reasonable in the channel but not at channel exérevtemperature effect are not
always negligible. The density maps are built stgrfrom the known upstream

condition p,(P,,T,) and following the different paths shown in figuis,
counting +J p according to Schlieren results. Following path, {he density

profiles in the channel centerline previously shownFig. 13, are taken into
account. The 2D consistency of the results is alsecked by considering path
(1) of Fig. 18 together with path (1). Through thet-going jet boundaries (end
of path (1)), the Schlieren results shown in Efj.are considered. For the lowest
pressure dropsAP =9.7 bar, Fig. 17a and 17f), the density decre&ise to
viscous heating is taken into account. In this cés® back pressure is retrieved

with deviation lower thand P (one fringe). For the greater pressure drops, the

temperature effect at jet boundaries was not dle&chlieren results. However,

the density at the jet boundaries must decreaseruheé downstream chamber
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density to retrieve the accurate back pressure. démsity drop at the jet

boundaries is in the order of 0.1 k&nflower or equal tdp=0.2 kg.n?),

corresponding to a temperature increases of ab&6tK. From these results, the
temperature profiles in the outgoing jet are nat,fwith a global temperature
increase previously evaluated using (Morini, 20BB6}he order of 18 K but a
temperature increase, near the walls, ten timest@reln the recirculation zones,
the density can be found following path (2) of Fi§, directly through the shear
layers, but only for the lowest pressure drops.(Efgq and 17f). For greater
pressure drops (Fig. 17b-17c), the density gradlientthe shear layers become
higher, the fringes get closer to each other amth@iabe separated anymore. The
path (3) of Fig. 18 is then used in these condstitmbuild the density field in the

recirculation zone.

Figure 18: Schematic of the paths followed to bdihsity field from interferometric images.

In Fig. 17f-17j, the pressure evolutions along tmannel centerline show the
same features than the pressure curves deduced Saiieren technique in
Fig. 13. For all the pressure drop conditions,ghessure decreases rapidly at the
channel inlet, it reaches a minimum, it increaggsrato reach a local maximum
and then decreases slowly until the channel ouftlet. minimum pressure point is
located about the minimum section imposed by tbe ftontraction or the vapor
cavities. It slowly moves toward the channel estthe pressure drop increases
from Fig. 17f to Fig. 17j. The minimum pressureuealdecreases with increasing
pressure drop, as expected from the one-dimensinadel introduced in section
3. However, even in choked flow condition (Fig.)1Tinis pressure remains much

greater than the vapor pressure.
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7. Discussion

In the previous section, three different opticalht@ques have been presented.
The results have been partly discussed by conegid¢hie techniques one by one.
In this section, we will further discuss our obsdions, based on comparisons
between the three techniques results.

Cavitation inception

In the pressure field shown in Fig. 17h, 0P = 25.7 bar, the lower pressure
(averaged on 20us) is found at the very beginninipe recirculation zone, near
the inlet corner. One could expect that cavitafiiost incepts at this location,
when pressure drops down to the fuel vapor pregsui@out zero). However, in
the shadowgraph-like image of Fig. 9c, cavitati@ems to first incepts in the
upper shear layer, relatively far from the inletrrey. Here, the surrounded
average pressure is higher. It ranges between 5l@dmhr in the recirculation
zone, just above the shear layer and it is abola25in the main flow, under the
shear layer.

The detection of cavitation inception in the shier is based on distinction
between density gradient and bubbles or vapor yawit shadowgraph-like
images. In these images, intensity variations preduby density gradients are
roughly proportional to the second derivative & ttensity. As a consequence, in
shadowgraph images, dark zones are generally assdcio bright zones, as
illustrated in Fig. 19 which provides examples otnsity profile and
corresponding first and second derivatives. Fig.tBe right side of the upper
shear layer (A, near the inlet corner) can be preted as an increase of density
from the recirculation zone to the main flow, as thtensity distribution is similar
to the scheme 1c of Fig. 19. In addition, the isignprofile at this location
remains almost similar at this pressure drop comi{4P = 25.7 bar) than at
lower pressure drop in non-cavitating conditiong(FRb for4P = 15.8 bar). On
the contrary, on the left side of the shear lagrif Fig. 9c, the cloud-like shape

dark zone has no bright boundary and must be irgtag as a bubble cloud.

Note that the schematics of Fig. 19 can also bed uge underpin some
interpretation previously given in section 4, apnbvides a way to qualitatively
distinguish simple increase of density from denpigk.
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Figure 19: Schematic of simple density profiles aadtesponding first and second derivatives.

Pressure waves and bubble collapse

Previously in this paper pressure waves have bbseareed in shadowgraph-like
images of the channel flow. These pressure wawesdyliresult from bubble
collapse under the effect of an increase of presslinese pressure waves are
spherical and not quasi-2D, like most of the dgrgiadients considered earlier in
the paper. However, optical rays crossing the edigiee spherical waves, along a
short chord, are actually deviated, resulting shadowgraph effect, as well as for
the 2D gradients. Fig. 20 shows a couple of shadapiglike images, recorded
with a time delay of 285 ns. Several pressure waaes be observed in both
images. However, these waves propagate too fasidable the observation of the
same wave in both images at this scale. On theargnthe same detached vapor
structure, probably composed of several bubblegeays in both images, in the
wake the main vapor cavity. Its displacement froign EOa to Fig. 20b is about
16 pm (14 pixels), leading to a velocity of abo@trB.s*. The apparent volume of
the detached structure clearly reduces from Fig.t80Fig. 20b, likely due to its
partial collapse. In the same time, a pressure wgavisible in Fig. 20b. It is more
contrasted than the others waves and it is centameithe vapor structure which

has partially collapse, supporting our interpretati
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Pressure wave

Figure 20:Apparent correlation between pressure waves anbdi®éwabollapse in the wake of vapor
cavity.

As previously mentioned, pressure waves propagategh velocity. It is then
difficult to observe the same wave in two imagesnewith a very short time
delay of 285 ns. Most of the time, there are sdvyenessure waves in the same
image. It is then very difficult to associate a wanf the first image to the same
wave, after propagation, in the second image. Tleh®wever a few examples
(over several thousands of images) of such observadne example is displayed
in Fig.21. The pressure wave encircled in the finsage (top of Fig. 21), has
propagated during the 285 ns time delay betweenvibeimages. The distance
traveled by the wave between the two images is|BbB2upstream and 391 pum
downstream. The corresponding velocities are 1236* nand 1370 m$
respectively. Taking into account the flow velogityhich is 60 m.3 (deduced
from the mass flow rate measurement), the relatelecity of the wave is 1290
m.s' in upstream direction, and 1310 this downstream direction. These values
are in the same order of magnitude than the sopeddsmeasured in the test oll
for the same temperature and pressure conditiodigk(zand 20 bar), which is
c=1335 m.£. Note that during 12 ns (the duration of the pail§i@mination), the
waves travel about 15 um. The pressure waves arertht completely frozen in

the images, leading to supplementary difficultiedrying to quantify them with
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the different techniques presented in this papéote also that no pressure wave
has been observed for pressure dt&plower than 25.7 bar, in absence of vapor
bubble in the channel. This observation is anothadence of the cavitation

inception at this pressure drop.

Figure 21: Couple of shadowgraph-like images (ravages) recorded
with a time delay of 285 ns. The pressure wavereled in the first
image (top) is still visible in the second imagéerapropagation. The

fluid temperature is equal to 20°C and not 32°@ashe rest of paper.

Bubble detachment

In shadowgraph-like images, bubbles have been wdden the wake of vapor
cavities. As previously discussed, bubbles liketlapse when they move to a
zone of higher pressure, leading to a pressure wawerrence. However, some
bubble detachments are observed in high pressureszd-ig. 9f for example,
vapor bubbles are observed in the wake of the vegaty for 4P = 29.3 bar. At
this location, for nearly the same pressure drofP £29.2 bar), the
interferometric results of Fig. 17i show an avergmgessure of 26 bar. Let us
consider the bubble in the rightmost circle of Fg. The bubble has travelled
about 230 um from the vapor cavity. Its diametenithe order of 20 um. With a
flow velocity in the order of 70 ni'sthe life time of this bubble is found to be

greater than 3 ps. Assuming a perfectly spherioable, the total collapse time

can be approximated as a function of the initigiua R, of the bubble and the

pressurd® in the surrounding liquid by (Rayleigh, 1917):
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r = 0915x R, /P pp
vap

For a radiusR,~10 um and a pressure P=26 bar, the collapse tiisesqual to
about 160 ns. Even with an initial bubble radiusado the full cavity height, i.e.
R,~35 pum, the life time would remain lower than 600 Tise deviation between

the Rayleigh model and the observed collapse tineghén clear. It could be
attributed to the bubble non sphericity. Howeveng ccan suspect that non
spherical bubble with very large aspect ratio wooddneeded to explain such a
large deviation. Another explanation would consiet assuming pressure
fluctuations, relatively infrequent but high enoughallow bubble survival over a
long time. Such fluctuations could be generatedunlyulence. There magnitude
should be in the same order as the average presmasured in the wake of the

vapor cavity, i.e. in the order of 20 bar.

Instabilities and cavitation inception in shear layers

Section 4, instabilities have been identified imdbwgraph-like images, in the
shear layers, at channel inlet. These instabiliies also visible in Schlieren
images, especially when the knife edge is placetcedy as shown in Fig. 22.
Instabilities develop with increasing pressure despl produce vortices in the
shear layer. In the Schlieren images, horizontakgure gradients associated to
these vortices appear as a succession of darkragidt bpots, in the shear layer,
relatively far from the inlet corner. For the lowgsessure drop, these intensity
profiles are similar to the scheme 2b of Fig. 18yresponding to negative
pressure peaks, similar to the scheme 2a of the &gnre, at the vortices center.
For the lowest pressure drop, the pressure diféterassociated to vortices can be
roughly estimated. To do so, the Schlieren intgngitofiles of Fig. 13 are
compared to the profiles obtain from the pressuepsnof Fig. 17. A pseudo-
calibration of the Schlieren images is then obtiaad the pressure difference
associated to vortices can be estimated to be abd&ubar in Fig. 22a (for
AP =7.8bar) and to be about 2bar in Fig.22b (P = 9.8 bar). For
increasing pressure drop (Figs. 22c¢c-22j), the dats become larger and closer
to the channel inlet, as the pressure drop in c@stis amplified. Unfortunately,

any estimation of these pressure drops becomesduaza for several reasons.
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First, dark spots are rapidly saturated (from ERy) as their intensity reaches
zero (camera reading noise). For the largest presdrops, the bright peaks
intensity reversed as the deviation angle reaches limit imposed by the

collection optic, as previously detailed in casehofizontal knife edge. Next,

Schlieren method is supposed to be sensitive tadrdal density gradients (with

the vertical knife edge adopted here) but a shadaptg effect along the

perpendicular direction likely distorts the anadysihis effect is not negligible in

the shear layers, where vertical pressure gradiemigease with increasing
pressure drop. Finally, we think that the 2D floss@mption is questionable in
this particular location, especially for the larggsessure drops, just before
cavitation inception.

A quantification of the density fields based on Igzkn images is hazardous but
it is obvious from Fig. 22 that vortices are amplif with increasing pressure
drop. Starting from an estimation of about 2 barthe lowest pressure drop, one
can reasonably presume that pressure variatiorciagsw to vortices may reach 5
or 10 bar for the greatest pressure drops considerEig. 22. In other words, we
think that the pressure variations associated tboas in the shear layer are in the
same order of magnitude that the average presseasured in the recirculation
zone, just above this shear layer. The absolutespre may then decrease under
the critical cavitation pressure (let say vaporspuge) under the effect of strong
instabilities. This scenario is compatible with oprevious observations on
shadowgraph-like images, where cavitation inceptghe shear layer, relatively

far from the inlet corner.
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Figure 22: Growing instabilities in the upper shiager visualized by Schlieren technique with

vertical knife edge.

8. Conclusion

Visualizations of a quasi-2D channel flow have beamnied out as a function the
pressure drop by using three different optical méples. Shadowgraph-like
imaging provides information on the presence ofovajavities and bubbles in the
channel. It also provides qualitative informatiom @ensity gradients, leading to
difficulties in image interpretation. A Schliereechnique has been used to
provide more reliable information on density gradise For relatively low
pressure drops, this technique has provided thergkefmeatures of the density
field along the center line of the channel, at clerinlet and at the out-going jet
boundaries. However, the technique does not allensitly field reconstruction
when the channel flow shows higher density gradiefihen, an interferometric
imaging technique has been used to quantify theigehelds. Interfereometric
images of the channel flow have been analyzed donstruct density fields, by
taking advantage of the Schlieren results. Basetherthree techniques results,

the main features of the channel flow have beegrdesi. Cavitation incepts in
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the shear layers delimiting the recirculation zand the main flow, at the channel
inlet. It does not incept at the inlet corner, whtre average pressure is minimum
but a little further in the shear layer. Based an abservations we have proposed
a scenario in which cavitation incepts under thetjeffect of decreasing pressure
in recirculation zones and instabilities developinghe shear layer. The paper
results also suggest that the channel flow is kightbulent and compressible.
Bubble detachments have been observed. These Buikely collapse when they
move through flow regions of higher pressure, legdio pressure wave
occurrences. However, bubble detachments have bksenobserved in flow
region where the average pressure is greater thdra2 suggesting the existence
of pressure fluctuations in the same order of ntagei generated by turbulence

and carrying the bubbles.
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