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Numerical Investigation of In-Cylinder Cold Flow Characteristics Using
Dynamic Mesh in a Compression Ignition Engine
!Bambhania M.P., 1Jani D.M., 2Jani D.S.

The Maharaja Sayajirao University of Baroda, Faculty of Technology and Engineering,
Mechanical Engineering Department, Vadodara, India
2Gyanmanjari Institute of Technology, Mechanical Engineering Department
Bhavnagar, India

Abstract. The main objectives of the study are to characterize the transient cold flow structures in the
cylinder of a compression ignition engine, to quantify how piston motion changes these structures
relative to a fixed geometry, and to determine the pressure and temperature histories of the motored
cycle as a baseline for subsequent combustion modeling. These objectives were achieved by building a
two-dimensional computational model of a single-cylinder production engine with a bore of 95 mm, a
stroke of 110 mm and a compression ratio of 15.5 (the effective volume ratio of the planar model is 12),
and by solving the unsteady compressible conservation equations with a pressure-based solver and the
standard k—epsilon turbulence model; piston motion was represented by a layering and spring-smoothing
moving-mesh technique, and three cases were simulated: intake with fixed geometry, intake and exhaust
with a moving piston, and motored compression and expansion. The most important results are that the
fixed-geometry intake produced a single dominant toroidal vortex, whereas the moving piston produced
one dominant clockwise vortex with two smaller counter-rotating vortices and a markedly asymmetric
flow, that the exhaust stroke left residual vortical structures in the cylinder, and that motored
compression reached a peak gauge pressure of 3.18 MPa and a peak temperature of 808.6 K near top
dead centre, accompanied by organized tumble and recirculation zones. The significance of the obtained
results lies in showing that neglecting piston motion misrepresents the in-cylinder vortex structure, and
in providing a mesh-independent motored baseline on which fuel injection, combustion and emission
models can be built.
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Rezumat. Obiectivele principale ale studiului sunt caracterizarea structurilor tranzitorii ale curgerii reci in cilindrul
unui motor cu aprindere prin comprimare, cuantificarea modului in care miscarea pistonului modificd aceste
structuri fata de cazul unei geometrii fixe si determinarea evolutiei presiunii si temperaturii in ciclul antrenat, ca
bazd pentru modelarea ulterioard a arderii. Aceste obiective au fost atinse prin elaborarea unui model
computational bidimensional al unui motor monocilindric de serie, cu alezajul de 95 mm, cursa de 110 mm si
raportul de comprimare de 15.5 (raportul efectiv al volumelor in modelul plan este de 12), precum si prin rezolvarea
ecuatiilor nestationare de conservare pentru un fluid compresibil, utilizdnd un solver bazat pe presiune si modelul
standard de turbulentd k—e. Cele mai importante rezultate constau in faptul ca admisia in cazul geometriei fixe a
generat un singur vortex toroidal dominant, in timp ce miscarea pistonului a generat un vortex dominant in sensul
acelor de ceasornic, insotit de doua vortexuri mai mici care se rotesc in sens opus, precum si o curgere pronuntat
asimetrica. De asemenea, la sfarsitul cursei de evacuare, in cilindru au ramas structuri vorticale reziduale, iar in
timpul comprimarii antrenate s-au atins, in apropierea punctului mort superior, o presiune manometrici maxima
de 3.18 MPa si o temperaturd maxima de 808.6 K. Semnificatia rezultatelor obtinute constd in demonstrarea
faptului ca neglijarea miscarii pistonului denatureaza structura vorticalad din cilindru si In furnizarea unei baze de
referintd independente de retea pentru ciclul antrenat, pe baza céreia pot fi dezvoltate ulterior modele de injectie a
combustibilului, de ardere si de formare a emisiilor.
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Cuvinte-cheie: retea mobila; stratificare; cinematica pistonului; miscare de tip tumble; vortex toroidal; ciclu
antrenat; modelarea turbulentei; diagrama presiune—volum.

YucjieHHOe UCCJIeIoBaAHNE XaPaKTEePUCTUK XO0JOAHOI0 TEUCHHUS B HUJIUH/IpE ABUTaTe/Id C
BOCILJIAMEHEHHEM OT C;KaTHsl ¢ MCI0JIb30BaHMEeM JUHAMUYECKOH CeTKH

'Baméxanus M.IL., Mxann JA.M., >xann J1.C.

Vuupepcuter Maxapamxu Casokupao B Baposie, GakyIbTeT TeXHONIOTHY ¥ MHKEHEPHH, Kadeapa
MallMHOCTpOoeHus, Banonapa, Uuaus
2TexHoNMOrnYeCKHil MHCTUTYT [ bIHMaHDKapH, Kaeapa MallMHOCTPOEHUs
bxasnarap, Unnus

Annomayus. OCHOBHBIMU LIEJIIMU MCCIIEJIOBAaHUS ABISIOTCS OMMCAaHHE HECTAL[HOHAPHBIX CTPYKTYP XOJOIHOTO
TEUYEHUS B LIWIMHJPE ABUIaTeNs C BOCIUIAMEHEHHEM OT CXKaTHs, KOJMUYECTBEHHAs OIleHKa TOTO, KaK ABMXKEHUE
MOPIIIHS U3MEHSET 3TU CTPYKTYPBI II0 CPABHEHUIO C HETIOJABHKHON T€OMETPHEH, a TAK)KE ONPENEICHUE U3MEHEHUS
JABJIEHUs M TEMIIEPATYPHI B IUKJIE MPOKPYTKU KaK OCHOBBI IS OCIEAYIONIETO MOAEIUPOBaHus ropenus. Llemn
OBUTH TOCTUTHYTHI Iy TEM ITOCTPOEHHS IBYMEPHOH Pacu€éTHON MOIEITN OJHOLIMINHAPOBOTO CEPUITHOTO IBUTATEIIS
¢ AuaMeTpoM ImHApa 95 MM, xomom mopmrHA 110 MM U crenensio cxatus 15.5 (3gekTuBHOE OTHOIICHHE
00BEMOB TIOCKOI Mozenu paBHO 12) W perIeHHs HECTAIlMOHAPHBIX YPAaBHEHUH COXPAaHEHUS AJS CXKUMAeMOM
Cpenbl ¢ IOMOIIBIO peraTesisi, OCHOBAHHOTO Ha JIaBJICHNUH, U CTaHIapTHOM MOJEIH TypOYIEHTHOCTH K—31ICHIIOH;
JBIDKEHHE OPIIHS OMMCHIBAJIOCH METOIOM MOJBIKHON CETKHU C MOCTIONHBIM JOOaBICHHEM U YAAJICHUEM S9eeK U
NPY>KHHHBIM CTJIQ)KUBAHUEM, TIPU 3TOM OBLIM PacCUMTaHbl TPH CIIydas: BIIyCK IPHU HETIOJBIKHOIM reoMeTpuH,
BITYCK M BBIITYCK C JIBHXKYILIMMCS TOPIIHEM, a TaKKe CXKaTHe U paclIMpeHHe B pexxume npokpyTtku. HanbGonee
Ba)KHBIE pE3YJIbTaThl 3aKIIOYAIOTCS B TOM, YTO IPU HEMOJBIXHOW T€OMETPHHM BIYCK (GOPMHUPYET OJIWH
JOMUHHUPYIOIIMM TOPOMAANbHBIM BUXpb, TOTJa KaK IpU JBIKYIIEMCS MOpIIHE o00pasyloTcs OAUH
JOMUHHPYIOIUH BHXpb, BPAILAIOMIMNCSA MO YacCOBOHM CTpENKe, W Ba MEHBUIMX BHUXPsS HMPOTHBOIOIOXKHOTO
BpallleHHs, a TEYEHHE CTAHOBUTCS aCUMMETPHUYHBIM; YTO K KOHI[y TAaKTa BBITYCKAa B LUIHHAPE COXPAHSIIOTCS
OCTaTOYHbBIE BUXPEBBIE CTPYKTYPBI; M UTO MPU CXKATHH B PEKHME NPOKPYTKH BOIM3HM BEpXHEH MEPTBON TOUKH
JOCTHTAIOTCS MaKCHMallbHOe M30bITouHOe maBneHme 3.18 MIla m makcumanbHas Ttemmneparypa 808.6 K,
COIIPOBOXKIAEMBIC YIOPSIIOYCHHBIM IBIDKCHHEM THIA «TaMOI» W 30HAMHM PEHUPKYJSIHUH. 3HAYMMOCTb
TIOJTyYEHHBIX PE3yJIbTaTOB COCTOUT B AEMOHCTPALMH TOTO, YTO IPEHEOPEKECHUE NBMKEHUEM MOPIIHS HCKaXKaeT
BHUXPEBYIO CTPYKTYPY TEUEHHs B LIIMHApPE, a TaKKe B MOJYYCHUH HE 3aBHUCAIIECH OT CETKH 0a30BOIl KapTHHBI
LUKJIa TPOKPYTKH, HA OCHOBE KOTOPOH MOTYT CTPOMTHCS MOJENH BIPHICKA TOIUIMBA, TOPEHUS U 00pa30BaHUS
BBIOPOCOB.

Knrwouegvie cnosa: MONBIDKHAS CETKa; IOCIOMHBIM METOHA; KMHEMAaTHKa IOPIIHS; IBIDKEHHE THIIA «TaMOIy;
TOPOHUJANIBHBIN BUXPb; UK IPOKPYTKH; MOAEIHPOBAHNE TYPOYJICHTHOCTH; JUarpaMMa J1aBIeHUEe—00BEM.

I. INTRODUCTION

The demand for higher efficiency and lower results with laser Doppler velocimetry
emissions from internal combustion engines has ~ Measurements; the model was reasonably
made a detailed understanding of in-cylinder flow ~ accurate around top dead center, but turbulence
dynamics essential. In compression ignition (Cl) ~ Was under-predicted where squish effects were
engines, the bulk air motion, the turbulence  strong. Murali Krishna and Mallikarjuna [3]
intensity and the quality of fuel-air mixing measured tumble flows in a motored single-
largely govern the combustion process [1]. These ~ cylinder engine with five piston crown shapes by
transient phenomena can be Captured particle image V6|0Cimetry and found that the
experimentally only under limited conditions, ~ crown shape strongly affects the tumble ratio and
especially in production engines without optical ~ the turbulent kinetic energy at the end of
access. Computational fluid dynamics (CFD) has ~ compression. Gnana Sagaya Raj et al. [4]

therefore become a key tool for examining in-  reproduced such measurements numerically for
cylinder processes and for supporting engine  four piston configurations, and Perini et al. [5]
design. validated full induction-stroke calculations

Several studies have addressed the in-cylinder ~ against velocity fields measured in an optical
air motion directly. Payri et al. [2] computed the ~ light-duty diesel engine. Taghavifar et al. [6]
intake and compression strokes of a four-valve ~ showed that the piston bowl geometry changes
direct-injection diesel engine and compared the the flow field and the turbulent kinetic energy
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and, consequently, the combustion and
performance characteristics.

A second group of CFD studies has
concentrated on fuel injection and spray
formation, because they strongly affect the
subsequent combustion. Nozzle flow and
cavitation in diesel injectors have been shown to
influence atomization and fuel—air contact [7], the
modeling of primary breakup has been linked to
spray and combustion behavior [8], and
numerical and experimental studies of high-
pressure diesel sprays have clarified momentum
flux and jet formation [9] as well as spray tip
penetration and radial expansion under reacting
conditions [10]. With the development of
homogeneous charge compression ignition
(HCCI), premixed charge compression ignition
(PCCI) and reactivity-controlled compression
ignition (RCCI), dual-fuel combustion with in-
cylinder fuel blending has been shown to control
combustion phasing and efficiency [11, 12], the
effects of injection timing and blending ratio on
RCCI combustion have been quantified [13], and
RCCI has been reviewed as a pathway to high-
efficiency, low-emission combustion [14]. Large
eddy simulation (LES) has improved the
prediction of spray and  combustion
characteristics under engine-like conditions [15],
although  Reynolds-averaged  Navier—Stokes
(RANS) models remain the practical choice for
engine simulations because of their lower
computational cost. Studies of hydrogen-fuelled
engines have further highlighted the role of in-
cylinder flow in combustion behavior [16].

More recent work has extended CFD to multi-
component fuels and advanced combustion
strategies, including spray combustion, soot
formation and emissions of ternary diesel—
biodiesel-gasoline mixtures [17] and the effect of
injection timing on biodiesel combustion and
emissions [18]. A recent review has emphasized
that accurate turbulence—chemistry interaction
models are required to improve the predictive
power of engine CFD [19]. Simulations of pre-
chamber ignition in a large-bore engine [20] and
of e-fuels and syngas in a spark ignition engine
[21], both validated against experiments, have
confirmed the ability of CFD to predict engine
performance and combustion.

Despite this progress, several gaps remain.
Most of the studies cited above either concentrate
on sprays and combustion [7—-21] or evaluate the
in-cylinder flow for a given piston or port design
with full three-dimensional models [2-6]. The
isolated effect of the moving piston itself, that is,
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the difference between a fixed-geometry solution
and a moving-boundary solution for the same
cylinder under identical inlet conditions, is rarely
reported, and the link between the resulting
vortex structures and the thermodynamic state of
the motored charge is seldom shown within a
single consistent model. Cold flow simulation,
which excludes chemical reactions, is well suited
to isolating these aerodynamic effects, but it
requires a moving-mesh treatment of the piston
that preserves mesh quality over the whole stroke.

The present study addresses these gaps with a
two-dimensional dynamic mesh model of a
single-cylinder CI engine. Its objectives are: (1)
to establish the baseline intake flow structure in a
fixed geometry; (2) to quantify how piston
motion, represented by a layering dynamic mesh,
modifies the vortex structures during the intake
and exhaust strokes; and (3) to determine the
pressure, temperature and  flow-structure
evolution during motored compression and
expansion and to check them against
thermodynamic expectations. The novelty of the
work lies in the direct comparison of fixed and
moving-boundary solutions for the same
geometry and in the combination of flow-
structure and thermodynamic analysis within one
motored-cycle model. All models, simulations
and results presented in Sections Il and I11 are the
authors’ own; published data are used only for
comparison in Section I1-F.

I1. NUMERICAL METHODOLOGY

A. Computational Domain

The computational domain is a two-
dimensional section of the cylinder of a single-
cylinder CI engine, constructed from the
dimensions of a production engine (Table 1). The
domain includes the cylinder head wall with the
inlet and exhaust valve openings, the cylinder
wall and the moving piston wall (Fig. 1). The
simulation starts with the piston at bottom dead
center (BDC), where the cylinder volume is
largest, and the domain contains both the
clearance volume and the swept volume so that
the complete cycle can be represented. In the
planar model, the volume per unit depth is
proportional to the height of the gas column, so
the volume ratio equals (clearance height +
stroke)/clearance height. The clearance height
used in the simulations was 10 mm, which gives
an effective volume ratio of 12; reproducing the
compression ratio of 15.5 of the production
engine would require a clearance height of
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110/(15.5 — 1) = 7.6 mm. The effect of this
difference on the computed peak pressure and
temperature is quantified in Section I11-F.

Table 1 Specifications of the compression
ignition engine used for numerical modeling

Parameter Value

Engine type  Single-cylinder, four-stroke CI engine
Bore 95 mm

Stroke 110 mm

Compression  15.5 (production engine); 12 (effective
ratio volume ratio of the 2-D model)
Speed 749 min™

Exhaust Valve

Inlet Valye I l A
26,36 241
> Cylinder head Wall oF € >

Flid Domain P> Cylinder Wall

, Piston Wall
Piston Q el
9%

\\ All Dimenstons are in mm
)

®

s o, Moving
Ce—

(a) schematic of the domain and boundaries; (b)
main dimensions, mm.

Fig. 1. Computational domain of the compression
ignition engine.

B. Mesh Generation

The domain was discretized with a structured
quadrilateral mesh generated by face meshing,

i

0

0.100(m) —

0.000 0,050
0.025 0.075

Mesh-1
Mesh Elements : 2322

Mesh-2

Mesh Elements : 20898

which produces the layered cell arrangement
required by the dynamic layering method (Fig. 2).
The mesh was refined near the piston, the walls
and the valve openings to resolve the steep flow
gradients there.

Mesh independence was assessed with three
meshes of 2322, 20898 and 37152 cells (Fig. 2).
The in-cylinder pressure histories obtained with
the three meshes are compared in Fig. 3. The
differences between the medium and fine meshes
are negligible; therefore, the medium mesh was
used for all further calculations as a compromise
between accuracy and computational cost.

C. Governing Equations

The in-cylinder flow is described by the
unsteady compressible equations of conservation
of mass, momentum and energy:

L 19-(pu)=0 (1)

o(pu)

+V-(puu)=-Vp+V-1 2

@(;E)W.[u(pm p)]=V-(vT)+® (3)

The air is treated as an ideal gas:

p=pRT (4)
where p — density; u — velocity vector; p —
pressure; T — Viscous stress tensor; E — total
specific energy; A — thermal conductivity; T —

temperature; ® — viscous dissipation term; R —
specific gas constant of air.

Mesh-3
Mesh Elements : 37152

Mesh-1 — 2322 cells; Mesh-2 — 20898 cells; Mesh-3 — 37152 cells.

Fig. 2. Structured quadrilateral meshes of the computational domain at bottom dead center used in the
mesh independence study.
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Crank Angle (deg)

Fig. 3. Mesh independence study: in-cylinder
pressure versus crank angle for the coarse,
medium and fine meshes.

D. Turbulence Modeling

Turbulence is modeled with the standard k—
model [22], which is robust and widely used for
engine flows. The transport equations for the
turbulent kinetic energy k and its dissipation rate
g€ are:

%W-(pku)ﬂ'(ueﬁw)wk—PS ©)
o(pe i
—(8t )+V-(p8u)zv'(ueffvs)+clsEGK —ngp%
(6)

where Lt — effective viscosity, e = 1L + W/,
with 6 = ok in Equation 5 and ¢ = &, in Equation
6; u — molecular viscosity; w = pCuk%e —
turbulent viscosity; Gx — production of turbulent
Kinetic energy by the mean velocity gradients;
Cie, Cas, C,, ok, e — model constants, taken with
their standard values of 1.44, 1.92, 0.09, 1.0 and
1.3, respectively [22].

E. Dynamic Mesh Formulation

Piston motion is represented by the dynamic
layering method: the cell layer adjacent to the
piston is split when its height exceeds a threshold
and collapsed when its height falls below one,
while spring-based smoothing preserves the
quality of the interior mesh during deformation.
The dynamic mesh parameters are listed in Table
2.

Table 2 Dynamic mesh parameters used for
piston motion modeling

Parameter Value
Smoothing method Spring-based
Layering method Enabled
Split factor 0.4
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Value
0.4

Parameter
Collapse factor

The piston position is prescribed as a function
of crank angle by the slider—crank relation:

(1—cose)+L[1— 1—(Esineﬂ (7)

where xp, — piston displacement from top dead
center (TDC); S — stroke; L — connecting rod
length; r — crank radius, r = S/2; 6 — crank
angle. The crank angle is related to the flow time
by

S
X =3

(8)

where ® — angular velocity of the crankshaft,
equal to 78.4 rad/s at 749 min™'; t — time; 6o —
initial crank angle.

0=0t+0,

F. Boundary and Initial Conditions

The simulations were performed with the
pressure-based transient solver of ANSYS
Fluent. Air is treated as an ideal gas, and gravity
acts in the negative vertical direction. All walls
are no-slip; the piston wall is a moving boundary
that follows Equation 7, so that the time-varying
cylinder volume is reproduced throughout the
cycle. The boundary and initial conditions are
summarized in Table 3. The intake and exhaust
valves are represented by fixed, fully open slots
26.36 mm and 22.41 mm wide (Fig. 1b) that
extend over the whole depth of the planar
domain; valve lift and the valve discharge
coefficient are not modeled. A constant mass
flow rate (Table 3) is imposed at the intake slot
throughout the intake stroke, so the pressure
difference across the intake valve is not resolved,
and the pressure outlet (0 Pa gauge) is placed
directly at the exhaust valve plane, without an
exhaust port or exhaust system.

Table 3Boundary and initial conditions used in
the simulations

Parameter Value
Initial temperature 300 K
Initial pressure 101 325 Pa
Wall temperature 300 K
Inlet mass flow rate 7'2(423615(;&4”‘;;]/5
Turbulence intensity 5%
Turbulent viscosity ratio 10

Pressure outlet, 0 Pa
gauge, at the exhaust
valve plane

Outlet
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G. Simulation Cases

Three cases were simulated, each isolating
one physical effect. In the first case, the intake
flow was computed in a fixed geometry without
piston motion; this case provides the baseline
flow development and vortex formation at BDC
against which the other cases are compared. In the
second case, piston motion was included through
the dynamic mesh, and the intake and exhaust
strokes were computed over the corresponding
crank-angle ranges; this case shows how the
moving boundary changes the vortex dynamics
and the flow structures. In the third case, the
compression and expansion strokes were
computed under cold flow conditions without
fuel injection or combustion, which isolates the
fluid-dynamic and thermodynamic behavior of
the charge.

I11. RESULTS AND DISCUSSION

A. In-Cylinder Flow without Dynamic Mesh

The fixed-geometry case establishes the flow
development without piston motion. During
intake, the incoming air enters the cylinder as a
jet, impinges on the lower wall and is redirected
along the cylinder walls (Fig. 4). The velocity
vectors illustrate the presence of a pronounced
recirculation region in the upper part of the
cylinder, generated through the interaction
between the jet and the confining walls and which
redistributes the momentum and increases the
local turbulence.

rrrrrrrr

ANSYS

R17.2

\i 4.870e-003

0.000+000
[msh1]

0 0035 0070 (m) I—-

00175 0053

Fig. 4. Velocity vectors of the in-cylinder flow
without dynamic mesh at bottom dead center.
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The streamlines in Fig. 5 show that a single
large toroidal vortex occupies most of the
cylinder volume. This vortex promotes
recirculation and mixing in the cylinder and
serves as the reference for assessing the effect of
piston motion in the following subsections.

Velocity
Streamiine 1

w 1.9486-002 'T;'\‘F\' ;r‘ ==

1.461e-002

ANSYS

R17.2

9.7390-003
4.870e-003

0.000+000
[msh1]

b

0,070 (m)

0053

Fig. 5. Streamlines of the in-cylinder flow without
dynamic mesh, showing the toroidal vortex.

B. Effect of Dynamic Mesh on In-Cylinder Flow

Due to the dynamic mesh, the in-cylinder flow
field is significantly altered by the piston motion
and the dynamic interaction between the intake
jet and the moving piston creates flow patterns
that vary with the crank angle.

1) Intake Stroke

The development of the flow during the intake
stroke is shown by the streamlines in Fig. 6. At
small crank angles (Fig. 6a), the flow is
dominated by jet penetration through the intake
valve. As the piston descends, the flow impinges
on the cylinder wall, is deflected and forms
vortical structures (Fig. 6b). Towards the end of
the intake stroke, several vortices are present in
the cylinder (Fig. 6c).
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[ TMNSSNNYSNYN )

(a) At CA 0.5°

(b) At CA 90°

(a) 6 = 0.5°, initial jet penetration; (b) 8 = 90°, wall interaction and vortex formation; (c) 8 = 180°, multi-vortex
structure near BDC.

Fig. 6. Evolution of in-cylinder streamlines during the intake stroke.

The velocity vectors in Fig. 7 show that the
combined effect of the jet momentum and the
piston motion concentrates high-velocity regions
near the piston (Fig. 7b). In the later stages (Fig.
7c¢), three vortices have formed: one dominant

(a) At CA 0.5°

(b) At CA 90°

clockwise vortex and two smaller counter-
rotating vortices. The flow is therefore
considerably more complex and asymmetric than
in the fixed-geometry case, where only one
toroidal vortex was found.

(c) At CA 180°

(a) 6 = 0.5°, initial jet penetration, (b) 0 = 90°, wall interaction and vortex formation; (c) 6 = 180°, multi-vortex
structure near BDC.

Fig. 7. Evolution of in-cylinder velocity vectors during the intake stroke.

2) Exhaust Stroke

During the exhaust stroke, the gases are
expelled through the exhaust valve under the
combined action of the pressure gradient and the
rising piston. The streamlines in Fig. 8 show that
the flow converges towards the exhaust valve. At
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the beginning of the stroke (Fig. 8a), the flow
starts to turn towards the exhaust port; as the
piston velocity increases, the outflow accelerates
and a strong jet form at the valve exit (Fig. 8b);
towards the end of the stroke, vortical structures
still remain in the cylinder (Fig. 8c).
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(e
i

LT

(a) At CA 540°

|

(b) At CA 630°

o>
e

(c) At CA 720°

(a) 0 = 540°; (b) 0 = 630°; (c) O = 720°

Fig. 8. Evolution of in-cylinder streamlines during the exhaust stroke.

The wvelocity vectors in Fig. 9 show
concentrated high-velocity regions around the
exhaust valve, indicating effective evacuation of
the gases, while residual flow structures remain

(a) At CA 540°

(b) At CA 630°

near the intake side, which shows that the vortices
formed during the preceding strokes have not
fully dissipated.

(c) At CA 720°

(a) 0 = 540°; (b) 0 = 630°; (c) O = 720°.

Fig. 9. Evolution of in-cylinder velocity vectors during the exhaust stroke.

The mean in-cylinder pressure during the
exhaust stroke (Fig. 10) first rises owing to the
displacement of the charge by the piston, reaches
a maximum of about 11 Pa above atmospheric
near 600° crank angle and then falls as the gases
leave the cylinder. This trend reflects the
interaction between the piston motion and the
outflow. The magnitude of this pressure is,
however, much smaller than in a real engine,
where the cylinder pressure during the exhaust
stroke exceeds the atmospheric pressure by the
order of 10°-10* Pa. The small value is a
consequence of the idealized exhaust boundary
(Section I1-F): the exhaust valve is a permanently
open slot with a flow area of 0.0224 m? per metre
of depth, i.e. about 24 % of the piston area, and
the pressure outlet is placed directly at the valve
plane, so the throttling of the flow by the valve
curtain area and the back-pressure of the exhaust
port and exhaust system are not represented. Fig.
10 therefore shows only the qualitative trend of
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the cylinder pressure during the exhaust stroke
and is not used for quantitative conclusions.

Mean In-cylinder pressure (Pa)

04

-2 T T T T T T T T T T
520 540 560 580 600 620 640 660 680 700 720 740

Crank Angle (deg)

Fig. 10. Mean in-cylinder gauge pressure versus
crank angle during the exhaust stroke.

C. Thermodynamic Behavior under Cold Flow
Conditions

The motored simulation shows how the
charge evolves thermodynamically during
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compression and expansion without combustion.
The pressure rises continuously during the
compression stroke as the cylinder volume
decreases (Fig. 11a) and reaches a maximum
gauge pressure of 3.176 MPa near TDC. The
temperature rises correspondingly to a maximum
of 808.6 K (Fig. 11b). Both curves are nearly

3.5

Mean in-cylinder pressure (MPa)
o I B N N w
o o wm o w o
| s | L L L

o
1

T T T T
100 200 300 400 500 600
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symmetric about TDC, as expected in the absence
of combustion. The peak temperature is well
above the auto-ignition temperature of diesel fuel,
which confirms that the motored conditions are
representative of those at the start of injection in
a Cl engine.
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Fig. 11. In-cylinder gauge pressure and temperature versus crank angle during motored compression and
expansion.

D. Flow Structure Evolution during
Compression and Expansion

The transient flow field during compression
and expansion shows how turbulence is generated
and enhanced. Because the mean piston speed
(2.75 m/s) is very small compared with the speed
of sound, the pressure in the cylinder is
practically uniform at every crank angle: the
computed spatial pressure differences do not
exceed a few hundred pascals, i.e. less than 0.2 %
of the absolute in-cylinder pressure. The in-
cylinder pressure is therefore fully characterized

by its mean value (Fig. 11a), and the discussion
below concentrates on the velocity and
temperature fields.

The streamlines in Fig. 12 show the
development of tumble motion. As the piston
approaches TDC, the flow is compressed and
deflected, and large-scale vortical structures
develop. The velocity vectors in Fig. 13 show the
interaction of counter-rotating vortices, which
increases the turbulence intensity and mixing;
such structures are important for the subsequent
mixture formation and combustion.

(a) 6 = 180.5°

(b) 6 = 360°

(c) 0= 540°

(a) 0 = 180.5% (b) O = 360°; (c) O = 540°.

Fig. 12. Streamlines showing the development of tumble motion during compression and expansion.
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(a) 0 = 180.5°

(b) 8 = 360°

(c) 8 = 540°

(a) 0 = 180.5% (b) 6 = 360°; (c) O = 540°.

Fig. 13. Velocity vectors showing vortex interaction and the development of turbulent flow structures
during compression and expansion.

The temperature contours in Fig. 14 show that
the core of the charge has a practically uniform
temperature during compression and expansion,
while thin layers adjacent to the piston, the
cylinder wall and the cylinder head, which are
kept at 300 K, are cooler than the core by up to
about 30 K (Fig. 14b—e); these near-wall layers
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are the thermal boundary layers produced by heat
transfer to the walls. At 0 = 180.5° (Fig. 14a), the
whole charge is at 300 K, and the colored bands
correspond to temperature differences below 0.1
K that result only from the automatic scaling of
the color legend.
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(@) 6 =180.5° (b) 0=270°% (c) 0 =360° (d) 0 =450° (e) 0 = 540°.
Fig. 14. Temperature contours at different crank angles during compression and expansion.

E. Pressure—Volume Analysis

The pressure—volume (p—V) diagram of the
motored cycle is shown in Fig. 15, where the
volume is given per unit depth of the two-
dimensional domain. Without combustion, the
compression and expansion curves coincide: the
pressure rises as the volume decreases during
compression and falls along the same path during
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expansion. The volume varies from about 0.0114
m3/m at BDC to about 0.00095 m3/m at TDC; the
effective volume ratio of the two-dimensional
domain is therefore about 12, lower than the
compression ratio of 15.5 of the production
engine, because the clearance height of the planar
model was not adjusted to preserve the
compression ratio (Section 11-A).
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Fig. 15. Pressure-volume diagram of the motored
cycle.

F. Relation of Results to Objectives and
Comparison with Previous Work

Objective 1 was addressed by the fixed-
geometry case (Figs. 4 and 5). The intake jet
produced a single large toroidal vortex occupying
most of the cylinder, which defines the baseline
flow structure.

Objective 2 was addressed by the dynamic
mesh cases (Figs. 6-10). The most significant
result of the study is that piston motion changes
the flow topology qualitatively: instead of one
toroidal vortex, one dominant clockwise vortex
and two smaller counter-rotating vortices formed
during intake, and the flow became markedly
asymmetric. During the exhaust stroke, the flow
was dominated by a high-velocity jet at the
exhaust valve, and residual vortices remained in
the cylinder at the end of the stroke. A fixed-
geometry model would therefore misrepresent
the flow structure that is carried over into the next
cycle.

Objective 3 was addressed by the motored
compression—expansion case (Figs. 11-15). The
peak gauge pressure and temperature were 3.176
MPa and 808.6 K near TDC, organized tumble
motion and recirculation zones formed during
compression, and the compression and expansion
curves of the p-V diagram coincided. For
comparison, ideal isentropic compression of air
with the ratio of specific heats of 1.4 from 101
325 Pa and 300 K at the effective volume ratio of
the model, 12, gives 3.184 MPa (gauge) and
810.6 K. The simulated values differ from these
by only 0.2 %, and the effective polytropic
exponent derived from both the pressure and the
temperature rise, n = 1.40, equals the isentropic
value. This  agreement  verifies  the
thermodynamic consistency of the dynamic mesh

187

solution; it also shows that heat losses are
negligible in the model, whereas polytropic
exponents of about 1.3 are typically observed in
real engines [1] because of heat transfer and
blow-by. Applying the same isentropic relation at
the compression ratio of the production engine,
15.5, gives about 4.60 MPa (gauge) and 898 K.
The peak values computed with the planar model
are therefore about 31 % (pressure) and 10 %
(temperature) lower than those expected for the
production engine under ideal motored
conditions, and they should not be transferred
directly to the real engine.

The present results can be related to earlier
work as follows. Payri et al. [2] found that RANS-
based models predict the mean in-cylinder flow
reasonably well around TDC, although
turbulence can be under-predicted where squish
effects are important. Experimental and
numerical studies [3, 4] showed that the piston
crown shape strongly influences the tumble ratio
and the turbulent kinetic energy at the end of
compression; since a flat piston was used here,
the tumble structures in Figs. 12 and 13 provide a
flat-piston  baseline against which  bowl
geometries can be assessed. In contrast to [2-6],
which used three-dimensional models to compare
port or piston designs, the contribution of the
present work is the same-geometry comparison of
fixed and moving-boundary solutions combined
with the motored thermodynamic analysis.

The study has limitations: the two-
dimensional model cannot represent swirl or the
three-dimensional structure of tumble; its
effective volume ratio (about 12) is lower than the
compression ratio of the production engine, so the
peak values are lower than in the real engine; the
inlet mass flow rate was taken from the three-
dimensional engine and, in the planar model, is
applied per unit depth, so the intake jet is weaker
than in reality and the intake results should be
regarded as qualitative; the valves are represented
by fixed, fully open slots and the outlet pressure
is imposed at the exhaust valve plane, so the
cylinder pressure during the exhaust stroke is
strongly underestimated; the standard k—e model
may under-predict turbulence in strongly
compressed regions [2]; and the velocity fields
have not yet been validated against
measurements. These limitations will be
addressed in future work with three-dimensional
models and experimental data.
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IV. CONCLUSION

A dynamic mesh CFD model was used to
study the in-cylinder cold flow of a single-
cylinder ClI engine in three cases: fixed-geometry
intake, intake and exhaust with piston motion,
and motored compression and expansion. The
main conclusions are as follows.

1. In the fixed geometry, the intake jet forms a
single large toroidal vortex that controls the
baseline flow structure.

2. With piston motion, the flow changes
qualitatively: one dominant clockwise vortex and
two smaller counter-rotating vortices form during
intake, the flow becomes markedly asymmetric,
and residual vortices remain in the cylinder at the
end of the exhaust stroke. Moving boundaries are
therefore essential for predicting the in-cylinder
aerodynamics correctly.

3. During motored compression, the gauge
pressure and temperature reach 3.176 MPa and
808.6 K near TDC, organized tumble motion and
recirculation zones form, and the compression
and expansion curves of the p-V diagram
coincide. These values agree within 0.2 % with
ideal isentropic compression at the effective
volume ratio of the model (about 12), which
verifies the thermodynamic consistency of the
solution. For the compression ratio of 15.5 of the
production engine, isentropic compression gives
about 4.60 MPa and 898 K, so the absolute peak
values of the planar model are lower than those of
the real engine and should not be transferred to it
directly.

4. The mesh-independent motored model
provides a baseline for future studies that include
fuel injection, spray dynamics, combustion and
emission prediction; extending the model to three
dimensions and validating it against measured
velocity fields are the next steps.

5. The intake results were obtained with a
constant inlet mass flow rate, which neglects the
valve lift kinematics and the pressure difference
across the intake valve, and the exhaust results
were obtained with fixed, fully open valve slots
and the outlet pressure imposed at the valve
plane, which strongly underestimates the cylinder
pressure during the exhaust stroke. These results
are therefore qualitative: they describe the
topology of the in-cylinder flow rather than its
quantitative strength.
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Table 4 Nomenclature

Symbol Description, unit

Cie Coq, Cy turbulence model constants
E total specific energy, J/kg
G production of turbulent kinetic

energy, kg/(m-s®)

k turbulent kinetic energy, m?/s?
L connecting rod length, m
n polytropic exponent
p pressure, Pa
R specific gas constant, J/(kg-K)
r crank radius, m
S stroke, m
T temperature, K
t time, s
u velocity vector, m/s
\Y cylinder volume, m3
X piston displacement from TDC,
P m
€ turbulent dissipation rate, m?/s®
crank angle, initial crank angle,
0, 6o
deg
A thermal conductivity, W/(m-K)
molecular, turbulent and
Ho Ho, Heff effective viscosity, Pas
P density, kg/m?
turbulent Prandtl numbers for k
Ok, O¢
and
T viscous stress tensor, Pa
viscous dissipation term, W/m?3
angular velocity of crankshaft,
(O]
rad/s
Table 5Abbreviations
Abbreviation Meaning
BDC bottom dead center
CFD computational fluid dynamics
Cl compression ignition
HCCl homogent_eous: ch_arge
compression ignition
LES large eddy simulation
PCCI premixed charge compression
ignition
RANS Reynolds-averaged Navier—
Stokes
RCCI react|V|ty_ cor_1tro_| I_ed
compression ignition
TDC top dead center
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