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Abstract It is desirable to use computational fluid

dynamics for optimization of the in-cylinder processes in

low-speed two-stroke uniflow-scavenged marine diesel

engines. However, the complex nature of the turbulent

swirling in-cylinder flow necessitates experimental data for

validation of the used turbulence models. In the present

work, the flow in a dynamic scale model of a uniflow-

scavenged cylinder is investigated experimentally. The

model has a transparent cylinder and a moving piston

driven by a linear motor. The flow is investigated using

phase-locked stereoscopic particle image velocimetry

(PIV) and time-resolved laser Doppler anemometry (LDA).

Radial profiles of the phase-locked mean and rms velocities

are computed from the velocity fields recorded with PIV,

and the accuracy of the obtained profiles is demonstrated

by comparison with reference LDA measurements. Mea-

surements are carried out at five axial positions for 15

different times during the engine cycle and show the

temporal and spatial development of the swirling in-cyl-

inder flow. The tangential velocity profiles in the bottom of

the cylinder near the end of the scavenge process are

characterized by a concentrated swirl resulting in wake-like

axial velocity profiles and the occurrence of a vortex

breakdown. After scavenge port closing, the axial velocity

profiles indicate that large transient swirl-induced struc-

tures exist in the cylinder. Comparison with profiles

obtained under steady-flow conditions shows that the

scavenge flow cannot be assumed to be quasi-steady. The

temporal development of the swirl strength is investigated

by computing the angular momentum. The swirl strength

shows an exponential decay from scavenge port closing to

scavenge port opening corresponding to a reduction of

34 %, which is in good agreement with theoretical

predictions.

1 Introduction

1.1 Background and motivation

Low-speed two-stroke uniflow-scavenged marine diesel

engines are used to power the world’s largest marine ves-

sels such as tankers and container ships. A key process for

these engines is the scavenge process (Schweitzer 1949).

The scavenging is the gas exchange process where the

combustion gas from the previous cycle is replaced by

fresh air for the next cycle. Low-speed two-stroke marine

diesel engines use the uniflow scavenging method in a

configuration with scavenge ports located in the liner near

the bottom of the cylinder and a single-centered exhaust

valve in the cylinder head. As the piston approaches the

bottom dead center (BDC), it uncovers the scavenge ports

thereby starting the scavenge process. Compressed air is

blown into the cylinder forcing the combustion gas out
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through the exhaust valve in a combined displacement and

mixing process. The scavenge ports are cut at an angle with

respect to the radial direction, typically in the range 15�–

25�, creating a swirling in-cylinder flow. The swirl

improves the scavenge process and enhances the fuel–air

mixing during the combustion phase (Heywood 1988). In

addition, the scavenge flow also provides cooling of the

combustion chamber surfaces.

To reduce emission levels, enhance engine efficiency,

and control the surface temperatures, it is desirable to use

computational fluid dynamics (CFD) simulations. How-

ever, owing to their complex nature, turbulent swirling

flows, such as the in-cylinder flow in uniflow-scavenged

engines, are difficult to predict using CFD tools (Jakirlić

et al. 2002). Experimental results are therefore needed in

order to serve as validation data and to aid the development

and selection of turbulence models. Despite the need for

experimental data on the turbulent swirling flows in uni-

flow-scavenged engines, almost no works exist in the open

literature presenting results suitable for validation pur-

poses. It is this lack of experimental data, together with the

need for increased understanding of the complex flow

dynamics, that is the main motivation of the present work.

1.2 Previous work

The swirling in-cylinder flow in uniflow-scavenged engines

has been the subject of earlier works. Investigations have

been based on both CFD (Sung and Patterson 1982; Di-

wakar 1987; Uzkan 1988; Goldsborough and Blarigan

2003; Obeidat et al. 2014; Sigurdsson et al. 2014) and

experiments (Percival 1955; Nakagawa et al. 1990; Sher

et al. 1991; Haider et al. 2013; Ingvorsen et al. 2012, 2013).

Due to the costs and limitations of experimental investi-

gations on full-scale engines, the majority of the experi-

mental work have been performed on simplified scale

models, and often under steady-flow conditions. Ingvorsen

et al. (2013) developed a simplified experimental scale

model of the MAN Diesel & Turbo 4T50ME-X research

engine (Hult and Mayer 2013), which is a production-sized

low-speed marine diesel engine. The flow in the model was

investigated under steady-flow conditions, and the exten-

sive measurements were performed using stereoscopic

particle image velocimetry (PIV) and laser Doppler ane-

mometry (LDA). For a 20� port angle, it was found that the

radial profiles of tangential velocity correspond to a con-

centrated vortex, with the highest velocities occurring near

the cylinder axis. The axial profiles have a wake-like shape

created by a velocity deficit at the axis. In the bottom of the

cylinder, a central recirculation zone exists, and near the

cylinder head, the vortex core is observed to precess around

the exhaust valve.

1.3 Present work

The present work extends the work by Ingvorsen et al.

(2013) by considering the flow in the engine model under

dynamic conditions, where the ports are opened and closed

by the piston. The main purpose of the present work is to

establish a database of reliable data that can be used in the

development and validation of CFD models. Secondly, the

work is intended to increase the understanding of the in-

cylinder flow field under dynamic conditions and demon-

strate the differences between steady-flow and dynamic

conditions.

For the investigations, a simplified scale model with a

moving piston and a transparent cylinder is used (Ingvorsen

et al. 2013). The design of the model ensures that the

dynamics of the flow are similar to the dynamics of the

flow in the full-scale engine. Due to practical limitations,

compression and combustion are neglected in the model.

The experiments are thus carried out under iso-thermal

conditions, with both the combustion gas and scavenge air

represented by ambient air at room temperature. The tur-

bulent swirling flow in the cylinder is measured using

phase-locked stereoscopic PIV and LDA.

2 Methodology

2.1 Problem simplification

In the present work, the turbulent swirling flow is investi-

gated in a dynamic model of an engine cylinder. Dynamic

model investigations are a well-established method for

studying the scavenge process (Heywood and Sher 1999).

They are based on the fundamental assumption that the

scavenge process is only weakly dependent on the com-

bustion process. It should be emphasized that it is not the

objective of the present model to create a flow field that is

identical to the flow in a full-scale fired engine. Rather, the

objective of the model is to ensure that the overall

dynamics of the turbulent swirling flow are the same as the

flow dynamics in the engine during scavenging. Further-

more, the model must allow detailed and high-accuracy

measurements to be performed. To achieve this, a series of

problem simplifications are made, of which the main are:

• The compression and combustion are neglected.

• The piston motion is limited to the bottom region of the

cylinder.

• The exhaust valve is fixed in the fully open position.

• The geometry is made rotational symmetric, and flat

surfaces are used for the piston head, cylinder cover,

and exhaust valve.
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The combustion is neglected to reduce the experimental

complexity and to allow the swirling flow to be studied in

an isolated manner. The main discrepancy arising from this

simplification is related to the fluid inertia at the time of

scavenge port opening. In the case with combustion, the

gas will blow out through the exhaust valve due to the

increased in-cylinder pressure (the blowdown process). In

contrast, the flow in the model will move into the cylinder

due to the downward motion of the piston. The difference

in fluid inertia results in a phase lag in the scavenge process

and a higher effective flow resistance in the model com-

pared to the engine. Additional effects of the missing

combustion include neglecting a contribution to the angular

momentum from the fuel injection and neglecting density

differences between the gas in the cylinder and the scav-

enge air.

The piston stroke is limited to ensure a high-quality

optical access by avoiding scratching and depositing of

seeding liquid on the transparent cylinder wall. The limited

stroke and fixed exhaust valve imply that the compression

is neglected. It is shown that compression only has a minor

effect on the scavenge process when running under mo-

tored conditions (Joenson 2011). Furthermore, the com-

bustion chamber in the real engine is approximately disk-

shaped, and the compression does therefore not result in

any significant swirl modification (Heywood 1988).

Finally, it should be noted that although the stroke is

limited to the bottom region of the cylinder, the piston

motion during the scavenge period is reproduced with a

good accuracy, both in terms of position, velocity, and

acceleration.

2.2 Problem scaling

To ensure that the flow dynamics in the experimental scale

model are similar to the dynamics in a full-scale engine, a

short analysis is carried out considering the main parame-

ters characterizing the scavenge flow in a uniflow-scav-

enged engine. For the analysis, a characteristic scavenge

velocity is introduced as Usc ¼ mscðqtscAcylÞ�1
, where msc

is the mass of scavenged gas per cycle, q is the gas density,

Acyl is the cross-sectional area of the cylinder, and tsc is the

scavenge time. In the present work, the scavenge time

refers to the time from scavenge port opening (tSPO) to

scavenge port closing (tSPC) such that tsc ¼ tSPC � tSPO.

Using the scavenge velocity, the flow dynamics can be

characterized by the following three nondimensional

quantities: (1) the Reynolds number Re ¼ UscD=m, where

D is the cylinder diameter and m is the kinematic viscosity

of the gas, (2) the nondimensional scavenge velocity

U�sc ¼ Usctsc=D, and (3) the nondimensional scavenge time

t�sc ¼ tsc=tcyc, where tcyc is the period of the engine cycle.

The nondimensional scavenge velocity U�sc is directly

related to both the delivery ratio K and the engine Strouhal

number St. The delivery ratio is given by K ¼ msc=mref ,

where mref is the mass of air necessary to fill the cylinder at

scavenge box conditions. The engine Strouhal number,

given by St ¼ nD=Usc, where n is the engine speed, is an

important similarity parameter when modeling the scav-

enge process (Blair 1996). A fourth nondimensional

parameter, the Euler number, is sometimes also used. The

Euler number Eu ¼ DP=ð1
2
qU2

scÞ is the nondimensional

scavenge pressure and expresses the effective flow resis-

tance through the cylinder. However, for the present

investigations, the Euler number is not important as it has

negligible impact on the flow dynamics and only indicates

if the required pumping power is the same for the model

and the engine.

To ensure similarity of the flow dynamics, the three

nondimensional parameters should ideally be identical for

the experimental model and the full-scale engine. The

nondimensional parameters for the 4T50ME-X research

engine are Re ¼ 2;600;000, U�sc ¼ 5:2, and t�sc ¼ 0:21

(Sigurdsson et al. 2014). It is possible to match the non-

dimensional velocity and time, but due to practical limi-

tations, it is not possible to match the large Reynolds

number. It is, however, known that the flow becomes

approximately independent of the Reynolds number for

sufficiently large Reynolds numbers. In the steady-flow

investigations, it is shown that both the mean and rms

velocities become independent of the Reynolds number for

ReJ50;000 (Ingvorsen et al. 2013). The required scavenge

velocity and scavenge time for the experimental model can

therefore be determined from the model diameter D and

requiring that the model Reynolds number is ReJ50;000.

2.3 Flow rig

A schematic of the experimental model is presented in

Fig. 1, and a detailed description of the experimental setup

is given in Ingvorsen et al. (2013). In short, the model

consist of a transparent glass cylinder with an internal

diameter of D ¼ 190 mm. The flow enters the cylinder

through a port section placed in the bottom of the glass

cylinder. The total length of the cylinder, measured from

the bottom of the ports to the cylinder head, is 5:00D. The

port section can be changed making it possible to test

different port configurations with, for example, different

port angles and shapes, and different number of ports. The

port configuration used for the present work is shown in

Fig. 1b. It has 30 equally spaced ports with port angles of

a ¼ 20� and a port height of 0:40D. Two inlet plates are

used to guide the ambient air from the surroundings to the

ports. The flow exits the cylinder through an exhaust pipe
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with a diameter of 0:50D. To enter the exhaust pipe, the

flow must go around the static exhaust valve. From the

exhaust pipe, the flow enters the exhaust receiver, which is

a large cylindrical volume with a diameter of 1:66D and

length of 6:77D. The exhaust receiver is connected to a

frequency controlled centrifugal fan by a contraction. The

fan drives the flow through the model and exhausts directly

into the ambient air. Both the cylinder head, the exhaust

valve, and the piston surface are flat. The gap between the

piston side and cylinder wall is 0:005D wide and is sealed

by two custom-made piston rings. The piston rings are

made in Teflon to reduce friction and limit abrasion of the

glass wall. The axial distance from the piston surface to the

contact point between the upper piston ring and the cyl-

inder wall is 0:03D. Therefore, the effective port opening

occurs slightly before the piston surface moves below the

top of the scavenge ports. A Cartesian coordinate system is

defined as shown in Fig. 1a. The z-axis is coincident with

the cylinder axis, and the origin is at the axial position

corresponding to the bottom of the ports. Note that also a

cylindrical coordinate system is used later in the paper,

when presenting the PIV results.

The piston motion is controlled by a linear motor

(LinMot P01-37Sx120F-HP) and a programmable servo

controller. At the cycle start, the piston is located with the

piston surface at z=D ¼ 1:00, and it then moves to

z=D ¼ 0:00, corresponding to 100 % open ports, and back

to z=D ¼ 1:00 in a sinusoidal motion. Having returned to

z=D ¼ 1:00, the piston has a standstill period before the

cycle is repeated. The standstill period is included to obtain

the correct nondimensional scavenge time t�sc without per-

forming the full stroke. Matching the nondimensional

scavenge time is important in order to give the swirl suf-

ficient time to decay before the next cycle. The total cycle

time is tcyc ¼ 1:20 s and both the motion and standstill

period are 0:50tcyc in duration. Defining the time of port

opening and port closing as the times when the piston

surface is at z=D ¼ 0:40D, the port opening and closing

occur at tSPO=tcyc ¼ 0:14 and tSPC=tcyc ¼ 0:36, respec-

tively. To relate the velocity and pressure measurements to

the piston motion, a trigger signal is sent from the servo

controller at port opening.

The piston motion is investigated by sampling the trig-

ger signal and by taking photographs of the position of the

piston near the ports. Analysis of the trigger signal shows

that the variations in the cycle period tcyc are less than

1:0 ms. To investigate the accuracy of the instantaneous

piston position, the PIV system is used to acquire images of

the piston at different port openings. Close-ups of the

images, showing the piston and a single port, are presented

in Fig. 2. The close-ups show that the instantaneous piston

position is symmetric around the bottom dead center and in

good agreement with the specified motion. The cycle-to-

cycle variations in the piston position are small, being

typically less than 0:5 mm.

The fan speed is adjusted such that the Reynolds number

is Re ¼ UscD=m ¼ 50;000, which for standard ambient

(a) (b)

Fig. 1 a Sketch of the model and optical setup. b Details of the port section geometry. Adapted from Ingvorsen et al. (2013)

t* = 0.16 t* = 0.18 t* = 0.20 t* = 0.25 t* = 0.30 t* = 0.32 t* = 0.34

Scavenge
port

Piston
surface

Fig. 2 Close-ups of the piston surface and a scavenge port at different

times t� ¼ t=tcyc acquired with the PIV system
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conditions (20 �C, 1:0 atm) corresponds to Usc ¼ 3:96 m=s.

The nondimensional scavenge velocity and scavenge time

for the model thus become U�sc ¼ 5:4 and t�sc ¼ 0:22,

respectively. These are within 5 % of the corresponding

numbers for the full-scale engine. It can therefore be

expected that the flow physics in the model and in the

engine is similar. It should be noted that when adjusting the

fan speed, the scavenge velocity is estimated from time-

resolved measurements of the pressure difference over the

valve using a pressure drop coefficient determined under

steady-flow conditions (see Sect. 2.4). The scavenge

velocity based on the pressure difference is not sufficiently

accurate for normalization purposes. Instead, the bulk

velocity at t=tcyc ¼ 0:25, corresponding to fully open ports,

is used. The bulk velocity is found to be Vb ¼ 4:70 m=s

based on the radial profile of axial velocity measured with

PIV at z=D ¼ 1:50.

For CFD simulations of the flow in the model, the fol-

lowing recommendations are given concerning the inlet and

outlet boundaries. The inlet boundary should be located

some distance upstream the entrance to the inlet plates, and a

pressure condition should be employed. At this location, the

flow can be assumed to be laminar, and at standard ambient

conditions (20 �C, 1:0 atm). The outlet boundary should be

the exhaust receiver cross section at the axial position of

pressure tab P4, see Fig. 1a. The pressure distribution over

the cross section can be assumed uniform, and the measured

phase-averaged pressure can therefore be used as the

boundary condition (cf. Ingvorsen et al. 2013).

2.4 Pressure measurements

The pressure in the model is measured using four-wall

pressure tabs. The pressure tabs are located in the cylinder

head, on the exhaust valve rod, and on the side of the

exhaust receiver 0:37D and 5:40D downstream the inlet to

the exhaust receiver (cf. Fig. 1a). The pressure is sampled

at 5:0 kHz using four pressure transducers and a LabVIEW

acquisition system. The pressure is recorded for 50 con-

secutive cycles, and the phase-averaged pressure is calcu-

lated. The statistical uncertainty on the phase-averaged

pressure is estimated to be �0:56 1
2
qV2

b , corresponding to

approximately �1 % of the pressure difference over the

model when the piston is at BDC (P4ðt=tcyc ¼ 0:25Þ).

2.5 Laser Doppler anemometry (LDA)

The details of the laser Doppler anemometry (LDA) system

are given in Ingvorsen et al. (2013). To avoid the laser

beams being deflected by the curved glass wall, the LDA

optics are oriented such that both beams are located in the

horizontal plane that intersects the cylinder axis (the x, z-

plane). The LDA system is therefore limited to measuring

the axial velocity component. The system is operated in

burst mode which results in velocity measurements ran-

domly distributed in time. In order to estimate the phase-

averaged velocity, time series corresponding to 50 cycles

are acquired for each measurement point, and a temporal

binning is carried out using a window size of

Dt=tcyc ¼ 0:001. The resulting statistical uncertainty on the

phase-averaged velocities is estimated to be 2 % of Vb. The

seeding used for the measurements is di-ethyl-hexyl-seba-

cate (DEHS) droplets with diameters in the range 0:1–

2:0 lm generate by a Laskin nozzle.

2.6 Stereoscopic particle image velocimetry (PIV)

2.6.1 PIV system

Stereoscopic particle image velocimetry (PIV) is the primary

measurement method used in the present study, and the

measurements are performed with a commercial PIV system

from Dantec Dynamics. The laser is a 200 mJ double cavity

Nd:YAG laser. The light sheet thickness in the field of view

is 2–3 mm and the laser is operated at full power for the

measurements. The cameras are 12 bit CCD cameras (Dan-

tec Dynamics HiSense Mk II) with a chip size of 1;344�
1;024 pixels and a pixel pitch of 6:45 lm. The cameras are

fitted with 60 mm lenses using Scheimpflug mounts, and the

F-number is set to 11 for both cameras. A schematic of the

PIV setup is included in Fig. 1a. The laser is positioned next

to the model, such that the light sheet illuminates the cylinder

cross section. The cameras are positioned at the downstream

side of the light sheet with one camera on the same side as the

laser (backward scatter position) and one camera on the

opposite side of the cylinder (forward scatter position). The

laser and cameras are mounted on a traverse aligned with the

cylinder axis allowing measurements to be performed at

different axial positions without recalibrating. Measure-

ments are performed at the five axial positions given by

z=D ¼ f1:00; 1:50; 2:00; 3:00; 4:00g.
The image acquisition, camera calibration, and PIV

analysis are carried out using the DynamicStudio version

3.3 software. A third-order polynomial image mapping

approach is used for the stereo viewing calibration. This

approach is chosen as it can account for the nonlinear

image distortions created by the curved glass wall. To

enhance the accuracy of the calibration, a disparity cor-

rection is performed. Before analyzing the particle images,

background images are subtracted to enhance the image

quality. The background images are obtained by calculat-

ing the minimum images (in terms of light intensity) of

their respective image series. The particle images are

processed using a three-step adaptive correlation algorithm
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with a final interrogation area size of 32� 32 pixels and

50 % overlap. Spurious vectors are detected using a local

median criterion and replaced by interpolation.

To obtain phase-locked measurements, the timing of the

laser and cameras is controlled by the trigger signal from

the servo controller. By specifying a trigger delay in the

software, it is possible to measure at arbitrary times during

the cycle. Measurements are performed at 15 different

times during the cycle. The measurement times are pre-

sented in Table 1 together with the corresponding piston

positions, and port opening ratios.

2.6.2 Post processing

For each measurement series, corresponding to a given time

and axial position, the three-component instantaneous

velocity field vi, i ¼ 1; 2; 3 is recorded for 100 consecutive

cycles. The phase-locked mean velocity field Vi and the rms

velocity field Vi;rms are obtained by computing the ensemble

average and the standard deviation of the measurement ser-

ies. An example of the phase-locked mean velocity field is

shown in Fig. 3. The field of view covers an approximately

rectangular region with the left corners close to the cylinder

wall. The phase-locked mean and rms velocity fields are

found to be approximately axisymmetric. It is therefore

convenient to represent them using a cylindrical coordinate

system with coordinates r, h, z and corresponding velocity

components Vr, Vh, Vz. The mean and rms velocity fields are

converted to radial profiles by averaging in the h-direction

which in practice is done by performing a radial binning (see

Ingvorsen et al. 2013 for details).

Due to the inevitable inaccuracies of the experimental

setup, the swirl center of the mean flow field will in general

not coincide exactly with the cylinder center. This phe-

nomenon is most pronounced for measurements taken

shortly after the port opening, where the flow is subjected

to large changes without having been stabilized by the

strong swirl present later in the cycle. To account for the

discrepancies between the mean swirl centers and geo-

metrical center, the radial profiles in the range

r=D = 0.00–0.30 are generated using the mean swirl cen-

ter as the origin for the binning, whereas the profiles in the

range r=D = 0.30–0.50 are generated using the geometri-

cal center as origin.

2.6.3 Estimation of accuracy of measured velocity profiles

The accuracy of the radial velocity profiles, obtained from

the PIV measurements, is evaluated both by comparing

profiles from repeated measurement series, and by com-

paring the PIV profiles with profiles measured with LDA.

Repeated measurements are carried out at z=D ¼ 1:00

for t=tcyc ¼ 0:25 and t=tcyc ¼ 0:30. The comparison of the

profiles is presented in Fig. 4 and shows a high repeat-

ability. The mean discrepancy between the profiles is found

to be 3 % of Vb. It is noted that the largest discrepancies are

observed for the axial velocity component near the center

and close to the wall. One reason for this is that the profiles

in these regions are based on a smaller amount of data due

to the combination of the radial binning and the rectangular

field of view. It is further noted that the agreement of the

profiles at t=tcyc ¼ 0:30 is higher than at t=tcyc ¼ 0:25 and

indicates that the increase in swirl strength has stabilized

the flow making the measurements more repeatable.

The axial velocity profiles obtained by PIV can be

compared to the LDA measurements. In this case, the

comparison is made for all axial positions and measure-

ment times. Examples of the comparison are shown in

Table 1 Measurement times for

the PIV measurements together

with the piston positions and

port opening ratios

t=tcyc z=D Port opening

0.00 1.00 –

0.10 0.65 –

0.16 0.30 25 % open

0.18 0.20 50 % open

0.20 0.10 75 % open

0.25 0.00 100 % open

0.30 0.10 75 % open

0.32 0.20 50 % open

0.34 0.30 25 % open

0.40 0.65 –

0.50 1.00 –

0.60 1.00 –

0.70 1.00 –

0.80 1.00 –

0.90 1.00 –

x / D

y 
/ D

Vz / Vb

−0.50 −0.25 0.00 0.25 0.50

−0.2

−0.1

0.0

0.1

0.2

−0.5 0.0 0.5 1.0 1.5 2.0

Fig. 3 Phase-locked mean velocity field at z=D ¼ 1:00 and

t=tcyc ¼ 0:30. The in-plane components are shown by vectors (every

second vector in each direction is shown), and the axial component

Vz=Vb is shown by color
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Fig. 5 for the times t=tcyc ¼ 0:25 and t=tcyc ¼ 0:30. The

comparison shows a good agreement between the PIV and

LDA profiles with a mean discrepancy of 6 % of Vb. It

should, however, be emphasized that this discrepancy is

not only the result of the PIV uncertainty, but also accounts

for the uncertainties in the LDA measurements.

3 Results

3.1 Pressure

The phase-averaged pressure at the cylinder head P1 and at

the exhaust receiver outlet P4 is presented in Fig. 6. At the

scavenge port opening, a rapid increase is observed at both

locations. The pressure at the cylinder head continues to

increase reaching an approximately constant value at

t=tcyc ¼ 0:23. During the scavenging, fast oscillations are

observed in the cylinder pressure. The frequency of the

oscillations is f ¼ c= 4Lð Þ, where c is the speed of sound

and L is the cylinder length. This is the fundamental fre-

quency of a cylinder with one end open and one end closed

(Young and Freedman 2004). This shows that the bottom

end of the cylinder acts as an open end when the ports are

uncovered, whereas the top end acts as closed even though

the exhaust valve is open. This behavior is consistent with

oscillations observed in measurements and simulations of a

full-scale fired engine (Sigurdsson et al. 2014).

After the initial increase following the port opening, the

pressure at the exhaust receiver outlet P4 is reduced again,

reaching an approximately constant value of P= 1
2
qV2

b

� �
¼

42 at t=tcyc ¼ 0:23. At scavenge port closing (SPC), both

pressures show a rapid reduction resulting in a new series

of large oscillations. The oscillations after port closure are

significantly slower than the in-cylinder oscillations

observed under scavenging. These slow oscillations are

expected to be the result of a Helmholtz resonator
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phenomenon, where the cylinder and exhaust receiver

volumes act as springs and the exhaust pipe volume acts as

a mass. The oscillations are quickly damped out, and the

pressure becomes approximately constant at t=tcyc ¼ 0:60.

The nondimensional pressure difference over the scav-

enge ports and exhaust valve can be estimated as DPports ¼
P1=Pref and DPvalve ¼ ðP2 � P1Þ=Pref , respectively, where

Pref ¼ 1
2
qV2

b . When the piston is at BDC, corresponding to

t=tcyc ¼ 0:25, the pressure differences are DPports ¼ �3:7

and DPvalve ¼ �45:6, showing that the valve is the main

contribution to the total pressure loss.

3.2 Flow rate

The phase-averaged flow rate Q0 through the cylinder

during the period with piston motion (t=tcyc = 0.00–0.50)

is shown in Fig. 7. The flow rate is estimated by integrating

the radial profiles of axial velocity obtained from the PIV

and LDA measurements at z=D ¼ 1:50. The flow rate

estimated from the pressure difference over the exhaust

valve is also included. It is expected that the flow rate

estimated from the PIV profiles is the most accurate;

however, the estimates based on the LDA and pressure

measurements are time-resolved, and therefore give a more

complete description of the flow development. In general,

good agreement is observed between the PIV and LDA

estimates, whereas the estimates based on the pressure

difference over the exhaust valve show a lag after port

opening and a lower maximum flow rate. The larger

uncertainties on the estimates based on the pressure dif-

ference, compared to the PIV and LDA estimates, are

expected as the used pressure drop coefficient was obtained

under steady-flow conditions.

From the cycle start to the scavenge port opening, the

flow rate is negative due to the downward motion of the

piston. After port opening, the flow direction changes and

the flow rate increases to an approximately constant value

shortly before the piston reaches z=D ¼ 0:00. The flow rate

remains approximately constant until the ports are almost

completely covered, at which point it shows a rapid

decrease. The relatively slow change in flow rate at port

opening compared to port closing is the result of the fluid

inertia. At the time of port opening, the air is being pulled

into the cylinder, through the exhaust valve, by the piston

motion. The flow direction therefore has to change before

the scavenging can commence. This is different to the

process in a fired engine, where the gas is moving out of

the cylinder before port opening due to the blowdown

process.

3.3 Phase-averaged velocity profiles

The radial profiles of phase-averaged radial Vr, tangential

Vh, and axial velocity Vz are presented in Figs. 8, 9, and 10

for different times during the cycle. To aid the interpreta-

tion of the results, the profiles are plotted in the model

geometry, where also the piston position is shown. The Vr

and Vz-profiles are mirrored in the cylinder axis, and the

Vh-profiles are mirrored in both the cylinder axis and the

datum lines. Please note that the full data set is presented in

Online Resource 1, where the profiles are plotted in both

the model geometry but also in an x; y-plot format, facili-

tating accurate reading of the profiles.

The radial velocities are in general much smaller than

the tangential and axial velocities, and they are further-

more approximately zero during the period when the ports
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are closed. The radial profiles are therefore only presented

at four selected times during the port open period (Fig. 8).

From the plots, it is seen that significant nonzero veloci-

ties only appear in the bottom half of the cylinder. At

t=tcyc ¼ 0:20 it is observed that the flow is diverging at

z=D ¼ 1:0 (positive Vr) and converging at z=D ¼ 1:5

(negative Vr), corresponding to the flow going around an

obstacle. For the later times, only the diverging profile is

pronounced, and it is observed also for the higher z=D

values. The diverging, or outward, motion of the flow is

created by a region of low axial velocity in the center of

the cylinder. As the scavenging progresses, the region

with low axial velocity gets larger due to the increased

swirl, why the flow shows the diverging behavior at

higher z=D values.

Considering the development of the tangential velocity

(Fig. 9), the following is noted. At the cycle start

(t=tcyc ¼ 0:00), a pre-swirl or residual swirl exist and the

swirl strength is approximately the same for the different

axial positions. The profiles consist of a central region

where the velocity increases with radial position, an

annular region where the velocity is approximately con-

stant or slightly decreasing, and a thin wall boundary

layer where the velocity shows a rapid decrease. For

t=tcyc ¼ 0:10 and t=tcyc ¼ 0:16, the profiles show no or

limited effect of the downward motion of the piston and

the port opening. At t=tcyc ¼ 0:18, an increase in the

tangential velocity near the wall is observed for the z=D ¼
1:00 profile, showing that the scavenge air has now

penetrated to this axial position. At t=tcyc ¼ 0:20, the

tangential velocity at z=D ¼ 1:00 is significantly increased

and the position of the maximum velocity has moved

closer to the wall and is now located at approximately

r=D ¼ 0:30. The introduction of swirl can now also be

observed at the z=D ¼ 1:50 profile. At t=tcyc ¼ 0:25,

corresponding to fully open ports, the maximum tangen-

tial velocity is further increased and the profile shape

becomes complex with three positions with local maxi-

mum velocity. The profiles at z=D ¼ 1:50 and z=D ¼ 2:0

are also significantly affected, showing approximately

solid body rotation in the central region with maximum

velocities at approximately r=D ¼ 0:30.

At t=tcyc ¼ 0:30, corresponding to 25 % closed ports, the

tangential profile at z=D ¼ 1:00 has the maximum velocity

close to the center axis, with the highest observed tangential

velocity for the entire cycle. The tangential velocity profile

now consists of a small central region with a high gradient

and an approximately solid body rotation, and an annular

region where the velocity decreases as a function of the

radial position. The profile shape is relatively smooth and

corresponds to a concentrated vortex (Steenbergen and

Voskamp 1998), which is similar to the profiles found in the

steady-flow case (Ingvorsen et al. 2013). The profiles near

the cylinder head have not attained this profile shape and

still have the maximum velocity close to the wall. At

t=tcyc ¼ 0:32, the ports are 50 % closed, and the maximum

swirl velocity is reduced at the first two axial positions,

whereas it has increased slightly at the downstream posi-

tions. The tangential velocity profiles show nonmonotonic

behavior near the cylinder wall. At t=tcyc ¼ 0:34, the ports

are 75 % closed and the tangential profile at z=D ¼ 1:00

have become highly complex with multiple local maximum

locations. The profiles for z=D ¼ 1:50 and z=D ¼ 2:00 are

less affected and show a small reduction in maximum tan-

gential velocity, while the profiles for z=D ¼ 3:00 and 4:00

show a small increase. The tangential velocity for the

z=D ¼ 4:00 position is approximately constant, except

close to the center and the wall. At t=tcyc ¼ 0:40, the

scavenge ports have closed, and a large change in velocity

profiles is observed for the first three positions. They

become similar to the downstream profiles where the central

region has an approximately solid body rotation, and the

annular region has an approximately constant velocity. At

t=tcyc ¼ 0:50, the piston has returned to z=D ¼ 1:00, and the

profiles at z=D ¼ 1:50 and 2:00 show approximately solid

body rotation over the majority of the cross section with

only a thin boundary layer on the wall. In the remaining

standstill period (t=tcyc = 0.60–1.00), the profiles in general

become more similar for the different axial positions,

showing a rapid increase from the center followed by an

annular region with approximately constant velocity.
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Fig. 8 Radial profiles of the phase-averaged radial velocity VrðrÞ for

selected times in the port open period
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Considering the radial profiles of axial velocity

(Fig. 10), it is seen that at the cycle start t=tcyc ¼ 0:00,

negative axial velocities exist near the cylinder axis for all

axial positions. It is expected that the nonzero axial

velocities are caused by the residual swirl. At t=tcyc ¼ 0:10,

negative velocities are observed over the entire cross sec-

tion for all axial positions showing that the air is pulled

down by the piston. At t=tcyc ¼ 0:16, the flow direction has

changed and positive axial velocities are observed for all

axial positions. The profile at z=D ¼ 1:00 has a small peak

near the wall showing that air is blown into the cylinder in

an annular region close to the liner. The profiles for z=D ¼
1:50 and 2:00 are approximately constant, whereas the

profiles at z=D ¼ 3:00 and 4:00 show a peak near the
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Fig. 9 Radial profiles of the phase-averaged tangential velocity Vh=Vb for the different times during the cycle
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cylinder axis. The peak is expected to be caused by a

suction effect along the swirl center. A similar effect was

observed for the steady-flow case (Ingvorsen et al. 2013).

At t=tcyc ¼ 0:18, the general trend is unchanged, but the

magnitude of the velocities has increased. The shape of the

z=D ¼ 1:00 axial profile is wake-like with a wide deficit.

At t=tcyc ¼ 0:20, the wake-like shape becomes more pro-

nounced with higher axial velocities and a more narrow

deficit. The profile at z=D ¼ 1:50 has now also developed a

wake-like shape with a wide deficit. At t=tcyc ¼ 0:25 all

profiles except the z=D ¼ 4:00 profile have attained wake-

like shapes. The profiles close to the ports are characterized
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Fig. 10 Radial profiles of the phase-averaged axial velocity Vz=Vb for the different times during the cycle
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by a more narrow deficit and higher maximum velocities.

The axial profile at z=D ¼ 4:00 is approximately constant.

At t=tcyc ¼ 0:30, the axial velocity deficit at z=D ¼ 1:00

and 1:50 has increased resulting in the formation of a

central toroidal recirculation zone (CTRZ). It is generally

accepted that the CTRZ is a form of vortex breakdown, i.e.,

an abrupt change in the structure of the vortex core, indi-

cating a transition in flow state (Benjamin 1965; Escudier

and Keller 1985; Lucca-Negro and O’Doherty 2001). For

t=tcyc ¼ 0:32–0:34, the deficit becomes more narrow and

the central recirculation zone disappears. The axial profile

at z=D ¼ 4:00 has now also attained a wake-like shape. At

t=tcyc ¼ 0:40, the ports are closed and a significant change

in the axial velocity profiles is observed. The profiles still

have a wake-like shape, but the maximum velocities are

significantly reduced, the deficit has become significantly

wider, and negative centerline velocities are observed for

all axial positions. For the remaining times during the

standstill period t=tcyc = 0.50–1.00, the centerline velocity

is observed to change between positive and negative val-

ues. The nonzero axial velocities, observed during the

piston standstill, are expected to be caused by large

coherent swirl-induced structures that are moving up and

down in the cylinder. The behavior is complex, resulting

in, for example, positive centerline velocities at one axial

position and negative centerline velocities at the next

position (cf. Fig. 10, t=tcyc ¼ 0:60 at z=D ¼ 3:00 and 4:00).

The unsteady behavior of the axial velocities is inves-

tigated further using the time-resolved LDA measurements.

In Fig. 11, time series are shown for three measurement

points, and in Online Resource 2–5, animations are pre-

sented showing the time-resolved radial profiles of the

axial velocity. In addition to the reference case, animations

are presented for cases with port angles of a ¼ 0�, 10�, and

30�. In the a ¼ 30� port angle case, the unsteady motion

during the piston standstill is more pronounced than in the

a ¼ 20� case, whereas the velocity is approximately zero

during the entire standstill period for the nonswirling case

(a ¼ 0�). This shows that the unsteady structures observed

during the standstill period is related to the in-cylinder

swirl strength. The structures may result in cycle-to-cycle

variations and affect combustion why further investigations

must be carried out to obtain a more detailed understand-

ing. Finally, the LDA measurements show that high axial

velocities Vz=Vb � 3:5 occur locally in the bottom of the

cylinder shortly before tSPC (cf. Fig. 11).

3.4 Streamlines

To visualize the flow development, a series of streamline

plots are presented in Fig. 12 together with the phase-
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averaged tangential velocity. The stream function w is

calculated from the phase-averaged axial velocity by

wðr; zÞ ¼
Zr

0

r̂Vzðr̂; zÞ dr̂ ð1Þ

As the swirl intensity in the cylinder is increased by the

incoming charge, the pressure at the centerline is reduced

due to the centrifugal forces. The low pressure at the

centerline retards the axial velocity, leading to the wake-

like shape of the profiles. At t=tcyc ¼ 0:30, the pressure at

the centerline is so low that the axial flow reverses. The

resulting central recirculation zone is clearly visualized by

the streamlines. At t=tcyc ¼ 0:32, the incoming swirl has

reached z=D � 3:0, and the recirculation zone is reduced

and has moved downstream, extending from approximately

z=D ¼ 1:5–2:0.

3.5 Phase-locked rms velocity profiles

The radial profiles of phase-locked rms velocities (Vr;rms,

Vh;rms, Vz;rms) are presented in Online Resource 1 for all

measurement times and axial positions. The general trends

in the profiles are found to be the same for the different

velocity components. Examples of the rms profiles are

presented in Fig. 13a, where the Vz;rms-profiles are shown at

four selected times during the cycle. The rms velocities at

t=tcyc ¼ 0:00 are relatively low with an approximately

uniform radial distribution. Near the axis, slightly higher

values are observed which are expected to be the result of

cycle-to-cycle variations of the instantaneous swirl center

location.

At t=tcyc ¼ 0:25, the ports are fully open and large rms

velocities are observed in the bottom of the cylinder. The

z=D ¼ 1:00 profile has a large and narrow peak at the

cylinder axis. Inspection of the instantaneous velocity

fields shows that there are three main contributions to the

variations: (1) in-plane swirl center movement, (2) in-plane

deformation of the vortex core (see e.g., Fig. 14d), and (3)

intermittent appearance of the vortex breakdown, resulting

in negative axial velocities in a small region at the swirl

center.

At t=tcyc ¼ 0:32, the profiles at the first three axial

positions also have a central peak, but a local minimum

now exists at the very center. The local minimum is caused

by a reduction of the swirl center movement, combined

with the fact that the region with negative axial velocities

has increased in size and appears at every instantaneous

velocity field. Shortly after the scavenge port closing, at

t=tcyc ¼ 0:40, large rms velocities with an approximately

uniform radial distribution are observed. This indicates that

the high axial velocities observed just before port closing

results in a strong excitation of the in-cylinder flow field,

leading to large cycle-to-cycle variations.

The mean cross-sectional rms velocity hVz;rmsi, obtained

by integrating the radial profiles, is presented as a function

of time in Fig. 13b. Two curves are presented in the figure:

one curve corresponding to the z=D ¼ 1:50 plane, and one

curve corresponding to the average of the five axial posi-

tions. The magnitude of the in-cylinder rms velocities at

the cycle start is approximately 5 % of Vb. After port

opening, the rms velocity increases until the piston reaches

bottom dead center at t=tcyc ¼ 0:25, indicating that the

introduction of fresh air leads to large variations in the flow

field. From bottom dead center to the scavenge port clos-

ing, the rms velocity decreases. It is expected that the

reduction in rms velocities is the effect of the increased

swirl strength which stabilizes the flow. At t=tcyc ¼ 0:40,

shortly after the scavenge port closing, the cycle maximum

rms velocity is observed showing that the port closing
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results in an strong excitation of the flow field. From

t=tcyc ¼ 0:40–1:00, the rms velocities show a decreasing

trend. The curve for the z=D ¼ 1:50 position show a slight

increase near the end of the cycle. The increase is expected

to be caused by a large coherent structure that moves to the

bottom of the cylinder. This is supported by the behavior of

the tangential velocity profiles in Fig. 10 that show an

increase in the gradient close to the center for the z=D ¼
1:50 position at t=tcyc ¼ 0:80.

3.6 Proper orthogonal decomposition analysis

A snapshot proper orthogonal decomposition (POD) ana-

lysis (Sirovich 1987; Meyer et al. 2007) is performed to

enhance the understanding of the flow dynamics and the

spatial coherent structures. The analysis is performed for

measurements acquired at z=D ¼ 1:00 for the times

t=tcyc ¼ f0:25; 0:30g, where larger measurement series,

consisting of n ¼ 250 samples, are available.

The data series at t=tcyc ¼ 0:30 is particularly interesting

as the vortex breakdown exists at this time during the cycle

and the field of view cuts through the recirculation zone. In

Fig. 14, the first and the third POD mode are presented. To

visualize the effects of the two modes, two additional plots

are presented, where the modes are added to the mean field

(cf. Fig. 3). At t=tcyc ¼ 0:30, the POD analysis shows that

two pairs of dominating modes exist. The first mode pair

(mode 1 and 2) constitutes 15 % of the total energy, and

the two modes are qualitatively the same except for a 90�

rotation around the cylinder axis. These modes are char-

acterized by one region with a positive z-component and

one region with a negative z-component placed symmet-

rically around the cylinder axis (Fig. 14a). In a polar

coordinate system, this corresponds to an azimuthal mode

with a period of one (k ¼ 1). By comparing Fig. 14c with

Fig. 3, it is seen that mode 1 corresponds to a displacement

of the vortex core. A superposition of mode 1 and 2 can

therefore represent an arbitrary displacement of the vortex

core. The first mode pair therefore corresponds to cycle-to-

cycle variations of the vortex core position.

The second mode pair (mode 3 and 4) constitutes 9 % of

the total energy, and the two modes are qualitatively the

same except for a 45� rotation around the cylinder axis

(Fig. 14b). These modes are characterized by two regions
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with positive z-component and two regions with negative z-

component (Fig. 14b). This corresponds to an azimuthal

mode with a period of two (k ¼ 2). Depending on the

energy of the mode at a given instance in time, the effect of

the mode can be either an in-plane deformation of the

vortex core or the formation of two separate swirl centers

(Fig. 14d). A similar behavior was observed for the mea-

surements through the vortex breakdown region in the

steady-flow rate investigations (Ingvorsen et al. 2012,

2013). It has been shown, in both experimental and

numerical studies of swirling flows, that double or triple

helical structures often exist in the vortex breakdown

region (see e.g., Ruith et al. 2003; Sørensen et al. 2009,

2011). It is therefore expected that the second mode pair

(mode 3 and 4) represents a double helical structure

existing in the vortex breakdown region.

Analysis of the data obtained at t=tcyc ¼ 0:25 shows that

a k ¼ 1 mode pair exist, however, in contrast to the results

from t=tcyc ¼ 0:30, no k ¼ 2 mode pair is found. This

indicates that the double helical structure is formed later in

the cycle, together with the vortex breakdown.

3.7 Velocity PDFs

To extend the use of the presented data for validation

purposes in a large eddy simulation (LES) context, the

probability density function (PDF) of the instantaneous

velocities is presented. The PDF is computed for the

velocity components expressed in the cylindrical coordi-

nate system. The velocity components are therefore given

by viðr; zÞ, where i ¼ 1; 2; 3 corresponds to r; h; z. How-

ever, since the experimental data are located in a Cartesian

grid, it is necessary to define the velocity at a given radial

coordinate r1 as all the observations located in a thin

annular region centered around r1, i.e., viðr1Þ ¼ viðrÞ for all

jr � r1j\Dr.

The PDFs are computed for the data obtained at z=D ¼
1:00 and t=tcyc ¼ 0:30, which is the same data that is used

for the POD analysis (Dr=D ¼ 0:01 is used). In Fig. 15, the

PDFs of the three velocity components are shown for the

radial positions r=D ¼ f0:125; 0:250; 0:375g. In Table 2,

the four main statical moments of the distributions are

presented, i.e., the mean value V , the standard deviation

Vrms, the skewness factor S, and the flatness factor (kur-

tosis) F.

It is noted that the mean velocity for the radial com-

ponent vr is approximately constant and zero, whereas the

mean velocity decreases as a function of the radial posi-

tion for the vh and vz components. For all velocity com-

ponents, the most narrow distribution (smallest Vrms) is

observed at r=D ¼ 0:250. Furthermore, it is observed that

the distributions at r=D ¼ 0:250 are nearly Gaussian, with

−2.0 −1.5 −1.0 −0.5 0.0 0.5 1.0 1.5 2.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

vr  / Vb

PD
F

(a)
r / D = 0.125
r / D = 0.250
r / D = 0.375

−0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

vθ  / V
b

PD
F

 (b)
r / D = 0.125
r / D = 0.250
r / D = 0.375

−0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

vz  / Vb

PD
F

 (c)
r / D = 0.125
r / D = 0.250
r / D = 0.375

Fig. 15 Probability density

functions of velocity at z=D ¼
1:00 and t=tcyc ¼ 0:30: PDF of

a radial velocity vr=Vb;

b tangential velocity vh=Vb;

c axial velocity vz=Vb
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a small skewness factor and a flatness factor of approxi-

mately 3:0. Closer to the wall, at r=D ¼ 0:375, all dis-

tributions show significant negative skewness, whereas the

distributions closest to the center, r=D ¼ 0:125, are

characterized by a high flatness factor.

3.8 Comparison of dynamic and steady-flow case

The tangential velocity profiles in the bottom of the

cylinder at t=tcyc ¼ 0:30 have, as mentioned in Sect. 3.3,

a shape similar to the profiles measured under steady-

flow conditions. To investigate to which degree the flow

under steady-flow conditions represents the flow under

dynamic conditions, a comparison is carried out between

the steady-flow profiles and the dynamic profiles. In

Fig. 16, the comparison is shown for the axial positions

z=D ¼ 1:00 and z=D ¼ 2:00 using the dynamic profiles

from t=tcyc ¼ 0:30. For z=D ¼ 1:00, it is observed that

there is a good agreement between the steady-flow and

dynamic profiles, with the best agreement seen between

the tangential velocity profiles. The differences between

the profiles are, however, found to increase as a function

of the axial position, which can be seen from Fig. 16b.

The tangential velocity for the steady-flow case shows a

higher gradient near the center and has a maximum

velocity approximately 1:5 times higher than the dynamic

profile. It can thus be concluded that the flow in a uni-

flow-scavenge engine cannot be assumed to be quasi-

steady, except in the bottom of the cylinder at times

when the ports are almost fully open. This conclusion

does, to some degree, contradict the findings of earlier

investigators, claiming that the scavenging characteristics

in uniflow-scavenged engines can be predicted from

steady-flow investigations (see e.g., Ohigashi et al. 1960;

Percival 1955). It is also worth noting that the well-

established Jante method, used for optimizing the scav-

enge design, is based on steady-flow investigations

(Heywood and Sher 1999).

3.9 Angular momentum

The generation and decay of swirl are investigated by

calculating the angular momentum from the radial profiles

of tangential velocity at the different axial positions. The

angular momentum per unit length is given by

Cðz; tÞ ¼
Z

Acyl

qVhr dA ¼ 2p
ZD=2

0

qVhðrÞr2 dr ð2Þ

Table 2 Statistical moments

for the velocity distributions

presented in Fig. 15

Mean V , standard deviation

Vrms, skewness factor S, and

flatness factor F

r=D i Vi=Vb Vi;rms=Vb S F

0.125 r 0.11 0.32 0.44 5.02

0.125 h 1.61 0.18 0.67 5.39

0.125 z 2.03 0.24 -0.73 6.77

0.250 r 0.06 0.14 0.15 3.17

0.250 h 1.06 0.09 -0.08 2.91

0.250 z 1.69 0.09 0.02 3.11

0.375 r 0.05 0.17 -0.32 3.08

0.375 h 0.67 0.20 -0.57 3.42

0.375 z 1.28 0.22 -0.75 3.43

0.0 0.1 0.2 0.3 0.4 0.5
−0.5

0.0

0.5

1.0

1.5

r / D

V θ
b
,

V z
b

(a)

Vθ b

Vz b

Steady
Dynamic

0.0 0.1 0.2 0.3 0.4 0.5
−0.5

0.0

0.5

1.0

1.5

r / D

V θ
b
,

V z
/V

/V
/V

/V
b

(b)

Vθ b

Vz

/V

/V

/V

/Vb

Steady
Dynamic

Fig. 16 Comparison of radial velocity profiles for the steady-flow

case (Ingvorsen et al. 2013) and the dynamic case at t=tcyc ¼ 0:30 for

axial positions a z=D ¼ 1:00; b z=D ¼ 2:00
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The angular momentum for the five axial positions is

presented as a function of time in Fig. 17. In the figure, the

angular momentum is normalized using the cylinder radius

and the axial momentum at t=tcyc ¼ 0:25 which is given by

G ¼ qAcylVb. After scavenge port opening, a general

increase in angular momentum is observed. The axial

positions closest to the scavenge ports show the increase

first and also show the highest levels of angular momen-

tum. From scavenge port closing until scavenge port

opening, the angular momentum shows a monotonic

decreasing trend and a reduction in the axial variation.

Confined turbulent swirling flows are known to show an

exponential decay (Kitoh 1991; Kreith and Sonju 1965).

The decay rate of the swirl k is estimated by fitting an

exponential function of the form CðtÞ ¼ C0 expð�kt=tcycÞ
to the angular momentum from port closing to port open-

ing. The decay rate is found to be k ¼ 0:53 corresponding

to a reduction of 34 % from scavenge port closing to

scavenge port opening.

The observed reduction in angular momentum can be

compared to simple theoretical predictions based on fric-

tion formulas developed for the flow over a flat plate

(Heywood 1988). The decay rate of angular momentum is

equal to the torque from wall friction. The torque from

friction at the cylinder wall (friction at the piston surface

and cylinder head is neglected) is given by Tf ¼ 1
2

DOcyls,

where Ocyl ¼ pD is the circumference of the cylinder and s
is the wall shear stress. The wall shear stress can be eval-

uated using the friction factor Cf and Reynolds number

Rex as given below (Heywood 1988)

s ¼ 1

2
q xsD=2ð Þ2Cf ð3Þ

Cf ¼ 0:037cRe�0:2
x ð4Þ

Rex ¼ q Dxs=2ð ÞðpDÞ=l ð5Þ

Here, c is an empirical constant accounting for the differ-

ence between the flat plate and the curved cylinder wall

(k ¼ 1:5) cf. Davis and Kent (1979), and xs ¼ C= p
32

qD4
� �

is the angular velocity of the equivalent solid body rotation.

Assuming a constant torque based on the angular

momentum at tSPC, a reduction of 35 % is predicted,

which is in excellent agreement with the present

measurements.

4 Conclusions

The turbulent swirling flow in a dynamic scale model of a

low-speed two-stroke uniflow-scavenged marine diesel

engine is investigated experimentally. The flow is charac-

terized using phase-locked stereoscopic particle image

velocimetry (PIV) and laser Doppler anemometry (LDA).

Radial velocity profiles are generated from the PIV data,

and the accuracy of the profiles is evaluated through

repeated measurements and comparison with LDA. The

main conclusions of the work are as follows:

• A database of experimental results suitable for CFD

validation purposes is established. The experimental

velocity profiles are shown to have an uncertainty

corresponding to approximately 3 % of the bulk

velocity at fully open ports.

• The temporal development of the in-cylinder flow is

shown to be complex. In the period when the ports

are closed, the tangential velocity profiles are char-

acterized by a central region with approximately solid

body rotation and an annular region with approxi-

mately constant velocity. In the same period, the

axial velocity profiles show nonzero velocities, indi-

cating that large unsteady swirl-induced flow struc-

tures exist.

• Comparison of profiles obtained under steady-flow and

dynamic conditions shows that the scavenge flow

cannot be assumed to be quasi-steady.

• The swirl strength shows an exponential decay from

scavenge port closing to scavenge port opening,

corresponding to a reduction of 34 %, which is found

to be in good agreement with theoretical predictions.
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