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ABSTRACT

In multi-cylinder engines, uneven swirl ratios and volu-
metric efficiency at each cylinder may be induced, and such
unevenness exerts an undesirable influence upon engine perfor-
mance and exhaust emissions. In order to clarify the factors
affecting such uneven swirl ratios, the relationship between
flow behavior in intake system and swirl ratio has been inves-
tigated for helical ports using a technique of numerical gas flow
analysis. The results show that the difference in the pattern
of mass flow rate as a function of crank angle is a factor in
inducing the uneven swirl ratios. Therefore, the effect of mass
flow rate pattern must be taken into consideration in order to
estimate the swirl ratios under actual engine conditions from
the swirl characteristics in steady flows. The swirl generation
under operating conditions is mostly influenced by the flow
behavior in the vicinity of the maximum valve lift.

INTRODUCTION

It is well known that the performance and gaseous emis-
sions of direct injection diesel engines depend on the air motion
in cylinders, which supports air fuel mixing processes, and on
the spray characteristics. The induction swirl is a factor in
controlling the air motion in cylinders. As legislation concern-
ing gaseous emissions gets more stringent worldwide, better
control of induction swirl is required for developing high-speed
direct injection diesel engines. It has been reported that the
air motion in cylinders produced by the induction swirl is in-
fluenced by the intake port configurations (1-3). A great deal
of research has been carried out on swirl generating capacit;
(4,5) and on velocity distribution around intake valves (6-9§
under both steady and unsteady flow conditions.

In the actual engines which generally have multiple cylin-
ders, uneven swirl ratios and volumetric efficiency at each
cylinder may be induced due to a difference in ti,ne behav-
ior of gas flow among intake valves, even if each cylinder has
an intake port of the same configuration. Since uneven swirl
ratios and charge air at each cylinder cause different charac-

teristics of combustion among cylinders (10), such unevenness -

exerts an undesirable influence upon engine performance and
exhaust emissions.

In this study, the relationship between flow behavior in
intake system and swirl ratio has been investigated for helical
ports using a technique of numerical gas flow analysis, for the
purpose of clarifying the factors affecting such uneven swirl
ratios at each cylinder.

METHOD OF ANALYSIS AND CALCULATION MODELS

First, the gas exchange process in the intake and exhaust
systems of an actual engine is analyzed one-dimensionally un-

der firing conditions by means of the characteristic method
(11). Then, using the obtained temporal variations of pres-
sure and velocity at the intake port entrance and also the ob-
tained variation of cylinder pressure as boundary conditions,
the unsteady gas flow in the intake port is calculated three-
dimensionally with Cartesian coordinates %a:,y, z). The gas
flow is solved as a compressible viscous fluid using the fi-
nite volume method (12). For representing complicated wall
shapes, a porosity approach is applied to the control volumes
which are adjacent to walls(13).

The intake port models mainly investigated are shown in
Fig. 1(a). Model HP-P is the helical port which is used in an
actual diesel engine, and its control volumes for calculation are
about 3100. Model HP-H4-P is made by reducing the height
of the helical part of model HP-P, and its control volumes
are about 2800. The valve position at the cylinder head is
schematically shown in Fig. 1(b).
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Fig. 1 Calculation models; (a) Helical port models;
(b) Cylinder head
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SWIRL RATIO OF A 6-CYLINDER ENGINE

The swirl ratio and volumetric efficiency have been esti-
mated under a firing condition for an actual 6-cylinder four-
cycle diesel engine. The main specifications of this engine are;
bore = 108 mm, stroke = 113 mm, compression ratio = 18.9,
intake valve opening = 20° BTDC, closing = 48° ABDC, and
intake port diameter = 46 mm. The intake ports are similar
to the helical port model HP-P shown in Fig. 1(a).

As an example, the swirl ratios S¢ (see Appendix) and
volumetric efficiency 7, of each cylinder at an engine speed
Ne=2500 rpm are shown in Fig. 2. Since the pipe elements of
the manifold have different dimensions for each cylinder due
to constructional restrictions, the differences in swirl ratio and
volumetric efficiency are induced among cylinders. The trend
in swirl ratio for the No. 1-3 cylinder coincides with the trend
in volumetric efficiency, but the trend in swirl ratio for the
No. 4-6 cylinder is different from that in volumetric efficiency.
Figure 3 shows the variation of mass flow rate (the mass flow
per unit crank angle) mgq., with crank angle © for No. 3, 4 and

2,2
Ne=2500 rpm
&
3 —0.92
99) >
Q
o &
2 2.1k =
=1 2
= o
= —0.91 @
3 T
2,0+ @
E
o
—0.90 =
1.9 I N ER N N

1 2 3 4y 5 6
Cylinder number

Fig. 2 Swirl ratios and volumetric efficiency at each cylinder
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Fig. 3 Variations of mass flow rate with crank angle under a
firing condition

6 cylinder. It is assumed from Figs. 2 and 3 that the difference
in mass flow rate pattern is a factor in inducing uneven swirl
ratios at each cylinder. Accordingly, a detail investigation
of swirl generating characteristicsias been performed using a
single-cylinder engine.

INVESTIGATION OF SWIRL GENERATING CHARACTER-
ISTICS USING A SINGLE-CYLINDER ENGINE

The main specifications of a single-cylinder four-cycle
diesel engine investigated are; bore = 130 mm, stroke
150 mm, compression ratio = 15.6, intake valve opening
18° BTDC, closing = 52° ABDC, and intake port diameter =
52 mm. The two types of helical port shown in Fig. 1(a) are
used for the investigation.

Hou

Investigation under Steady Flow Conditions

For models HP-P and HP-H4-P, calculations have been
carried out under a steady flow condition at maximum valve lift
L,/d,=0.275 (L,: valve lift, d,: port diameter); the pressure
difference between the intake port entrance and the cylinder
Ap=2.06 kPa.

When the velocity vector at the valve curtain area is pro-
jected on the plane perpendicular to the valve axis, it is re-
solved into the tangential and radial components with respect
to the valve axis. The angular momentum flux Q¢ (see Ap-
pendix) with respect to the cylinder axis through the valve
curtain area is resolved into three components as follows(5):

(1) Qr1: the angular momentum flux with respect to the
valve axis (pre-valve component).

(2) Qdr3: the angular momentum flux with respect to
the cylinder axis due to the tangential component which is
defined as the additional amount of momentum varied only by
the eccentricity of the valve (post-valve component).

53) QUg: the angular momentum flux with respect to the
cylinder axis produced by the radial component due to the
eccentricity of the valve (post-valve component).

~ The valve curtain area is divided into three equal parts
which are the upper zone (U) near the valve seat, the mid-
dle zone (M) and the lower zone (L) near the valve face, as
shown in Fig. 4. The angular momentum flux through each
zone is also resolved into three components Q7y, Qs and
Qp. Figure 5 shows the components of angular momentum
flux and the mass flow rate through the three zones U, M
and L, and also these summations, denoted by the letter " T",
respectively. It is known from the figure that the summation
of angular momentum flux components of model HP-H4-P is
larger than that of model HP-P by the increase in post-valve
components {3 and Qp, but the mass flow rate is inversely
smaller because of reducing the height of helical part. The
distribution ratio of three components Qr;, Q3 and Qg in
the three zones (U, M and L) resembles each other in value.
Since the distribution ratio of angular momentum flux compo-
nents is considered to be a factor normalizing the profile of the
velocity distribution at the valve curtain area, it is estimated
that the pattern of velocity profile is not much different in the

three zones.
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Fig. 4 Schematic diagram of the valve curtain area



The angular momentum flux through the lower zone is
greater than that through the upper zone, exhibiting the same
tendency in the mass flow rate. [t is understood that the
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Fig. 5 Components of angular momentum flux and mass flow
rate under a steady flow condition at maximum valve
lift; U=upper zone, M=middle zone, L=lower zone,

T=U+M+L
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contribution of the angular momentum flux through the lower
zone to the swirl generation is greater than that through the
upper zone.

The variation of Q¢ /m, the angular momentum flux per
unit mass flow rate through the whole valve curtain area, is
shown in Fig. 6 with mass flow rate m at maximum valve
lift L, /d,=0.275, for models HP-P and HP-H4-P respectively.
The results that ¢ /m is roughly proportional to m agree with
the results obtained from impulse meter experiments%‘i). The
angular momentum flux is considered approximately to be pro-
portional to the square of mass flow rate under a condition of
constant valve lift. Therefore, the swirl generating capacity in
a steady flow may be evaluated with the proportional coeffi-
cient of Q¢ /m? designated as the swirl generation coefficient
A. In this paper, this coefficient A is utilized for investigat-
ing the difference in swirl generating characteristics between
steady and unsteady flows.

The calculations have been executed varying the valve lift
L, in conditions of roughly constant mass flow rate. The vari-
ations of swirl generation coefficients are shown in Fig. 7 with
valve lift normalized by the port diameter d,,, for both models.
The coefficient A¢ corresponds to the angular momentum flux
Q¢, and also the coefficients Ary, Ary and Ag corresponds
to the components of angular momentum flux Qr;, Qr; and
2R, respectively. Since the coefficient A for pre-valve com-
ponent shows a little variation with valve lift except for the
region of low lift in both models, the angular momentum gen-
erated in the valve port is presumably not affected by the valve
lift. Alternatively the coefficients Argy and Ag which refer to
the post-valve components are reduced with the decrease in
valve lift, as the irregularity of the velocity distribution at the
valve curtain area is supposedly smoothed through the valve
gap. The angular momentum flux Q¢ with respect to the
cylinder axis is considered to vary with valve lift owing to the
smoothing effect on the post-valve components.

Investigation under Unsteady Flow Conditions

Calculations have been carried out under a motored con-
dition at an engine speed N.=1800 rpm with the intake port
directly open to the atmosphere (the intake port length of
0.20 m). Figure 8 shows the variations of valve lift L,, mass
flow rate mge,, angular momentum flux Q¢, and contribution
rates of each angular momentum flux component Qry/Q¢
and (11 + Qr3)/Qc with crank angle O, for model HP-P.
Figure 9 shows the velocity distributions at three crank angles
for the three sections hy, har and kg which are in the center
of each zone in Fig. 4. In Fig. 8 the contribution rate O, /Q¢
for pre-valve component in the early and late phases of the in-
duction period shows considerable variation as a result of the
generating lag of angular momentum in the valve port. In the
middle phase there is a little variation in the contribution rate.
These characteristics are more clearly understood from Fig. 9.
In the early phase (©=37° ATDC) the velocity distributions in
all three zones consisted approximately of only radial velocity
components, but in the middle phase (©=107° ATDC? tangen-
tial velocity components appear with uneven radial velocity
components. At ©@=1T77° in the late phase tangential velocity
components can be seen,

The variation of swirl generation coefficient Ao with valve
lift is shown in Fig. 10 under a motored condition for mod-
els HP-P and HP-H4-P respectively. On the assumption that
the mass flow rate does not vary with valve fift, the coefficient
Ag of steady flow is re-plotted from Fig. 7 for reference. In
steady flow, it is presumed that the influence of mass flow rate
on the coefficient A¢ is small and the difference in A¢ be-
tween the valve opening and closing processes is not large, as
the angular momentum flux per unit mass flow rate is roughly
proportional to the mass flow rate in Fig. 6. Under the motored
condition the large difference in A¢ between both processes is
caused in the region of low lift due to the swirl generating lag
in the valve port. This difference in Ay becomes smaller with
increasing valve lift. The velocity profile of the unsteady flow
at the valve curtain area can be said to be different from that
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tum flux and contribution rates of angular momentum
flux component with crank angle under a motored con-
dition
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of the steady flow in the early and late phases of the induc-
tion period, that is, at low valve lift. Alternatively the velocity
profile is close to that of the steady flow in the middle phase,
that is, at high valve lift.

Figure 11 shows, for models HP-P and HP-H4-P, the
components of swirl ratio and the volumetric efficiency
through the whole valve curtain area, designated as T, to-
gether with their values divided into three parts corresponding
to the three zones U, M and L, respectively. The swirl ratio
components Srq, Sy and Sg are the average values which
are obtained by integrating the angular momentum flux com-
ponents 1, Qs and Qg through the valve curtain area for
the induction period, respectively. The distribution ratio of
S71, ST3 and Sp is closely similar to that of angular momen-
tum flux components in Fig. 5 which is the value at the widely
opened valve for the steady flow. Since the instantaneous
distribution ratio of angular momentum flux components at
the engine operating condition changes with the crank angle,
the swirl ratio can be considered to be mainly affected by the
angular momentum flux produced in the midydle phase of the
induction period, but to be little affected in the early and late
phases.
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Influence of Mass Flow Rate Pattern

In order to vary the pattern of mass flow rate, an intake
pipe is attached to the intake port entrance and the pressure
at the pipe entrance is set at a constant value. The calcu-
lations have been carried out for model HP-P at an engine
speed N.=1800 rpm, by changing the intake pipe length [,.
In order to eliminate the effect of the volumetric efficiency on
the swirl ratio, the volumetric efficiency is kept 0.9 by setting
the pressure p, at the intake pipe entrance to a suitable value.
The change in swirl ratio due to the change in p, is estimated
to be less than 1.5%. Figure 12 shows the swirl ratio S¢ and
the patterns of mass flow rate mg., for different pipe length,
together with the pressure (p, — pa)/pas at the intake pipe en-
trance normalized by atmospheric pressure p;. The patterns
of the group I, Il and V of high swirl ratio are obviously dif-
ferent from those of the group ll, IV and VI of low swirl ratio.
Then in the middle phase, my.,; of the former group is larger
than mg,,; of the latter group.
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For patterns | and VI, which are regarded as typical of
the two groups, the mass flow rate mg., and swirl generation
coefficient A¢ are shown in Fig. 13 as a function of valve lift.
The mass flow rate of pattern | at high valve lift is larger than
that of pattern VI, but the swirl generation coeflicients of both
patterns are not very different. Therefore the changes in swirl
ratio which is caused by the difference in pattern of mass flow
rate as shown in Fig 12 are a result not of the difference in A¢,
that is, the velocity profile at the valve curtain area, but mainly
because of the difference in mass flow rate itself at high valve
lift. The pattern in which the mass flow rate becomes large in
the middle phase may be suggested as a suitable pattern for
making the swirl ratio high.

The components of swirl ratio through the whole valve
curtain area, designated as T, are shown in Fig. 14, for pat-
terns | and VI of model HP-P, together with their values di-
vided into three parts corresponding to the three zones U,
M and L, respectively. Also the results obtained with the
model HP-H4-P are shown, by choosing pattern |' and VI’
which are similar to patterns | and VI respectively. For
model HP-P, the components of swirl ratio Sy, Sy, and Sg
of pattern | are larger than those of pattern VI, respectively,
due to the difference in the peak position of pattern, but the
difference in the distribution ratio between both patterns are
not large. These trends of the effect of mass flow rate pattern
on the swirl ratio can be seen for model HP-H4-P whose con-
figuration is different from model HP-P in the helical part of
the intake port. Therefore it may be considered that the switl
ratio produced with the intake port of helical type are usually
affected by the mass flow rate pattern. The effect of mass
flow rate pattern on swirl ratio must be taken into considera-
tion, when the swirl ratios under actual engine conditions are
estimated from the swirl characteristics in steady flow. The
swirl ratio may be affected considerably by the mass flow rate
in the middle phase of the induction period.

CONCLUSIONS

In order to identify the factors influencing differences in
swirl among cylinders, the relationship between flow behav-
ior in intake system and swirl ratio has been investigated for
helical ports. The following conclusions are obtained:

(1) When the instantaneous velocity profile at the engine
operating condition is compared with that of steady flow at the
same values of valve lift and mass flow rate, the instantaneous
velocity profile is considerably different from the velocity profile
of steady flow in the early and late phases of the induction
period, that is, at low valve lift. But the diﬂ’erencg in both
patterns is small in the middle phase, that is, at high valve
lift.

(2) The swirl ratio is mainly affected by the angular mo-
mentum flux produced in the middle phase of the induction
period, being little affected in the early and late phases. The
changes in swirl ratio due to the mass flow rate pattern may
be a result mainly of the difference in mass flow rate itself at
high valve lift.

(3) The difference in mass flow rate pattern is a factor
which gives rise to uneven swirl ratios at each cylinder.

(4) The unsteady behavior of mass flow rate must be
taken into consideration in order to estimate the swirl ratios
in actual engine conditions from the swirl characteristics in
steady flows.
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APPENDIX

The angular momentum flux ¢ with respect to the cylin-
der axis through the valve curtain area is expressed as

Qc = /pv,vzyrc ds

3

where s: area of the valve curtain area, p: density, v,: ra-
dial velocity component, v, : resultant velocity of radial and

- tangential velocity components, r.: length of a perpendicular

from the cylinder axis to the velocity vector v, .

Assuming that the friction due to the cylinder liner and
piston surfaces is relatively small, the swirl ratio S¢ can be
expressed as

9rc
T We
Sc= / mncde/?R%M]C
010

where ©r0: crank angle of intake valve opening, @r¢: crank
angle of intake valve closing, w,: engine angular velocity, Ro:
cylinder radius, Mrc: mass of the cylinder contents at ©;¢.



