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ABSTRACT

It is desirable to use computational fluid dynamics for thinojzation of in-cylinder processes in large two-strokespeed uniflow-
scavenged marine diesel engines. However, the complexenafuhe turbulent swirling in-cylinder flow necessitateperimental
data for validation of the used turbulence models. In thesgmework, the flow in a dynamic scale model of a uniflow-scgeen
cylinder is investigated experimentally. The model hasaadparent cylinder and a movable piston driven by a linedaom@he flow
is investigated using phase-locked stereoscopic paiti@dge velocimetry (PIV) and time resolved laser Dopplemaometry (LDA).
Radial profiles of the phase-averaged mean velocities anpated from the velocity fields recorded with PIV and the di&yi of the
obtained profiles is demonstrated by comparison with refex¢ DA measurements. Radial profiles are measured at figepogitions
for 15 different times during the engine cycle and shows #émeporal and spatial development of the swirling in-cylinflew. The
tangential velocity profiles in the bottom of the cylinderangéhe end of the scavenging process are characterized hycartoated
swirl resulting in wake-like axial velocity profiles and tleecurrence of a vortex breakdown. After scavenge port miptie axial
velocity profiles indicate that large transient swirl-icéd structures exists in the cylinder. Comparison with Eefobtained under
steady-flow conditions shows that the steady profiles in iggméll not be representative for the dynamic conditioneTtemporal
development of the swirl strength is investigated by conmguthe angular momentum. The swirl strength shows an exyi@ielecay
from scavenge port closing to scavenge port opening carneipg to a reduction of 34 %.

1. Introduction

1.1 Background and motivation

Large two-stroke low-speed uniflow-scavenged marine tasgines are used to power the largest marine vessels stiehlka&ss and
container ships. A key process for these engines is the sgageprocess [15]. The scavenging process is the gas exelvamere the
combustion gas from the previous cycle is replaced by frastorathe next cycle. Large two-stroke low-speed marinesdiengines
use the uniflow scavenging method in a configuration witheigge ports located in the cylinder liner near the bottom efaylinder
and a single centered exhaust valve in the cylinder head.hdgpiston approaches the bottom dead center (BDC), it unsdkie
scavenge ports and compressed air is blown into the cylifiodeing the combustion gas out through the exhaust valvecionabined
displacement and mixing process. The scavenge ports at& eut angle, typically in the range 15°25vith respect to the radial
direction creating a swirling in-cylinder flow. The swirl proves the scavenging process and enhances the fuel-aignairring the
combustion phase [5]. In addition, the scavenging flow atsvigdes cooling of the combustion chamber surfaces. Toaeémission
levels, enhance engine efficiency, and analyze combuskiamber temperatures it is desirable to use computatioridl dignamics
(CFD) simulations. However, turbulent swirling flows, suhthe in-cylinder flow in a uniflow-scavenged engine, arenknio be
very difficult to predict using CFD tools owing to their coraglnature [9]. Experimental results are therefore neededder to serve
as validation data and to aid the development of turbulenoaets. Despite the need for experimental data on the turbsigirling
flow in uniflow-scavenged engines almost no works exist inofhen literature presenting results suitable for validaparposes. It is
this lack of experimental data that has motivated the pteserk.

1.2 Previous work

The swirling in-cylinder flow in uniflow-scavenged engines/é been the subject of earlier works, and investigatioms haen based
on both CFD (e.g. [19, 2, 20, 3, 13, 17]) and experiments (44.12, 16, 4, 8, 7]). Due to the costs and limitations of expental
investigations on full-scale engines the majority of thpeximental work have been performed on simplified scale ispded often
under steady-flow conditions. Ingvorsen et al. [7] devetbpesimplified experimental scale model of the MAN Diesel & Bar
4T50ME-X research engine [6], which is a production sized-$peed marine diesel engine. The flow in the model was igatsd
under steady-flow conditions through extensive measuremesing stereoscopic particle image velocimetry (PIV) kasér Doppler
anemometry (LDA). For a 20port angle, it was found, that the radial profiles of tangdntelocity correspond to a concentrated
vortex, with the highest velocities occurring near the rgdéir axis. The axial profiles have a wake-like shape createal \®locity
deficit at the axis. In the bottom of the cylinder a centralnedation zone exists and near the cylinder head the vaxes is observed
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Figure 1: (a) Sketch of the model and optical setup. (b) Details ofpiie: section geometry. Adapted from [7].

to precess around the exhaust valve.

1.3 Present work

The present work extends the work by Ingvorsen et al. [7] msitering the flow in the engine model under dynamic conditjovhere
the ports are opened and closed by the piston. The main mugfdke reported work is to establish a database of validdaéa that
can be used in the development and validation of CFD modelsoi&lly, the work should increase the understanding ofttoglinder
flow field under dynamic conditions and make it possible tduate to which degree the results found under steady-flowitions
represent the flow under dynamic conditions.

For the investigations a simplified scale model with a mowigjon and a transparent cylinder is used [7]. The desighehiodel
ensures that the dynamics of the in-cylinder swirling flow aimilar to the dynamics of the flow in the full-scale engirigue to
practical limitations compression and combustion areewgtl in the model. The experiments are thus carried outrusakthermal
conditions, with both the combustion gas and scavenge@iesented by ambient air at room temperature. The turbsienling flow
in the cylinder is measured using phase-locked stereas&ipiand LDA.

2. Methodology

2.1 Problem scaling

To ensure that the flow dynamics in the experimental scaleeiren@ similar to the dynamics in a full scale engine, a shoalyesis
is carried out considering the main parameters charattgrthe scavenge flow in a uniflow-scavenged engine. For thg/sis the
characteristic scavenge velocity is introducedJags= msc(ptscAcw)*l, wheremg. is the mass of scavenged gas per cyplés the
gas densityAqy; is the cross-sectional area of the cylinder, &pds the scavenge time. In the present work the scavenge tif@esre
to the time from scavenge port openitigpo to scavenge port closingpc such thatsc = tspc— tspo Using the scavenge velocity,
the flow dynamics can be characterized by the following thmee-dimensional quantities; (i) the Reynolds numBer= UscD /v,
whereD is the cylinder diameter andis the kinematic viscosity of the gas, (ii) the non-dimensicscavenge velocitys, = Usdsc/D,
and (jii) the non-dimensional scavenge tije= tsc/tcyc, Whereteyc is the period of the engine cycle. It should be noted that the
non-dimensional scavenge veloclti; is directly related to the delivery ratio as well as the ergBtrouhal number. The engine
Strouhal numbe&r = nD/Usc, wheren is the engine speed, has been shown to be an important siynjarameter when modeling
the scavenging process [1]. To ensure similarity of the flgnagnics, the three non-dimensional parameters shoultyidesidentical
for the experimental model and the full scale engine.

In the 4T50ME-X research engine the non-dimensional paemsi@reRe= 2,600000, U, = 5.2, andt{. = 0.21 [17]. The non-
dimensional scavenge velocity and time can be matched,Jsovdeie to the practical limitations it is not possible toateauch high
Reynolds numbers in the experimental model. It is, howduspyn that the mean flow becomes approximately independethieo
Reynolds number for sufficiently large Reynolds numbersthin steady-flow investigations it was shown that both themeeal
rms-velocities becomes independent of the Reynolds nufob&e > 50,000 [7]. The required scavenge velocity and scavenge time
for the experimental model, can therefore be determined fiee model diametdd and requiring that the model Reynolds number is
Re> 50,000.

2.2 Flowrig

A schematic of the experimental model is presented in Fifjard a detailed description of the experimental setup ingiv [7]. In
short, the model consist of a transparent glass cylinddr avitinternal diameter @ = 190mm. The flow enters the cylinder through
a port section placed in the bottom of the glass cylinder. ot length of the cylinder measured from the bottom of thetpto
the cylinder head is.BOD. The port section can be changed making it possible to téstelit port configurations with, for example,
different port angles and shapes and different number dépdihe port configuration used for the present investigatie shown in
Figure 1b and has 30 equally spaced ports with a port angle-oR20° and a port height of @0D. Two inlet plates are used to guide



the ambient air from the surroundings to the ports. The floitseiRe cylinder through an exhaust pipe with a diameter.50D. To
enter the exhaust pipe the flow must go around a static exkalvg with an opening corresponding to full valve lift in teagine.
From the exhaust pipe the flow enters the exhaust receivatvi$ia large cylindrical volume with a diameter 06@D and length of
6.77D. The exhaust receiver is connected to a frequency cordrobatrifugal fan by a contraction. The fan drives the flowtlgh
the model and exhausts directly into the ambient air. Boghciflinder head, the exhaust valve, and the piston surfacélar The
gap between the piston side and cylinder wall.B03D and is sealed by two custom made piston rings. The pistos anggmade in
Teflon to reduce friction and limit abrasion of the glass walie axial distance from the piston surface to the contaict jbetween the
first piston ring and the cylinder wall is@D, meaning that the effective port opening occurs slightfipteethe piston surface moves
below the top of the scavenge ports. A coordinate systenfiisedbas shown in Figure 1a with tizeaxis coincident with the cylinder
axis and the origin at the axial position corresponding &ltbttom of the ports.

The piston motion is controlled by a linear motor and a progreble servo controller. At the cycle start the piston isited with the
piston surface a/D = 1.00, it then moves ta/D = 0.00, corresponding to 100% open ports, and back'Bb= 1.00 in a sinusoidal
motion. Having returned tg/D = 1.00 the piston has a standstill period before the cycle isateyle The total cycle time tgyc=1.20s
and both the motion and standstill period %Iteyc in duration. Defining the time of port opening and closing festimes when the
piston surface is at/D = 0.40D, the port opening and closing occurtgpo= 0.14tcyc andtspc = 0.36icyc, respectively. To relate
the velocity and pressure measurements to the piston matiogger signal is sent from the servo controller at portnipg. The fan
speed is adjusted such that the Reynolds number based aratfenge velocity iRe= 50,000, which for standard ambient conditions
(20° C, 1atm) corresponds tdsc = 3.96 m/s. The non-dimensional scavenge velocity and scavengeftintee model thus become
Ud.= 5.4 andti. = 0.22, respectively. These are approximately the same as foltrecale engine and it can therefore be expected that
the flow physics in the model and the engine are similar. lukhbe noted, that when adjusting the fan speed, the scavahgety

is estimated from time resolved measurements of the prestffierence over the valve using a pressure drop coefficietgrmined
under steady-flow conditions.

The scavenge velocity based on the pressure difference ssifficiently accurate for normalization purposes. Indt¢lae bulk velocity
att/teyc = 0.25, corresponding to fully open ports, is used to normalieerésults in the remainder of the paper. The bulk velocity is
denotedv, and is estimated from the radial profile of axial velocity m@@d with PIV az/D = 1.50, and is found to b¥, = 4.70nys.
The PIV and LDA measurements are performed at five axialipositorresponding/D = {1.00, 1.50,2.00, 3.00,4.00}

2.3 Pressure measurements

The pressure in the model is measured using four wall presabs. The pressure tabs are located in the cylinder hedlde @xhaust
valve rod, and on the side of the exhaust receiv87D and 540D downstream the inlet to the exhaust receiver c.f. FigureThe
pressure is measured with pressure transducers and samiffledrate of 50kHz using a LabVIEW acquisition system. The pressure
is measured for 50 consecutive cycles and the phase-adepaggsure is calculated.

2.4 Laser Doppler anemometry (LDA)

The details of the used laser Doppler anemometry (LDA) systee given in [7]. Due to the optical distortions created iy ¢urved
glass wall, the LDA system is limited to measurements of ttiel @elocity component in a horizontal plane going throtigh cylinder
axis. The system is operated in burst mode which resultslotig measurements randomly distributed in time. In ordegstimate
the phase-averaged velocity, a temporal binning is caaigdising a window size of I@tcyc. The seeding used for the measurements
is di-ethyl-hexyl-sebacate (DEHS) droplets with diamgiarthe range A—20um generate by a Laskin nozzle.

2.5 Stereoscopic particle image velocimetry (PIV)

System:

Stereoscopic particle image velocimetry (PIV) measurdémare carried out using a commercial PIV system consistihgmcameras
and a laser. The laser is a 200mJ double cavity Nd:YAG ladee.light sheet thickness in the field of view is 2-3mm and tkerés
operated at full power for the measurements. The camera&iegray-scale CCD cameras (Dantec Dynamics HiSense Midtih
a chip size of 1344 x 1,024 pixels and a pixel pitch of.85um. The cameras are fitted with 60 mm lenses using Scheimpflumiso
and the F-number is set to 11 for both cameras. A schematied?tV setup is included in Figure 1. The laser is positioned to the
model such that the light sheet illuminates the cylindessreection. The cameras are positioned at the downstreanofsilde light
sheet with one camera on the same side as the laser (backvedter position) and one camera on the opposite side of tiedey
(forward scatter position). Due to the angular dependehttyeantensity for Mie scattering, the camera in the backlsmatter position
receives significantly less light than the camera in the &wdascatter position. This difference is accounted for layeasing the gain
level on the camera in the backward scatter position. Thex sd cameras are mounted on a traverse aligned with threleylaxis
allowing measurements to be taken at different axial pmsstusing the same camera calibration. The camera calibyatquisition,
and processing of particle images are carried out using #reda Dynamics DynamicStudio version 3.3 software. Beforayzing
the particle images, background images are subtractechzmea the image quality. The used background images arelaaid as
the temporal minimum image of their respective measurersenes. The particle images are processed using a thieexdéptive
correlation algorithm with a final interrogation area sif8®x 32 pixels and 50% overlap. Spurious vectors are detected adical
median criterion and replaced by interpolation.

To obtain phase-locked measurements, the timing of the ks® cameras is controlled by the trigger signal sent froenstrvo-
controller. By specifying a trigger delay in the softwarteisipossible to measure at arbitrary times during the cyileasurements
are performed at 15 different times during the cycle. Thesueament times are presented in Table 1 together with thesmonding
piston positions, and port opening ratios.



Table 1: Measurement times for the PIV measurements together hétledrresponding piston position and port opening ratios.

t/teyc z/D Portopening t/teyc 2z/D Portopening
0.00 100 - 034 030 25% open
0.10 065 - 040 065 -
0.16 030 25% open ®0 100 -
0.18 020 50% open ®0 100 -
0.20 010 75% open oo 100 -
0.25 000 100% open @0 100 -
0.30 010 75% open ®0 100 -

0.32 020 50% open
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Figure 2 : Phase-averaged mean velocity fielddD = 1.00 andt /tcyc = 0.30. The in-plane velocitieg andVg are shown by vectors
and the axial velocitie¥;/V}, are shown by color. Every second vector in each directiohas/s.

Post processing:

For each measurement point, corresponding to a given tirdeagial position, the three-component instantaneous itgléield v;,
i=1,2,3 is recorded for 100 consecutive cycles. The ensemble geveniad standard deviation, corresponding to the phasegeer
mean velocity field/j and the phase-averaged rms-fidlghs, are calculated for each measurements series based orOtbarfhifles. An
example of the phase-averaged velocity field is shown inrgiguThe field of view covers an approximately rectangulgiom@with the
left corners close to the cylinder wall. The phase-averagean and rms-velocity fields are observed to be approxignaxetymmetric.
It is therefore convenient to represent them using a cyiiaticoordinate system with coordinates, z and corresponding velocity
component$/, Vp, Vz. The mean and rms-velocity fields are converted to radidilpsoby averaging in th@-direction which in
practice is done by performing a radial binning (see [7] fetails).

Due to the inevitable inaccuracies of the experimentalpsettie swirl center of the phase-averaged mean field will imega not
coincide exactly with the cylinder center. This phenomeisanost pronounced for measurements taken shortly aftgrdttepening,
where the flow is subjected to large changes without havieg Iséabilized by a strong swirl as later in the cycle. To antéor the
difference between the swirl center and geometrical cethterradial profiles in the range’D = 0.00-030 are generated using the

swirl center as the coordinate system origin, while the f@sfn the range/D = 0.30-Q50 are generated using the geometrical center
as origin.

Profile accuracy:
The accuracy of the radial velocity profiles obtained fromRtV measurements are evaluated both by comparing profilesrepeated
measurement series as well as comparing the PIV profilesrefithence profiles measured with LDA.

Repeated measurements are carried out at the axial pogifibe- 1.00 fort/teyc = 0.25 andt /teyc = 0.30. The comparison of the
profiles is presented in Figure 3 and shows a high repedtafditie mean discrepancy between the profiles is found to bef% It

is noted that the largest uncertainties are observed fadia¢ velocity component near the center and close to the ®@ak reason for
this, is that the statistical basis near the center and wailinaller than at the mid-radius region, due to the radialib@ It is further
noted, that the agreement of the profiles/éd,c = 0.30 is higher than at/tcyc = 0.25, and indicates that the increase in swirl strength
has stabilized the flow making the measurements more rdpeata

The axial velocity profiles obtained by PIV can be comparetthéoL DA measurements. In this case a comparison can be madk fo
axial positions and for all cycle times. Examples of the carigon are shown in Figure 4 for the timgyc = 0.25 andt /tcyc = 0.30.
The comparison shows a good agreement between the PIV angtdiides with a mean discrepancy of 6 %\gf. It should however
be noted, that the profiles are not directly comparable, &g éne generated in different ways. The main differenceas ttie LDA
profiles are measured at the horizontal plane going thromgitylinder center. This means that the LDA profiles in geneiianot
go exactly through the mean swirl center which is ensuredh®iPIV profiles due to the post-processing. Discrepan@ésden the
profiles are therefore not entirely due to uncertaintieh@rheasurements, but also the consequence of comparingfterert types
of profiles.
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Figure 5: Phase-averaged presséras a function of time measured at the cylinder headnd at the exhaust receiver outiat

3. Results

3.1 Pressure

The phase-averaged pressure at the cylinder Fegaahd at the exhaust receiver outRt are presented in Figure 5. At scavenge
port opening a rapid increase is observed at both locatiditge pressure at the cylinder head continues to increas@ingaan
approximately constant value #fttcyc = 0.23. During the scavenging fast oscillations are observettiéncylinder pressure with a
frequency off = c¢/(4L), wherec is the speed of sound amhds the cylinder length. This is the fundamental frequenayafaylinder

with one end open and one end closed [21]. This shows thatdttenb end of the cylinder acts as an open end when the ports are
uncovered while the top end acts as closed even though tlaeisixvalve is open. This behavior is consistent with og@iltes observed

in measurements and simulations of a full-scale fired endine

After the initial increase following the port opening theepsure at the exhaust receiver ouBgtis reduced again, reaching an ap-
proximately constant value &f/ (%pvbz) =42 att /tcyc = 0.23. At scavenge port closing (SPC) both pressures show @ reghiiction
resulting in a new series of large oscillations. The ostviltes after port closure are significantly slower than theytinder oscillations
observed under scavenging and are expected to be the réesull@mholtz resonator phenomenon where the cylinder ahduest
receiver volumes acts as springs and the exhaust pipe valote@s a mass. The oscillations are quickly damped out amutéissure
becomes approximately constant Atyc = 0.60.

3.2 Flow rate

The phase-averaged flow ra@ through the cylinder during the period with piston motitytdyc = 0.00-Q50) is shown in Figure 6.
The flow rate is estimated by integrating the radial profileaxal velocity obtained from the PIV and LDA measuremeritg/® =
1.50. The flow rate estimated from the pressure difference theeexhaust valve is also included. It is expected that thwe rftde
estimated from the PIV profiles is the most accurate, howtheestimates based on the LDA and pressure measuremerisiare
resolved and therefore give a more complete descriptioheoflow development. In general good agreement is obsentacér the
PIV and LDA estimates, while the estimates based on the yreskfference over the exhaust valve shows a lag after pemiog and
a lower maximum flow rate. The larger uncertainties on thieneges based on the pressure difference compared to therlV2A
estimates are expected, as the used pressure drop coéffieienbtained under steady-flow conditions.

From the cycle start to the scavenge port opening, the flogvisahegative due to the downward motion of the piston c.furads.
After port opening the flow direction changes and the flow iateeases to an approximately constant value shortly bef@ piston
reachesz/D = 0.00. The flow rate remains approximately constant until thespare almost completely covered, at which point it
shows a rapid decrease. The relatively slow change in flasvatport opening compared to port closing, is the result ad thertia.

At the time of port opening the air is being pulled into theigier through the exhaust valve by the piston motion. The Hoection
therefore has to change before the scavenging can commehisds different to the process in a fired engine, where tiseigaeing
blown out of the cylinder before port opening due to the higleylinder pressure created by the combustion.

3.3 Phase-averaged velocity profiles

The radial profiles of phase-averaged tangeMgadnd axial velocityV, are presented in Figure 7 and 8 for different times during the
cycle. To aid the interpretation of the results, the profées plotted in the model geometry, where also the pistortipnss shown.
The axial profiles are mirrored in the cylinder axis and theyeantial profiles are mirrored both in the cylinder axis dmeldatum lines.

Considering first the development of the tangential vejyo@tigure 7—8top row) the following is noted. At the cycle starttcyc = 0.00

a pre-swirl or residual swirl exist and the swirl strengtajgproximately the same for the different axial positionise profiles consist
of a central region where the velocity increases with rapgaition, an annular region where the velocity is approxatyaconstant
or slightly decreasing as a function of radial position, artthin wall boundary layer where the velocity shows a rapicrelese. For
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t /tcyc = 0.10 andt /tcyc = 0.16 the profiles show no or limited effect of the downward miotad the piston and the port opening. At
t/tcyc = 0.18 an increase in the tangential velocity near the wall ieplesi for thez/D = 1.00 profile showing that the scavenge air has
now penetrated to this axial position. Bftcyc = 0.20 the tangential velocity a/D = 1.00 is significantly increased and the position
of the maximum velocity has moved closer to the wall and is@gmately atr /D = 0.30. The introduction of swirl can now also
be observed at the/D = 1.50 profile. Att/tcyc = 0.25, corresponding to fully open ports, the maximum tangénglocity is further
increased and the profile shape becomes complex with tworee&mum positions. The profiles @atD = 1.50 andz/D = 2.0 are
also significantly affected showing approximately solidi{ootation in the central region with maximum velocitiesapproximately
r/D = 0.30. Att/tcyc = 0.30, corresponding to 25% closed ports, the tangential prafid/D = 1.00 has the maximum velocity close
to the center axis with the highest observed tangentialcityléor the entire cycle. The profile shape corresponds torecentrated
vortex [18] and is similar to the profiles found in the stedldyv case [7]. The radial profile now consists of a small cémégion with

a high gradient and an approximately solid body rotatiod,amannular region where the velocity decreases as a faraftithe radial
position. The tangential profiles near the cylinder heade Imat obtained this profile shape and still have the maximeliwcity close to
the wall. Att /tcyc = 0.32 the ports are 50% closed and the maximum swirl velocitgdsiced at the first two axial positions while it is
slightly increased at the downstream positions. The swifiles show non-monotonic behavior near the cylinder wadllt /tcyc = 0.34
the ports are 75% closed and the tangential profile/@t= 1.00 have become highly complex with multiple local maximuriues.
The profiles forz/D = 1.50 andz/D = 2.00 are less affected and shows a small reduction in maximurhve@hocity while the profiles
for z/D = 3.00 and 400 show a small increase. The swirl velocity for #i® = 4.00 position is approximately constant except very
close to the center and the wall. Bftcyc = 0.40 the scavenge ports have closed and a large change intygloaiiles are observed
for the first three positions. They become similar to the deiveam profiles where the central region has an approxiynstdid body
rotation and the annular region has approximately constlatity. Att/tcyc = 0.50 the piston has returned gD = 1.00, the profiles
atz/D = 1.50 and 200 show approximately solid body rotation over the majooityhe cross section with only a thin boundary layer
on the wall. In the remaining standstill peridgt¢yc = 0.60-100), the profiles in general become more similar for the chffie axial
positions, showing a rapid increase from the center foltbiwgan annular region with approximately constant velocity

Inspecting the radial profiles of axial velocity (Figure 7H®ttom row it is seen that at the cycle stdrttcyc = 0.00 negative axial
velocities exist near the cylinder axis for all axial pasits. It is expected that the non-zero axial velocities avsed by the residual
swirl. Att/tcyc = 0.10 negative velocities are observed over the entire crasmador all axial positions showing that the air is pulled
down by the piston. At/tcyc = 0.16 the flow direction has changed and positive axial velesitire observed for all axial positions.
The profile atz/D = 1.00 has a small peak near the wall showing that air is blowntimtccylinder in an annular region close to the
liner. The profiles foz/D = 1.50 and 200 are approximately constant while the two last profilesssageak near the cylinder axis.
The peak is expected to be caused by a suction effect alormyinecenter and a similar effect was observed for the stdbmly case

[7].

At t /tcyc = 0.18 the general trend is unchanged but the magnitude of tieities has increased. The shape of the first axial profile is
wake-like with a wide deficit. At/tcyc= 0.20 the wake-like shape becomes more pronounced with higfednelocities and a more
narrow deficit. The profile at/D = 1.50 now also shows a wake-like profile with a wide deficit.tAtyc = 0.25 all profiles except the
z/D = 4.00 profile have attained wake-like shapes. The profiles ¢totee ports are characterized by a more narrow deficit arftehig
maximum velocities. The axial profile atD = 4.00 is approximately constant. Attcyc = 0.30 the axial deficit at the two first axial
positions have increased resulting in negative axial viéésmnear the cylinder axis. This shows that a central snitliced recirculation
zone has been created, which is also known as a vortex breakdert /tcyc = 0.32-034, the deficit becomes more narrow and the
central recirculation disappears. The last axial profietaw also attained a wake-like shape t Ay = 0.40 the ports are closed and
a significant change in the axial velocity profiles are obseénf he profiles still have a wake-like shape but the maximelooities are
significantly reduced, the deficit has become significanttjew and negative centerline velocities are observedIfaxal positions.
For the remaining times during the standstill perigtdyc = 0.50-100, the centerline velocity is observed to change betwesitiy®
and negative values. This phenomenon seem to be complexoaretise results in positive centerline velocities at onalgosition
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Figure 7 : Radial profiles of phase-averaged velocity for differémiets during the cycle.t¢p row) Tangential velocityg /V, (bottom
row) axial velocityV;/Vp,. The figure is continued on Figure 8.
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Figure 8: See facing page for caption
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Figure 9 : Comparison of radial velocity profiles for the steady-flaase [7] and the dynamic caset#tyc = 0.30 for axial positions
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Figure 10 : Normalized angular momentum as a function of time for défe axial positions. Theolid line shows fit with exponential
decay

and negative centerline velocities at the next positionferg /tcyc = 0.60 atz/D = 3.00 andz/D = 4.00. Animations of time resolved
LDA profiles indicate that the changing centerline vel@stare the result of large swirl induced coherent structm@sng around in
the cylinder.

3.4 Comparison of dynamic and steady-flow case

In the previous section it was shown that Atyc = 0.30 the tangential velocity profiles in the bottom of the cgién have a shape
similar to the profiles under steady-flow conditions. To Btigate to which degree the flow under steady-flow conditiepsesents

the flow under dynamic conditions a comparison is carriecbetiveen the steady-flow profiles and the dynamic profiles.idarg 9

the comparison is shown for the axial positiany$ = 1.00 andz/D = 2.00 using the dynamic profiles fromytcyc = 0.30. For

z/D =1.00 it is observed that there is a good agreement betweeneéeystlow and dynamic profiles, with the best agreement seen
for the tangential velocity profiles. However, the diffecer between the profiles increase as a function of axialiposithich can

be seen from Figure 9b. The tangential velocity for the stdbmv case shows a higher gradient near the center and hagimuom
velocity approximately B times higher than the dynamic profile. It can thus be coredutiat the profiles measured under steady-flow
conditions in general will not be representative for the flovder dynamic conditions.

3.5 Angular momentum
The generation and decay of swirl in the cylinder is invested by calculating the angular momentum from the radiafilpsoof
tangential velocity at the different axial positions. Thgalar momentum per unit length is given by

D/2
M(zt) = pVgrdA:ZT[/O PVo(r)r r dr )

yl

The angular momentum for the five axial positions are preskas a function of time in Figure 10. In the figure the angulam@ntum
is normalized using the cylinder radius and the axial monnmandatt /tcyc = 0.25 which is given byG = pAcyVy,. After scavenge port
opening a general increase in angular momentum is obseiWied.axial positions closest to the scavenge ports show tiredse
first and also show the highest levels of angular momentunomFscavenge port closing until scavenge port opening thelang



momentum shows a monotonic decreasing trend and a reduntithe the axial variation. Turbulent swirling flows in pipase
known to show an exponential decay [10, 11]. The decay rateeo$wirl is estimated by fitting an exponential function leé form

I (t) =Toexp(—At/teyc), Wherel is the decay rate, to the angular momentum from port closimgtt opening. The decay rate is found
to beA = 0.53 corresponding to a reduction of 34% from scavenge posirgoto scavenge port opening. For engines it is reported
that typically 25—-33% of the initial swirl is lost at TDC [5]hich agrees well with the model result.

4, Conclusions

The turbulent swirling flow in a dynamic scale model of a latg®-stroke low-speed uniflow-scavenged marine Dieselrengs
investigated experimentally. The flow is characterizechgiphase-locked stereoscopic particle image velocimé&ty)(and laser
Doppler anemometry (LDA). Radial velocity profiles are geted from the PIV data and the accuracy of the profiles arkei@ed
through repeated measurements and comparison with LDANEte conclusions of the work are as listed below

e A database of experimental results suitable for CFD vabdapurposes is established. The experimental velocitfilpsoare
shown to have an uncertainty corresponding to approximat® of the bulk velocity at fully open ports.

e The temporal development of the in-cylinder flow is shownedighly complex. In the period where the ports are closesl, th
tangential velocity profiles are characterized by a cemégion with approximately solid body rotation and an annuégion
with approximately constant velocity. In the same peri¢, &xial velocity profiles show non-zero velocities indicgtthat
large unsteady swirl induced flow structures exist.

e Comparison of profiles obtained under steady-flow and dyoamonditions, shows that results obtained under steady-flow
conditions in general will not be representative for the flowhe dynamic model.

e The swirl strength is investigated by computing the angoiamentum from the tangential velocity profiles. The swirésgth
shows an exponential decay from scavenge port closing t@esga port opening corresponding to a reduction of 34 %.
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