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Abstract A simplified model of a low speed large two-

stroke marine diesel engine cylinder is developed. The

effect of piston position on the in-cylinder swirling flow

during the scavenging process is studied using the stereo-

scopic particle image velocimetry technique. The mea-

surements are conducted at different cross-sectional planes

along the cylinder length and at piston positions covering

the air intake port by 0, 25, 50 and 75 %. When the intake

port is fully open, the tangential velocity profile is similar

to a Burgers vortex, whereas the axial velocity has a wake-

like profile. Due to internal wall friction, the swirl decays

downstream, and the size of the vortex core increases. For

increasing port closures, the tangential velocity profile

changes from a Burgers vortex to a forced vortex, and the

axial velocity changes correspondingly from a wake-like

profile to a jet-like profile. For piston position with 75 %

intake port closure, the jet-like axial velocity profile at a

cross-sectional plane close to the intake port changes

back to a wake-like profile at the adjacent downstream

cross-sectional plane. This is characteristic of a vortex

breakdown. The non-dimensional velocity profiles show no

significant variation with the variation in Reynolds number.

Keywords Swirl � Scavenging � Two-stroke engine � PIV

1 Introduction

Low-speed engines (LSE) are large, two-stroke marine diesel

engines that use air swirling inside the engine cylinder for

scavenging. The air intake ports are located near the bottom-

dead-center (BDC). The exhaust port is located in the cyl-

inder head. An exhaust valve is used to open and close the

exhaust port, whereas the intake ports are controlled by

piston motion. The fresh air enters the cylinder near the

bottom-dead-center and flows upward and removes the

exhaust gases though the exhaust port at the cylinder head.

Since the scavenging air flows from the bottom to the top of

the cylinder, this type of scavenging is called uniflow scav-

enging. Uniflow scavenging accounts for higher engine

thermal efficiency due to better air/gas exchange [1].

Efficient scavenging improves the combustion efficiency of

the two-stroke diesel engines [2]. The scavenging ports,

depending on different designs, are at an angle of 15�–25�

with the cylinder radius to impart tangential velocity pro-

ducing a swirling air column [3]. The resulting in-cylinder

confined swirling flow removes the exhaust gases from the

cylinder, provides fresh air charge for the next cycle, and

introduces swirl to enhance mixing of injected fuel and its

consequent combustion. Moreover, it also increases cooling

of the cylinder liner, and in case of a non-axisymmetric swirl,

can result in an uneven temperature distribution at the walls.

Thus investigation and optimization of the scavenging pro-

cess is a key parameter for the performance and development

of fuel-efficient and low-emission marine engines.
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Experimental results available in the scientific literature,

focused on studying the uniflow scavenging process in

large low-speed marine diesel engines, are very few com-

pared with scavenging in other (smaller and high-speed)

two-stroke diesel engines. Previous studies include the

experiments by Nishimoto and Takeyuki [4], who obtained

the shape of the front surface of the scavenging air using

thermocouple in a uniflow model engine. The model engine

used hot air for scavenging the cylinder filled with air at

room temperature. It was observed that with the increase in

the engine RPM (rotations per minute) and port angle, the

scavenging air front surface profile changes from jet-like to

a wake-like profile analogous to vortex breakdown in an

axial flow vortex chamber.

A method was also proposed to obtain a flat profile

front surface at an arbitrary Reynolds number for maxi-

mum scavenging efficiency. A laser Doppler velocimetry

(LDV) experiment was conducted on a model test engine

by Dedeoglu [5]. The experiments used a single liquid and

cylinder liner with different intake port configurations.

The results show that the in-cylinder flow consists of a

rotational flow in the cylinder axis region and a potential

flow in the near wall region. Nakagawa et al. [2] used two-

component LDV measurements on a model of a large,

low-speed engine with a large-bore acrylic cylinder, and

with air as the working fluid. The tangential velocity

profile for the piston at TDC was found to depend on the

scavenging port angle. Larger port angles resulted in a

larger axial velocity drop in the central region of the

cylinder, thus occasionally resulting in a reverse flow.

Litke [3] studied the influence of the scavenging port

angles on the scavenging efficiency by using liquids in a

1:4 scaled engine model. It was observed that the highest

scavenging efficiency is obtained with an inlet scavenging

port angle of approximately 20�. The results also indicated

a better performance of scavenging ports with a combi-

nation of different angles compared to the ports with

uniform angles.

The large physical size and high in-cylinder pressure for

LSE makes experimental investigations in the engine very

expensive to conduct, and also present difficult optical

access. The scavenging process is unsteady and complex in

nature, thus making statistics difficult. In terms of the

variation in the geometry of the flow domain, the piston is

in continuous motion during the scavenging process, thus

changing the cylinder length and also the effective shape of

air intake ports. Such complex inlet flow conditions make it

difficult to distinguish between inlet effects and swirling-

flow effects. Regarding the flow physics, mixing and

stratification of exhaust gases with a fresh air charge occurs

while the in-cylinder mass flow rate changes between

opening and closing of the scavenging ports. This simul-

taneous variation in flow domain and flow physics

consequently affects the in-cylinder swirl characteristics

and the type of the vortex generated by the swirl.

Considering the complex nature of the real engine

scavenging process, a detailed understanding of the

in-cylinder scavenging process requires isolation and con-

sequent study of each flow phenomenon in a simplified

form. The complex physics can then be better analyzed by

gradually adding complexity. The focus in this study is to

characterize the in-cylinder confined swirling flow at dif-

ferent piston positions during the scavenging process. In

order to simplify the problem, an experimental down-scale

and simplified model of the engine cylinder is developed

which is analogous to a straight cylinder connected to a

swirl generator but having features like a movable piston,

cylinder head, and guide vanes to divert the flow entering

the cylinder at a desired angle, etc. In the present study, the

cylinder exhaust port is fully open and the exhaust valve is

removed. The experimental results will provide a detailed

understanding of large two-stroke LSE and fundamental

studies in turbulent confined swirling flows.

In the present experiment, air at atmospheric conditions

is used as the working fluid and the cylinder length is fixed

at 4D; i.e., equal to stroke-to-bore ratio for LSE, and where

D is the diameter of the cylinder. Stereoscopic particle

image velocimetry (PIV) measurements are carried out to

study the in-cylinder confined swirling flow. The study

does not include the effects of mixing and stratification.

The measurements are conducted at four fixed piston

positions in translational direction, where the piston par-

tially covers intake ports by 0 (fully open ports), 25, 50 and

75 %. PIV data acquisition is performed by keeping the

piston at any aforementioned fixed position and then taking

measurements at different cross-sectional planes along the

length of the cylinder. The piston is then moved to the next

position and the procedure is repeated. Conducting mea-

surements at fixed piston positions will give snapshots of

the in-cylinder flow characteristics without transient effects

induced by the continuous piston motion. This makes the

results of the current study very useful for computational

studies. In order to study the effect of variation in Reynolds

number on the in-cylinder swirling flow, for each given

piston position, the measurements are conducted at two

different flow Reynolds numbers: Re ¼ vbD=m ¼ 65; 000

and 32,500, where vb denotes the bulk axial velocity in the

cylinder, and m the fluid viscosity.

2 Experimental set-up

An overview of the experimental set-up is shown in Fig. 1.

The scavenging flow test rig is connected with a fan with

speed controller and an orifice meter to measure the

volumetric flow rate through the set-up.
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2.1 Cylinder

A transparent acrylic cylinder (produced using a casting

process to give good optical properties) is used. The

internal diameter (D) of the cylinder is 190 mm, and the

total length L of the cylinder is 760 mm. One end of

the cylinder enters into the inlet section, and at the other

end an outlet section is inserted.

2.2 Inlet section

The inlet section (Fig. 1) consists of two transparent ring-

shaped acrylic plates with an outer diameter of 600 mm. The

plates are fitted in parallel by mounting 60 guide vanes in

between them, thus serving as walls bounding the flow. The

distance (h) between the internal walls of the plates/height of

individual blade is h = 100 mm. A screen with 51 % open-

area ratio is glued around the outer periphery of the inlet

section to obtain a uniform velocity profile at the inlet, cf.

Fig. 1. A bell-mouth shape contraction section (Fig. 1), is

mounted internally at the inner periphery of the inlet section.

The contraction reduced the width of the channel from

100 mm at the inlet to 40 mm at the inlet of the cylinder.

An overview of the individual guide vane construction is

shown in Fig. 2. Each guide vane has a thickness of 1 mm

and a width of 26.16 mm (when flat). The guide vanes are

then deformed into an arc shape with details given in Fig. 2.

Each individual guide vane is fitted inside the inlet

section in a way that one end is aligned in radial direction

with the flow entering through the inlet. The other end

follows the curved geometry of the guide vane. Thus the

flow from inlet enters the guide vane in the radial direction

and diverts at an angle of ablade ¼ 35� with the radial

direction. The guide vanes are mounted at a large radial

distance (rb ¼ 250 mm) from the geometric center of the

cylinder and close to the inlet (Fig. 1). This will allow

some time for the flow to settle after the vanes, thereby

minimizing the wake effects behinds the guide vanes.

Further, before entering the cylinder, the flow enters the

contraction section, which will accelerate the flow and

reduce the velocity fluctuations. The acrylic cylinder is

entered into the inlet section from one side, and from the

other side a transparent piston is mounted. The piston can

slide inside the cylinder, and thus partially or fully close

the cylinder inlet section, similar to the way that in real

engines the reciprocating piston uncovers and covers the

scavenging ports. However, the outer diameter of the pis-

ton is larger (by the wall thickness) than the cylinder inner

diameter. This limits the displacements of the piston to a

position where it fully covers the cylinder intake port. The

current work is focused on studying the in-cylinder swirl-

ing flow when the piston is at the BDC (the inlet to the

Fig. 1 Schematics of the experimental set-up. The ports are here

closed 50 % by the piston. The blades are located at rb ¼ 250 mm

with a length h ¼ 100 mm. The cylinder has a length (L) to diameter

(D) ratio of 4. The numbers 1, 2, and 3 mark the measurement

positions for the PIV system

Fig. 2 Illustration of the guide vane blade geometry
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cylinder is fully open) and piston positions where it covers

the intake port by 25, 50 and 75 %.

2.3 Outlet section

The outlet section consists of a smaller internal diameter

pipe (d ¼ 110 mm) and length (l ¼ 1415 mm). The large

length of the pipe will minimize any effect on the nature of

the swirling flow inside the cylinder due to bending in the

connecting pipes to the orifice plate and fan. The shape of

the outlet provides a flat-bottom head to the cylinder. The

outlet section can slide inside the cylinder and facilitates

experiments at a desired effective length of the cylinder,

which in this study is kept fixed at 4D.

3 Stereoscopic PIV setup

An overview of the stereoscopic particle image velocime-

try set-up is given in Fig. 3. The laser optics and the two

cameras are mounted on a large traverse system that moves

in the axial direction, i.e., along the length of the test

cylinder. The traverse is carefully aligned with the cylinder

and uses a stepping motor for accurate positioning. The

traverse system moves independently of the test rig.

3.1 Alignment and calibration

A NewWave Solo Nd:Yag pulse laser (120 mJ pulses at

wavelength 532 nm) is mounted on the traverse so that the

laser sheet is exactly perpendicular to the cylinder axis. The

approximate laser sheet thickness is 4 mm. Two Dantec

HiSense cameras with 1; 344� 1; 024 pixels and pixel size

of 6.45 lm are equipped with 60 mm focal length lenses and

green light filters. Both cameras are in Scheimpflug condi-

tion and mounted on the same traverse as the laser source.

The cameras are at one side of the laser sheet, and the cyl-

inder is placed between the two cameras (Fig. 3). The cali-

bration target is kept on a disc of same diameter as the

internal diameter of the cylinder and slides inside the test

cylinder. The calibration target is kept aligned with the laser

sheet at a given measuring cross-sectional position. Both

cameras are aligned in a way that their rectangular frames

capture the maximum area of the given cross-section within

the pipe diameter, thus avoiding measurements close to the

cylinder wall due to strong reflections of the laser light. The

calibration is performed at a single measuring position.

Dantec DynamicStudio software is used for PIV measure-

ments and data processing. Calibration is performed using

the 3rd order xyz-polynomial imaging model which is

capable of handling distortion caused by the lens or curved

windows [6]. In order to account for the possible misalign-

ment of the calibration target with the laser sheet, disparity

error correction is performed. Since the relative positions of

the laser source and the two cameras are fixed, the test cyl-

inder is considered axially aligned and the same calibration

is used for all the other measuring cross-sections.

The F-number is set to 8 for the camera receiving the

forward scatter and for the camera receiving the backward

scatter, the F-number is set to 4.

Camera Position 
Configuration

Flow Direction

Fig. 3 Illustration of the

stereoscopic PIV set-up
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3.2 Seeding

The seeding generator contains a 75/25 % by volume

glycerol–water solution, and the size distribution of seed-

ing droplets is in the range of 1–3 lm. For a uniform and

adequate seeding, the particles should mix properly with

the incoming air entering the inlet section. For this purpose,

a metal frame with a diameter of 860 mm and width

150 mm is mounted around the inlet section.

A plastic pipe with a diameter of 40 mm is tied with the

internal periphery of the metal frame in a helical shape so

as to cover the whole breadth of the metal frame and,

consequently, the inlet surface. A large number of holes

(approximately 1:5 cm�2 with a diameter of 3 mm) are

drilled in the pipe wall facing the inlet of the experimental

set-up, and the two ends of the pipe are connected to the

seed generator. The radial distance of the pipe wall from

the inlet surface is sufficiently large to minimize any effect

to the incoming flow and provide a uniform seeding across

the inlet surface.

4 Data acquisition

The measurements are conducted at different cross-sectional

planes along the length of the cylinder, with their distances

measured from z ¼ 0 as reference, i.e., the piston surface

when the port is fully open (cf. Fig. 1). For every position, a

minimum of 994 PIV snapshots are taken. Data processing

and analysis of the PIV images is performed using multi-pass

‘‘Adaptive Correlation’’ algorithm in Dantec DynamicStudio

software. The initial interrogation window size is 128� 128

pixels, with two refinement steps to a final interrogation area

of size 32� 32 pixels and a 50 % overlap of the side of the

interrogation area. The time-between-pulses (TBP) was

optimized by testing several values. The largest value that

gave a low amount of outlier vectors was selected. This

was performed for each combination of measurement posi-

tion, piston position, and Reynolds number.

5 Results and discussion

In order to present the results in a comprehensive manner,

the results for the case of fully open intake port are pre-

sented and discussed first. The results for the cases with 25,

50 and 75 % partially closed intake port are then discussed

in a successive manner. The measurements are conducted

for two flow Reynolds numbers: Re ¼ vbD=m ¼ 65; 000

and 32; 500. The results are presented for Reynolds number

65,000, since no significant differences are observed

compared to Reynolds number 32,500 for a given mea-

suring plane and piston position.

A significant effort has been made to make the exper-

imental set-up rotationally symmetric. In order to assess

the uncertainties involved in the measurement process and

the repeatability of the experimental results, different

measurement sessions were conducted for a given position

and Reynolds number. These measurement sessions were

conducted on different days, dismantling and reassembling

of the PIV set-up (Fig. 3) between tests and using dif-

ferent TBP each time. The results from different mea-

surement sessions are labeled in each presented profile and

represent repeated experiments, but with different TBP for

PIV and on a reassembled PIV set-up. The profiles of the

tangential and axial velocity components include the error

bars. The error bars are based on standard error (SE) of

the mean, with upper and lower 95 % confidence limits,

and they present the uncertainty involved in a given

measurement

SE ¼ r
ffiffiffi

n
p ; ð1Þ

where r is the standard deviation of all the observations for

a given measurement, and n represents the total number of

observations.

The degree of swirl in a given swirling flow is quantified

by the non-dimensional swirl number S. The swirl number

in this experiment is measured using the relation for

the design swirl parameter given by Gupta et al. [7] and

Alekseenko et al. [8]

S � 2Fh;z

Fz;zD
; ð2Þ

where Fh;z and Fz;z denote the flux of angular and axial

momentum in the flow direction. The angular momentum is

estimated from the radial flux of angular momentum

Fh;z � Fh;r ¼ qvhvrrð2prhÞ; ð3Þ

where h denotes the height of the channel at the radius r

(Fig. 1), and

Fz;z ¼ qv2
b

p
4

D2
� �

; ð4Þ

where vr ¼ vrðrÞ is related to the bulk velocity

vb ¼ vr8rhD�2. Thus, the swirl number is

S ¼ vh

vr

D

4h
: ð5Þ

At the guide vanes (r ¼ 250 mm) the velocity ratio

vhv�1
r � tan ðabladeÞ; and hence the design swirl number is

S ¼ 0:33. In addition, preliminary laser Doppler ane-

mometry (LDA) experiments have been conducted to study

the wake behind the blades (not shown). At r ¼ 200 mm;

the measured flow angle is 26�, which results in an effec-

tive swirl number of S ¼ 0:23.
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5.1 Fully open ports

When the intake port is fully open, the in-cylinder swirling

flow results in a high velocity region at an intermediate

radial position between the cylinder wall and geometric

center cf. Fig. 4a). Here R is the radius of the cylinder. X and

Y ; shown in Fig. 4, represent the x-axis and y-axis, respec-

tively, when the origin of the coordinate system is defined as

the cylinder axis. The origin of the z axis is at the piston

surface when the port is fully open. Contour color represents

the axial velocity (out of the plane component) vz normal-

ized by bulk flow velocity vb. It can be seen that the resulting

in-cylinder swirling flow is comprised of a concentrated

vortex with a core surrounded by a high-velocity region. The

velocity magnitude in the vortex core is very low compared

to its surroundings. A low-velocity region exists at a larger

radial positions close to the cylinder wall (not shown).

Although great care has been taken to make the experimental

set-up rotationally symmetric, the recirculating vortex core

is asymmetric, i.e., the mean vortex position is not coin-

ciding with the geometric center of the cylinder.

Figure 5a shows that when the intake port is fully open,

the tangential velocity profile at z=D ¼ 0:963 is comprised

of a forced vortex region (solid body rotation) and an outer

region with very low rotation or weak vorticity. The Xv

shown in Fig. 5a represents the x-axis when the origin of

the coordinate system is shifted to the mean vortex center.

Higher velocities are observed in the radial position where

the inner forced and outer free vortices meet. The vortex

core region has low-velocity magnitude compared to other

regions of the cylinder (except near the cylinder wall, as in

the current experiment measurements near the wall have

not been taken).

The axial velocity vz has a wake-like profile (cf. Fig. 5b)

and has an overall magnitude higher than vh. This shows

that flow has low swirl intensity. The size of the vortex

core increases downstream as both the tangential and axial

velocities gradually decay downstream of the cylinder, and

the velocity peaks become less distinct (Fig. 5d, e, g, h).

The flow at z=D ¼ 0:963 has a large negative value of

the normalized mean axial vorticity (xz) in the core region

(calculated by first normalizing x, y with cylinder radius R

and u, v with bulk flow velocity vb, cf. Fig. 5c). The vor-

ticity distribution appears to have a Gaussian-like profile.

The vorticity is concentrated in a small tubular region near

the vortex center and decays rapidly outward in the radial

direction, indicating a concentrated vortex profile (cf. [9]).

Very low vorticity is observed only at large radial distances

X=R ¼ 0:5 from the vortex center.

With the decay of the swirl along the cylinder length, the

vortex core gradually loses its vorticity. The size of the

core increases, and the weak-vortical region diminishes

downstream of the cylinder (Fig. 5f, i).

At z=D ¼ 0:963, the vortex core exhibits an asymmetric

distribution of the mean turbulent kinetic energy (TKE), cf.

Fig. 4b, indicating that the flow is three-dimensional. The

largest value of TKE is observed in the vortex core region.

However, the kidney shape of the region with high variance

indicates the vortex precession superimposed on the three-

dimensional velocity variations. The region outside the

vortex core has very low turbulent kinetic energy, except

that beyond a half-cylinder radius TKE starts increasing

again towards the cylinder wall region. This is due to the

90� bend between the swirl generator outlet and the test

cylinder (Fig. 1). The flow separates at the wall while

entering the cylinder, which increases the turbulence. As

the swirl decays downstream (not shown), the overall

magnitude of the turbulent kinetic energy also decreases,

but its spatial distribution increases due to enlargement of

the vortex core and comparatively more uniform velocity

distribution.

5.2 Ports closed by 25 %

As the piston is translated to the positions partially cov-

ering the intake port, the in-cylinder flow becomes com-

paratively more chaotic. The possible reason is that the

piston constitute a bluff body with a sharp edge to the flow

entering the cylinder and the port area also reduces. This

produces increased velocity fluctuations at the inlet
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Fig. 4 Time average flow fields at z=D ¼ 0:963 with fully open ports:

a normalized velocity field (contour colors represent magnitude of

out-of-plane velocity component); b normalized turbulent kinetic

energy
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compared to when the port is fully open and affects the in-

cylinder velocity distribution.

At 25 % partially closed port (Fig. 6a, d, g), the maxi-

mum value of vh at z=D ¼ 0:963 has decreased compared to

fully open port. The profile shows a less distinct peak at the

interface of outer region and inner enlarged forced vortex

region. The size of the forced vortex region increases

downstream and at z=D ¼ 3:068, the overall vh profile

changes to a forced vortex i.e. the high vh region shifts to

near wall position and eliminating the outer free vortex

region. The overall vh magnitude decreases at all measuring

positions compared to fully open port. The vz at the near

outlet positions changes from wake-like profile to a more

uniform distribution cf. Fig. 6b, e, h. At position z=D ¼
0:963 near the inlet, the peak values of vz magnitude is

higher than its value at the open port position of the piston.

Figure 6c, f, i shows the mean axial vorticity for the

positions z=D ¼ 0:963, z=D ¼ 2:016, and z=D ¼ 3:068,

respectively. Compared to the fully open port case, the

overall vorticity magnitude is reduced. At z=D ¼ 0:963,

similar to the fully open port, the vortex core region has the

strongest vorticity. However, the maximum vorticity

magnitude in the vortex core region is less than half the

value observed in the case of fully open intake port. Due to

the increase in the size of the vortex core region, the spatial

distribution of the vorticity around the vortex center has

also increased. This indicates that the Burgers vortex pro-

file is diminished in such a way that the vorticity from

strong vortical region (vortex core) is transferred to the

surrounding weak vortical regions, and thus the vorticity of

the outer (free vortex) region increases. With the flow

downstream, the vorticity distribution tends to become

more uniform at z=D ¼ 2:016; and at z=D ¼ 3:068 a uni-

form vorticity distribution is observed, cf. Fig. 6f, i. The

fluctuations in the vorticity profile plots are due to mea-

surement noise.

At z=D ¼ 0:963 the maximum value of the turbulent

kinetic energy seems to have increased when the piston

partially closes the intake port by 25 %. The maximum

value of TKE is still observed in the vortex core region,

however the region with low value of TKE, observed in the

case of fully open port, has shrunk, thus indicating an

increase in the value of TKE from the half-cylinder radius

to the regions close to the wall (Fig. 9a).

5.3 Ports closed by 50 %

With the piston covering 50 % of the intake port, the

asymmetry in the distribution of vh at z=D ¼ 0:963

increases (cf. Fig. 7a.)
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Fig. 5 Normalized time averaged profiles with fully open ports:

a tangential velocity profile at z=D ¼ 0:963; b axial velocity profile at

z=D ¼ 0:963; c axial vorticity profile at z=D ¼ 0:963; d tangential

velocity profile at z=D ¼ 2:016; e axial velocity profile at

z=D ¼ 2:016; f axial vorticity profile at z=D ¼ 2:016; g tangential

velocity profile at z=D ¼ 3:068; h axial velocity profile at

z=D ¼ 3:068; i axial vorticity profile at z=D ¼ 3:068
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At z=D ¼ 2:016 (cf. Fig. 7d) the tangential velocity

profile becomes more symmetric and attains a forced vor-

tex-like profile. However, the vh profile seems to have a

small curvature from the mean vortex center to large radial

positions, indicating rather a tangential wall-jet-like profile

as observed by Steenbergen and Voskamp [10]. In the case

of plane jets, a wall-jet is defined as a fluid jet that is issued

tangentially to and grows on a wall [11]. Due to a velocity

discontinuity, a shear layer develops on the fluid side, and

on the wall side a boundary layer is developed [12]. For

confined swirling flows with a tangential wall-jet-like

profile, analogous to plane wall jets, a tangential velocity

jet is issued to the cylinder walls. The maximum tangential

velocity is observed at a radial distance from the curved

wall where the shear layer meets the wall boundary layer,

and minimum tangential velocity is observed in the vortex

center. A similar vh profile is observed for z=D ¼ 3:068;

but with a smaller magnitude, thus indicating decay in the

swirl (Fig. 7g).

A significant change in the axial velocity profile is

observed at the positions close to the cylinder inlet where,

compared to fully open and 25 % port closure, it has

changed to jet-like profile, i.e., the peak velocity magnitude

is at the center of the cylinder and decreases radially

towards the wall (Fig. 7b). However, there is a rapid decay

in the velocity peaks from position z=D ¼ 0:963 to z=D ¼
2:016 and again at z=D ¼ 3:068; where a uniform distri-

bution of vz is observed (cf. Fig. 7e, h).

For 50 % intake port closure, the mean axial vorticity at

z=D ¼ 0:963 is shown in Fig. 7c. The ripples in the axial

vorticity profile are due to the measurement noise. The

vorticity of the vortex core region is still stronger than

other radial positions at that cross-sectional plane, but less

pronounced compared to the vorticity at z=D ¼ 0:963 and

with 25 % port closure. The maximum value of the axial

vorticity has reduced to nearly half of the maximum value

at z=D ¼ 0:963 for 25 % intake port closure.

The mean axial vorticity distribution at z=D ¼ 2:016

and z=D ¼ 3:068 (Fig. 7f, i) respectively, is more uni-

formly distributed. This indicates that the initial strength of

the vortex core decreases along the flow downstream by

transferring vorticity to other weak vortical regions.

The turbulent kinetic energy increases further with the

increase in the partial closure of the intake port from 25 to

50 % (cf. Fig. 9b). The vortex core region now has a very

low TKE value. The maximum value of TKE is observed in

the region X=R ¼ 0:4 to 0:6. This indicates that the overall

velocity variance in the center of the jet-like axial velocity
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Fig. 6 Normalized time averaged profiles with 25 % closed ports:

a tangential velocity profile at z=D ¼ 0:963; b axial velocity profile at

z=D ¼ 0:963; c axial vorticity profile at z=D ¼ 0:963; d tangential

velocity profile at z=D ¼ 2:016; e axial velocity profile at

z=D ¼ 2:016; f axial vorticity profile at z=D ¼ 2:016; g tangential

velocity profile at z=D ¼ 3:068; h axial velocity profile at

z=D ¼ 3:068; i axial vorticity profile at z=D ¼ 3:068
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is very low. The asymmetric distribution of TKE in the

vortex core region can be understood from an asymmetric

jet-like profile of mean axial velocity component.

5.4 Ports closed by 75 %

The tangential velocity exhibits a solid body rotation

throughout the cylinder, i.e., peak vh in the entire cylinder

is shifted to the near wall positions (cf. Fig. 8a, d, g). The

overall tangent velocity magnitude decays downstream of

the flow.

At z=D ¼ 0:963 the axial velocity component vz still has

a jet-like profile (Fig. 8b). However, the profile has a sharp

peak compared to the 50 % intake port closure (Fig. 7b). A

significant change in the vz profile is observed at z=D ¼
1:489; where vz changes back from jet-like to wake-like

profile (Fig. 8e), which is characteristic of a vortex

breakdown [13]. The profile for vz remains the same, i.e.,

wake-like at all downstream positions (Fig. 8h); however,

the peak value vz is observed at large radial distance from

the vortex center, indicating an increase in the vortex core

size downstream of the flow.

When the intake port is closed by 75 % (Fig. 8c), com-

pared to the other positions of the piston, at z=D ¼ 0:963

the strong vorticity of the vortex the core region no longer

exists. Instead, the mean velocity field has nearly uniform

xz-distribution throughout the cylinder.

The increase in the value of the turbulent kinetic energy

continues with the partial closure of the intake port. For

75 %, similar to 50 %, the vortex core region has a low

value of TKE at z=D ¼ 0:963 (Fig. 9c). The distribution of

TKE in the core region is comparatively more symmetric

than at 50 %. This can be observed from the vz profile

(Fig. 8b), which is more symmetric than thevz profile at

50 % port closure (Fig. 7b).

6 Conclusion

The magnitudes of the tangential and axial velocities decay

downstream due to friction with the internal cylinder wall.

The tangential velocity profile, with a fully open port, is

similar to a Burgers vortex, i.e., an inner forced-vortex core

and free-vortex outer region. The higher velocities are

observed at some intermediate radial position between the

cylinder wall and the geometric center, where force and

free vortex regions meet. With the downstream decay

in swirl, the size of the forced vortex region increases.
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Fig. 7 Normalized time averaged profiles with 50 % closed ports:

a tangential velocity profile at z=D ¼ 0:963; b axial velocity profile at

z=D ¼ 0:963; c axial vorticity profile at z=D ¼ 0:963; d tangential

velocity profile at z=D ¼ 2:016; e axial velocity profile at

z=D ¼ 2:016; f axial vorticity profile at z=D ¼ 2:016; g tangential

velocity profile at z=D ¼ 3:068; h axial velocity profile at

z=D ¼ 3:068; i axial vorticity profile at z=D ¼ 3:068
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At piston positions partially closing the port, the tangential

velocity profile starts changing to a forced vortex, i.e.,

higher velocities are observed near the cylinder walls. This

change in the velocity profile begins from cross-sectional

positions near the cylinder outlet and moves to upstream

positions as the piston gradually closes the port. However,

in the case of piston positions with 50 % port closure, the

tangential velocity profiles resembled a wall-jet-like profile

rather than the forced vortex. For the cross-sectional

positions close to the intake port, the partial closure of the

intake port introduces asymmetry and variation in the mean

tangential velocity profile.

Fully open ports result in an axial velocity with wake-

like profile at all measuring planes. However, no reverse

flow at the vortex core has been observed. The downstream

decay in swirl is decreasing the wake effect by transferring

more mass into the wake region. As the piston starts closing

the ports, the axial velocity profile changes from wake-like

to jet-like at 50 % port closure. However, at 75 % port

closure the jet-like mean axial velocity profile at the cross-

sectional position close to the intake port changes back to

wake-like at the adjacent downstream cross-sectional

position. This is characteristic of a vortex breakdown. The

mean axial velocity profile then continues to have the wake-

like profile at the remaining downstream positions.

The mean axial vorticity of the mean velocity field has a

Gaussian-like profile when the intake port is fully open.

However, with the downstream decay of swirl as well as

the partial closure of the intake port, the vorticity confined

in the vortex core region is transmitted to the outer regions.

This results in a comparatively uniform mean axial vor-

ticity distribution throughout the cylinder for the 75 % port

closure. The turbulent kinetic energy increases with the

partial closure of the intake port. For a given cross-

sectional plane, the distribution of TKE seems to be

understood from the mean axial velocity distribution. For a

wake-like vz profile, the maximum value of TKE is

observed in the vortex core region and the minimum value

is observed in the high vz region. Similarly, for a jet-like vz

profile, the minimum value is observed in the center of the

jet and maximum value is observed in the jet skirt region.

The experimental results presented in this paper provides

insight into the nature of the in-cylinder confined swirling

flow during a uniflow scavenging process. With the piston

motion, the change in the tangential and axial velocity

profiles, both at different piston position and at different

cross-sectional planes, represent a specific type of vortex.

Studying the characteristics of the different types of vortex

structures is a key to the understanding of the real engine

scavenging process, including critical issues such as the
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Fig. 8 Normalized time averaged profiles with 75 % closed ports:

a tangential velocity profile at z=D ¼ 0:963; b axial velocity profile at

z=D ¼ 0:963; c axial vorticity profile at z=D ¼ 0:963; d tangen-

tial velocity profile at z=D ¼ 1:489; e axial velocity profile at

z=D ¼ 1:489; f axial vorticity profile at z=D ¼ 1:489; g tangential

velocity profile at z=D ¼ 3:068; h axial velocity profile at

z=D ¼ 3:068; i axial vorticity profile at z=D ¼ 3:068
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mixing of fresh charge with exhaust gases. Moreover, the

modelling of swirling flow is a challenge to standard

computational fluid dynamics (CFD) tools, and the present,

fixed-piston experiment provides an essential benchmark

for the validation of CFD tools for engine simulations.
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Fig. 9 Time average turbulent kinetic energy at z=D ¼ 0:963 for the

a 25 %, b 50 % and c 75 % closed ports
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