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Computed and Measured Turbulence
in Axisymmetric Reciprocating Engines

F. Grasso* and F. V. Braccot
Princeton University, Princeton, New Jersey

The turbulence flowfield of a reciprocating engine strongly influences its combustion and is affected by intake
system and chamber geometry. Comparisons are presented of computed and measured turbulence near top dead
center (TDC), prior to ignition, in two reciprocating engines. The model is for a two-dimensional axisymmetric
flowfield - and employs a k-e¢ submodel for turbulent transport. The same model constants were used in all
computations. For a pancake-like combustion chamber and in the absence of bulk flows, the computed TDC
turbulence intensity was compared with that measured by Lancaster vs engine speed, load, and compression
ratio. With swirl, computed turbulence and tangeniial velocities were compared with those measured by Witze at
two engine speeds. In good agreement with the experimental data the model reproduces proportionality of TDC
turbulence intensity to engine speed, insensitivity to compression ratio, linear dependence on load in the absence
of swirl, and insensitivity to load in the presence of swirl. Then, in a parametric study, the effects were identified
of quantities not varied in the experiments. Near TDC, for a cup-in-piston chamber with high squish, with or
without swirl, two regions exist. Near the edge of the cup, turbulence is dominated by production due to the
squish and its intensity is proportional to engihe speed but insensitive to load and compression ratio. Near the
axis and the'bottom of the cup it tends to behave more like the case of no squish.
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Nomenclature w =component of velocity in tangential
b =velocity of boundary, cm/s direction, cm/s
c.c..C =constants in the turbulence model W =molecular weight, g/mole
€€,y =specific heats, erg/g-K o, = constants that determine initial values of &
C =cup depth, cm and e
CL =TDC clearance, cm Ar,Az =mesh spacing in r and z, cm
CR =compression ratio € ' =dissipation rate of turbulence kinetic
D = effective diffusivity, cm2/s - energy, cm?/s3
7 = specific internal energy, erg/g N, = volumetric efficiency
Jk =mass flux of species k, g/cm?-s 0 =crankangle
I, =energy flux, erg/g-cm?-s 0, =initial crankangle, deg
h = specific enthalpy, erg/g A =effective heat conduction coefficient,
k = kinetic energy of turbulence, cm?2/s2 erg/cm-K-s
n =normal unit vector I = effective viscosity, g/cm-s
P = pressure, dyne/cm? v = kinematic viscosity, cm?2/s
" Pr = Prandtl number p =density, g/cm?
nz- =coordinate directions, cm g =effective stress tensor, dyne/cm?
® =universal gas constant, erg/mole-K g = Prandtl number
R =half bore, cm ¢ = general dependent variable
R, = cup radius, cm
rpm = engine speed, rev/min Subscripts
Sc = Schmidt number i = jth direction
SR =swirl ratio=angular velocity of swirl "LAM =laminar
divided by angular velocity of the engine TDC =TDC value
SQ =squish ratio=1-R2/R?=area of piston - TURB = turbulent
) shoulder divided by area of piston
o =time,s - Superscripts
t =tangent unit vector o ) ) k = kth species
u = component of velocity in r direction, cm/s T = transpose
u = velocity vector > ) = fluctuating component
v = unit tensor - S o» =nondimensional quantity
v =component of velocity in z direction, cm/s
v = control volume, cm? Introduction
v

HE turbulent flowfield of a spark-ignition engine

strongly influences its combustion characteristics and is
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affected by the design of the combustion chamber and the
intake system. It is important then to understand the
mechanism by which these engine variables affect engine
turbulence. .

This work explores the influence of chamber design, and
engine operating conditions on top dead center (TDC) tur-
bulence prior to ignition. It will be shown that many of the
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trends that were identified in earlier studies!® are recovered
from a single model. Thus the common causes of these trends
are elucidated.

The model employed is for a two-dimensional axisymmetric
flowfield. Turbulence is described by a two-equation model
for its kinetic energy k and its dissipation rate e. The engine
parameters explored are speed (rpm), load (3,), compression
ratio (CR), swirl ratio (SR), and squish (SQ).

In the following sections the model is described, com-
parisons with experimental data are shown, and predictions
‘are summarized of a parametric study.

, Model

Governing Equations

" The model describes the fluid motion in a two-dimensional
axisymmetric engine. The equations consist of a set of partial
differential equations for the conservation of species,
momentum, and energy. Two additional equations are solved
for the turbulence kinetic energy and its dissipation rate. The
governing equations are written in integral form for a control
volume V(f) which is allowed to vary in time with a boundary
velocity b to account for the piston motion while still solving
the equations in the physical space. The equations are

Conservation of species

]
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Conservation of momentum
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Conservation of energy
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where J¥, ¢, and J, are the ‘mass flux of species k, the stress
tensor, and the heat flux, respectively, and are defined as
follows:

Joo p* .
=—-pDV 7 (Fick’s law) (4)

v (n
—o=p(Vu+vuT)-% [pk—i‘uﬂ]g (Newton’s law) (5)
' r .

k
J,=—AVT- EhkaV (p_) (Fourier’s law) 6)
k 14

where Uis the unit tensor, and y, oD, and A are defined as

B=RaMm +pC“(k2/§) O]
oD=(pD)  am + (pD) ryrp =2 8)
A=A am + Mrurs = Cplt . )

having used unit Sc and Pr numbers. The perfect gas equation
of state was employed,

p=(RTEpk/Wk
k
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The k-¢ model has already been extensively used in two-
dimensional engine flow#%!! and combustion!>!* studies.
Introduced by Kolmogorov,!s it was developed further by
Spalding and his co-workers.!®!7 It leads to an effective
turbulent viscosity

krurs =pC, k% /€ ' 10)

where C, is a model constant'é equal to 0.09. The equation
for k is obtained by multiplying the momentum equation by
the fluctuating velocity component and taking the long-time
average,

’ ’
u; du! du|

9 1 — 0
—é;(pk)+;v-(pukr)——pu,~u,, ox, v ox, 0%,

3 [ k —
+ — (v — = u,;k) + higher order terms an
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By neglecting higher order terms, the integral form of the
equation which describes the evolution of k becomes

0
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at Jv v v
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where P* is the production of turbulence kinetic energy due to
deformation by the mean motion, Dk the dissipation of
turbulence kinetic energy due to molecular effects, and D, the
diffusion of turbulence kinetic energy due to both laminar
and turbulent transport (see Table 1).

Similarly, the equation for the rate of dissipation of tur-
bulence kinetic energy is obtained by differentiating the
momentum equation in space, multiplying the result by
»(du//dx;), and taking the long-time average, thus obtaining
the equation,

——S ped’V+S pe(u—b)-nds=——§ D, -nds
at Jvw v v

+S (P<—D¢<)dv (13)
V(1)

where P¢, D¢, and D, are the production, dissipation, and
diffusion of e, respectively (see Table 1). The values of all of
the model constants are given in Table 2. The e equation
differs slightly from ‘the one used by Gosman and Johns,*
Gosman et al.,'! and Syed and Bracco!? who had C, = +1,

-and also from ‘that used by Ramos’ who had C. =0. The

details of our derivation are available in Ref. 18.

Boundary and Initial Conditions
The boundary conditions are

(u=b)-n=0 (14)
(u—b) =0 ' (15)
pDv,(ﬁ)-nzo )
p
AV T-n20 o
oi Ve, n=0 t=1,0,=k (18)

o (=2, ¢,=¢
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Table1 Source terms for Egs. (12) and (13)

Dependent
Equation variable p* D¢ D,
Turbulence M
energy k G ) pE -—Vk
Tk
Dissipation ¢ &2
— R {
rate € c,G % C, s
v (ru)
+C,, pe —-— Ve
. TE3 o,
where:
du \2 v \2 du dv \2 aw/r w2
G=pu 2(—) +2 —) +<——+~— +ir +—>
ar dz 9z ar ar 9z
V-ru ( vV -(ru) )
- ok+p
Table2 Constants of k-¢ model
C, 0.09 Ce3 -1.0
C, , 1.44 o 1.0
sz 1.92 g, 1.3
Table3 Engine specifications
Lancaster’s Witze’s Cup-in-piston:
engine engine chamber
SQ 0 0 84
CR 6.78, 8.72, 10.55 5.4 12, 16, 21
SR 0 #0 0,10
Ny, %0 25,50,75 100 25, 50, 100
rpm 1000, 1500, 2000 460, 1200 1700, 2400, 4000
Bore, ¢cm 8.26 : 7.6 12
Stroke,cm  11.43, 8.3 12

Equations (14-18) specify no flow through the walls of mass,
turbulence kinetic energy and its dissipation rate. The heat
flux [Eq. (17)] is evaluated using the ‘‘log law of the
wan_”4,10,13,16

The initial conditions were specified as follows. Zero mean
velocity or solid-body rotation were used and the thermo-
dynamic variables p, p, and T were set equal to their isen-

tropic values at the crankangle at which the computation was -

started. The turbulence kinetic energy and its dissipation rate
were initialized according to

k=a, U (19)
e=8,U3 (20y

where Uy represents the initial kinetic energy and o, and g,
are constants.
It was further assumed that Ufy ~92rpm?, so that

k=oanlrpm? @n
e=fBnirpm?’ 22)

The values for the constants o and 8 were initially obtained
from the measurements of Witze.3

The system of governing equations was solved numerlcally
by a modified version of the computer code CONCHAS
developed at Los Alamos.!” CONCHAS was extended to
solve the two equations for k and e and modified to solve the
angular momentum equation as a scalar equation, i.e., the
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Fig. 1 Engine geometnes a) pancake chamber, b) cup-in-piston
chamber.

angular velocity was defined at the center of each com-
putational cell and not at the node points as in the original
CONCHAS. The latter modification was found necessary to
model the decay of swirling flows properly. The mesh used
had 18 cells in the radial direction and 8-20 cells in the axial
one. Insensitivity to numerical parameters was checked by
repeating some computations with higher resolution and
finding negligible effects on the computed quantities.

Results
Comparisons with Measurements
First the computed results were compared with the
measurements of Lancaster? and with those of Witze, in
Johnston et al.,% to assess the accuracy of the model.
The engine employed by Lancaster was a single-cylinder,

* CFR engine, with a pancake-type combustion chamber, i.e.,

without squish (see Fig. 1) and with negligible swirl. The
specifications of the engine are given in Table 3. The ex-
perimental data were taken using hot-wire anemometry.
Turbulénce intensity was measured with a triaxial probe. All
measurements were taken at the location where the spark
would be in the firing engine. On the assumption that tur-
bulence at TDC is homogeneous, Lancaster justified the use
of single-point measurements to characterize the turbulence
prior to combustion. The turbulence intensity was defined
using a nonstationary analysis. For each engine cycle i, the
mean velocity U(z,7) was assumed to vary in time and to be
equal to the sum of an ensemble-averaged mean velocity U(¢)
and a time-averaged mean velocity for record i, U(i), obtained
after subtracting U(¢) from.the instantaneous velocity of the /
cycle U(¢,i). The turbulence intensity was then defined as the
rms deviation of U(ti) from U(4,i)). The experiments were
conducted at three engine speeds, three engine loads, and
three compression ratios for a total of seven conditions. The
experimental error in the reported velocity fluctuations was
estimated by Lancaster to be <20%.
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Fig. 2 Computed TDC turbulence intensity vs radial position at
z/CL=0.4. :
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Fig. 3 Measured and computed TDC turbulence intensity for
pancake chamber (SQ=0, SR=0, §; = — 137 deg) vs: a) rpm, b) .
¢) CR. )

In all cases the computations were started at - 137 deg, i.e.,
137 deg before TDC. At TDC the turbulence intensity was

defined by the isotropic relation u#’ =(%:k)*, and away from .

the walls was found to be spatially uniform as shown in Fig.
2. Thus the computed turbulence intensity was averaged
across the radius for the comparisons.

In Fig. 3, comparisons.between measured and computed
TDC turbulence intensities are shown vs rpm, 7n,, and CR.
For each parameter, three curves (1-3) are given which
correspond to different initial values of & and ¢ (see Table 4).
In all the computations & and € (and D) were assumed to be
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Fig. 4 Computed TDC turbulent diffusivity for pancake chamber
(8Q=0,SR=0, 6; = —137 deg) vs: a) rpm, b) 5,.. ¢) CR.

" Table4 Conditions for k and e for comparisons
with Lancaster’s data?
(k= arpm?42; e=Brpm>4]; D=0.09k?/¢)

Computation . a 8 % /B
1 0.61 - 0.305 1.22
2 0.90 . 1.22 0.66
3 045 0.305 0.66

initially uniform in space. In computation 3 « and 8 in Eqs.
(21) and (22) were set equal to 0.45 and 0.305, respectively, as
deduced from the measurements of Witze? so that the ratio
a?/8 which defines the initial diffusivity was equal to 0.66.
Curve 2 corresponds to the same value of «? /8 but different «
and B, whereas curve 1 is for o?/8=1.22. It is seen that the
TDC results are sensitive to the initial diffusivity but not to
the initial turbulence kinetic energy and its decay rate, i.e., to
the initial turbulence lengths and time scales. The best
agreement with the data of Lancaster is obtained with -
o?/B8=1.22, whereas from Witze’s experiment we deduced
«?/3=0.66. Limitations in the quantity and accuracy of
available experimental data. allows us to conclude only that
this ratio appears to be of order 1.0. More importantly, from
Fig. 3 we also observe that both the experiments and the
computations indicate.that TDC turbulence intensity scales
linearly with rpm, varies linearly with 7,, and is rather in-
sensitive to compression ratio. Hence & is found to vary as
n2rpm? at TDC. It may be pointed out that using the k-e
model the scaling of turbulence with rpm can be proved
analytically.'® In Fig. 4, the computed diffusivity at TDC is
plotted vs rpm, 7,, and CR for «?/8=0.66 and 1.22 (no
comparisons are shown since the diffusivity was not measured
in the experiment of Lancaster). The model predicts linear
variation of the diffusivity vs rpm at all speeds and its increase
with 5, and 1/CR. These results are also consistent with a
mixing length model for D according to which D ~fu’, where
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Table5 [Initial conditions for k and e for comparisons with Witze’s data®
Values X
: at 1200 rpm ‘
at 460 rpm and 8= — 50 deg for comp. a
Computation Expressions and = — 160 deg and 8 = — 160 deg for comp. b, ¢
a k=3/2u’2, cm?/s? u’ from Witze’s data u’ from Witze’s data
) : (=4.2310% at r/R=0.5) (=1.8410% at r/R=0.5)
D,cm?/s 17.6 - 17.6(1200/460) =45.9
(from Robinson’s :
: computation) 5
e=0.094? /D, cm? /s? From above k and D From above kand D
(=1.02108 at r/R=0.5) " (=7.3610% at r/R=0.5)
b k=arpm’y? 1.2910° 8.7610°
e=Brpm’y’ 2.37107 5.27108
D=0.09k%/¢ - 502 131
c k=arpm27,35/58.5 2.2103 1.5104
e=Brpm’y}/3.4210° 8.73103 1.5510°
D=0.09k7/¢ 50.1 131
w w
- (m/s) (m/s)  INITIAL CONDITIONS
AT -50° AT -160°
WITZE o be
\ TDC RESULTS
WITZE a bsc
INITIAL CONDITIONS
40+ AT -160°
WITZE a,bc 40F
a)
a)
TDC RESULTS
WITZE o be
20
/R
r/R u!
(m/s)
u' INITIAL CONDITIONS
(m/s) AT -50° AT -160°
| WITZE o b ¢
INITIAL_CONDITIONS TOC RESULTS © 8L / ‘L
ak AT -160 ) [ . TDC RESULTS
[ wrze a be¢ WITZE e be WTZE abe
[ [/ /] i
b) 7 b) \
2} s ar ey
+
i i L 1 1 /R 2F i*zf
2 4 6 - .8 1.0
Fig. 5 Measured and computed initial and TDC values of: a) mean -2 ‘;' 6 8 IIO VR

tangential velocity, b) turbulence intensity (pancake chamber and 460
rpm). :

?is a mixing length scale and #’ the turbulence intensity. If it
is assumed that at TDC ¢ is determined by the clearance
height, then Dipc~urpc/(CR—1)~f(n,rpm)/(CR~-1),
- where f is a linear function of (y,rpm), as shown in Fig. 3.
Hence € is found to vary as #irpm?(CR - 1).

As pointed out earlier, in Lancaster’s engine no significant
bulk flow was present. Thus a comparison with his data does
not assure that the model properly reproduces the decay of
organized. flows. For that the next comparison is made with
the data of Witze® that were taken in the presence of strong
swirl. The engine employed by Witze was a single-cylinder
Teledyne-Wisconsin type of AENL engine, modified by
replacing the original cylinder head and valves to provide a

Fig. 6 Measured and computed initial and TDC values of: a) mean
tangential velocity, b) turbulence intensity (pancake chamber and
1200 rpm).

simple pancake combustion-chamber shape, as shown in Fig.
1. However, the valves were located in the cylinder wall, thus
creating unusual geometrical configuration and valve timing.
The specifications of the engine are given in Table 3.

The experimental data were taken using an LDV technique
with a dual-beam backscatter optical arrangement. Mean
velocity and turbulence intensity were measured at several
radial and axial positions. The mean velocity U at a given
crankangle 6 was defined as the ensemble average of all in-
stantaneous values u at crankangles between 6—Af and
6+ Af. The measurement window Af was 2 deg. The tur-
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bulence intensity 4’ was then defined as the rms deviation of
the velocity from its mean.é The experiments were conducted
with a motored engine at two engine speeds.

In Figs. 5 and 6 the computed and measured velocity
fluctuations and mean tangential velocity are shown at the
two engine speeds of Witze’s experiment. At each speed, three
computations were performed from different initial con-
ditions (see Table 5).

The data of Witze at the earliest crankangle of the
measurements (— 160 deg at 460 rpm and — 50 deg at 1200
rpm) are not sufficient to specify completely the initial
conditions for the computations. When there is no bulk flow,
only the values of @ and 8 are needed (and only the ratio o?/8
is important). But with strong bulk flows, it is necessary to
know the initial spatial distributions of the mean velocity,
turbulence, and rate of decay of the turbulence, i.e., the initial
values of w, k, and e. Witze’s data provide the initial values of
w and k but not of e. The three computations differ in the
assumptions made to determine the initial values of € and in
other initial conditions.

In computation a, w and k were initialized using the mean
velocity and velocity fluctuations measured by Witze at — 160
deg for 460 rpm and — 50 deg for 1200 rpm (k=3/2u’?) and e
using the constant diffusivity of Robinson® according to the
relationship €¢=0.09k?/D. Robinson found that he could
reproduce the measured decay of the mean tangential velocity
with a uniform and constant diffusivity of D=17.6 cm?/s at
460 rpm (and we set D=17.6x1200/460 at 1200. rpm). The
computed TDC mean tangential velocities are in reasonably
good agreement with the measured ones at both speeds, but
the computed velocity fluctuations differ noticeably, par-
ticularly at 1200 rpm.

Noting that the measured mean velocny exhibits a solid-
body profile in a significant fraction of the chamber and that
the turbulence predicted in computation a tends to be rather
uniform within the chamber, in computation b we went back
to the spatially uniform initial values of £ and e (and, con-
sequently, of D) of Eqs. (21) and (22) that in the absence of
swirl had given satisfactory results in the comparisons with
Lancaster’s data. (From Fig. 5 it can be seen that the initial
velocity fluctuation thus predicted at — 160 deg for 460 rpm is
larger than that measured.) At both engine speeds the com-
putations were then started at — 160 deg from Witze’s mean
velocity at 460 rpm and from a scaled up mean velocity at
1200 rpm since the mean velocity was not measured by Witze
at —160 deg for 1200 rpm. The scaling consisted of
multiplying the measured mean velocity at 460 rpm by the
ratio of measured TDC angular momenta at the two engine
speeds, which turns out to be about 1.75 (when a ratio of 2.00
is used, the results change somewhat but not the general
trends and conclusions). In Figs. 5 and 6 it can be seen that
both the mean and the fluctuating TDC velocities predicted
with this set of initial conditions are very similar to those
predicted with the previous one.

Finally, in computation ¢ we kept the same value of the
initial diffusivity as in computation b but reduced the initial
values of £ and e to bring the values of the velocity fluc-
tuations closer to those measured by Witze at — 160 deg for
. 460 rpm. From the figures, it can be seen that the predicted
TDC velocity and velocity fluctuations are again very similar
to those of computations aandb. =~ -

In conclusion, even though the Lancaster and Witze engines
are very different in their configurations and operating
conditions, acceptable results were obtained for both engines
with the same model and model constants. Particularly in-
teresting is the relative influence of the initial values of &, e,
and D on the TDC flowfield.

In Lancaster’s engine strong bulk flows were absent and
TDC turbulence intensity and diffusivity were found to be
insensitive to the initial values of k and e. But when the initial
value of D was increased by a factor of two, the TDC values
increased by a factor of about 1.5.
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Fig. 7 Computed initial and TDC values of the diffusivity: a) 460
rpm, b) 1200 rpm.

In Witze’s engine the strong swirl had a dominating effect.
During compression it decayed but also generated additional
turbulence and at TDC the diffusivity was 2-4 times larger
than in Lancaster’s engine. Thus the details of the initial
turbulence were even less important. The TDC flowfield was
completely insensitive to the initial values of £ and ¢ and not
strongly effected even by the initial value of D (see Fig. 7).
Thus computations b and ¢ gave essentially the same TDC
results, starting from the same diffusivities and from tur-
bulent kinetic energies differing by a factor of 60 and rates of
decay differing by 3600. And computations a -and b gave
again similar TDC results starting from initial dlffuswmes
that differ by a factor of three.

Effect of Swirl and Squish

The comparisons with Lancaster’s and Witze’s data served
to evaluate the accuracy of the model and to isolate certain
trends. But these comparisons involved only a simple chamber
without squish and, even then, in Lancaster’s data the load
and compression ratio were changed in the absence of swirl,
whereas in Witze’s data only the engine speed was varied in

the presence of swirl. For practical applications it is important

to know also the possible effects on the swirl of changes in
load and compression ratio, the effects of squish, and the
combined effects of squish, swirl, speed, load, and com-
pression ratio. Thus a parametric study was undertaken in
which 21 configurations were studied that varied in squish,
swirl, speed, load, and compression ratio (see Table 6). All
computations were started at —137 deg and k& and e were
initialized according to Eqgs. (21) and (22) (with o =0.61 and

. 8=0.305). When swirl was present, an initial solid-body.

profile was used. In studying the results, particular attention
was paid to the TDC variations of the turbulence intensity,
the tangential velocity, and the diffusivity, since the first two
are measurable quantities and the last influences the com-
bustion rate the most. The main results are illustrated in some
60 figures that are available in Ref. 18. Because of space
limitations, only the main trends are summarized here.
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Table 6 Conditions of the parametrie, study

SQ CR SR 1,0 % . tpm
0 8.5 10 50 1500
2000
4000
25 1500
' 75

6.5 50

10.5 ‘ 50
84 21 0 100 1700
2400
4000
25 1700

_ 50 ‘

12 100

16 100
84 21 10 100 1700
2400
4000
‘ 25 1700

50 .
12 100
26 ‘ 100

For a pancake chamber and initial solid-body swirl, a
boundary layer develops at the walls during compression, the
solid-body profile is modified, and turbulence is produced by
the tangential shear stresses.

For sufficiently strong swirl, the turbulence thus generated
overcomes intake turbulence by the time TDC is reached.
Notice that for the same rotational kinetic energy, if the initial
swirl profile is not solid body, more turbulence is generated
during compression everywhere in the field. This in turn will
increase the decay of the tangential velocity during com-
pression but will increase the combustion rate. Since faster
.combustion is the main reason for inducing swirl in engines, it
follows that much more-emphasis should be put on the profile
of the swirl than on the swirl number. The computations also
show that the TDC turbulence intensity and tangential
velocity still scale with engine speed and are rather. in-
dependent of load and compression ratio. The TDC dif-
fusivity is found to vary in accord with Dpc ~0uipc in that it
changes linearly with engine speed, is rather insensitive to
load, and decreases with increasing compression ratio.

With high squish, as for the cup-in-piston configuration of
Fig. 1b, and without swirl turbulence is generated near TDC
in the shear regions of the squish flow. Since the squish-
induced velocity is proportional to the engine speed, TDC
turbulence intensity and diffusivity still scale with rpm. In
regions where the squish is strongly felt, as in the upper part
of the cup near the lip, the effect of load and compression
ratio on TDC turbulence intensity and diffusivity is minimal.
Where the squish is felt least, as at the bottom of the cup,
TDC turbulence intensity and diffusivity tend to follow the
trends exhibited by the decaying intake turbulence of pan-
cake-type chambers. In particular the diffusivity. decreases
with increasing compression ratio. Although the above trends
have been observed experimentally,® the influence of squish
turbulence in various regions of the cup is likely to be a
function not only of the squish number (which in our study
was at the high end of the practical range), but also of the
geometry of the cup (which in our study was not varied).

When engine speed, load, and compression ratio were
changed in the presence of both strong swirl and strong
squish, it was found that turbulént intensity, tangential
velocity, and diffusivity again scale proportionally to engine
speed.: The same quantities were found to be insensitive to
load and to compression ratio except for the diffusivity,
which again decreased with increasing compression ratio in
the center and bottom of the cup where the effects of squish
and swirl are felt least in the simple-cup geometry considered.
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