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ON THE WALL JET FROM THE RING CREVICE
OF AN INTERNAL COMBUSTION ENGINE

Lawrence D. Cloutman
Lawrence Livenﬁore National Laboratory
é.nd
Robert M. Green

,S'andz'aﬂNatipnal Laboratories, California

Numerical simulations and experiments of the jetting of gases from the ring crevices of a.
laboratory engine shortly after-exhaust valve opening showed an unanticipated radial flow of the
crevice gases into the main combustion chamber. We report well-resolved numerical simulations of
a wall jet that show that this radial motion is driven by vorticity generation in the wall boundary
layer and at the corner of the piston crown.




I. INTRODUCTION

In recent PLIF imaging experiments on flows from the ring crevice of an internal combustion
engine, Bob Green found what appears to be a wall jet emerging from the crevice during the
blowdown following exhaust valve opening near bottom dead center [1]. However, the jet does
not stay attached to the cylinder wall, but the vortex ring at the jet tip detaches from-the wall
and moves inward radially. Shaheen Tonse has performed some preliminary simulations of this jet
using the KIVA-3 fluid dynamics program and finds the same qualitative behavior [2]. This result |
raised the question of the mechanism that causes the jet to separate from the wall. The purpose

of this report is to describe the mechanism for this separation.

The wall jet is one of the classic flow systems in fluid mechanics, and this separation is in fact -
weﬁ known in other contexts. Figuré 162 of Van Dyke [3] show a well-developed, late-time version "
of a-wall jet, namely a boundary layer on a flat plate, that shows bursting with vortex pairs similar
to what was ebserved in the engine. Other relevant figures are found in the same section and
around Fig. 110. A similar example is discussed by Bajura and Catalano [4]. Another example
is the boundary layer on the wall of a shock tube used to study a Richtmyer-Meshkov instability
[5]. We note that the interface between the two fluids in that problem is analogous to the contact
surface between the inflowing and ambient media in the ring crevice problem. To clearly illustrate
this separation phenomenon, we performed two numerical simulations of a wall jet under conditions
.similar to those found near the ring crevice of an internal combustion engine during blowdown after .
exhaust valve opening. One case uses a free-slip boundary condition on the cylinder wall, and the -
other uses a no-slip condition. These calculations are sufficient to demonstrate the fundamental

physical processes at work.

Our approach to demonstrating the mechanism of the wall jet separation is to simplify the
problem so there are no irrelevant factors clouding the analysis. These factors include piston -
motion, chemistry, wall heat transfer, and residual turbulence or other gas motions in the bulk

gas. Our calculations show that the separation is a burely fluid dynamical phenomenon associated
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with the boundary layer on the cylinder wall and vorticity generation on the corner of the piston.
Naturally, these other phenomena may modify the details of the wall jet, but the basic phenomenon
is a robust feature of boundary layer flows.

Section II describes the experiment. Section III presents the governing equations and describes
the gas physics. Section IV describes the geometry of the experimental apparatus and the problem
setup. Section V describes two numerical solutions, one using a free-slip wall and the other using

a no-slip wall. Conclusions are presented in Section VI.

II. THE EXPERIMENT

Using a single-cylinder research engine'allo'wixig op-tical access to the cylinder, we produced
.planar laser-induced fluorescence (PLIF) images of acetone dopant in the unburned fuel exiting
the upper ring land crevice. The experimental arréngemer;t is shown in Fig. 1. We obtained a
sequence of images late in the power stroke and early in the exhaust stroke which revealed the
existence of a jet-like structure exiting the crevice. ;I‘wo typical images are shown in Fig. 2. The
part of the combustion chamber shown in the figure is approximately 2 cm wide. The end-gap
of the rings was pinned at a location diametrically opposed to the region being imaged, so the
phenomena, (-)bserved could not be attributed to flow thl"ough this‘ éap. What we eipeci:ed to see
was a thin layer of unburned mixture laid down along the cylinder wall during the pbwef stroke,
which was then scraped up by the p.iston during the exhaust stroke and entrained in the corner
roll-up vortex. But what we see instead is a jet emerging from the crevice just after bottom dead
center. At late times, the tip of the jet devefops an asymetric vortex pair'that recedes ﬁom the
wall. This behavior is typical of wall jets, as we discuss in the following sections. The tip velocity
is approximately 600 cm/s as determined Eom a crude measurement of the tip positio.ns in the

two -panels.
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II1. GOVERNING EQUATIONS

The simulations were performed with the COYOTE computational fluid dynamics program
[6], which is based on the full transient Navier-Stokes equations. The model includes a real-gas
thermal equation of state, arbitrary chemical kinetics, transport coefficients from a Lennard-Jones
model, a simple radiative heat loss model, and mass diffusion based on the full Stefan-Maxwell
equations. Chemistry and radiation are omitted from the present calculations.

Mass conservation is expressed by the continuity equation for each species a:

9pa
ot

+ V- (pail) = =V - Jo + Ra, (1)
where p, is the density of species o, 4 is the fluid velocity, J, is the diffusional mass flux of
species-a, and R, is the rate of change of species & by chemical reactions. The diffusional flux is
a complex function of the flow.that is approximated by the formalism of Ramshaw [7, 8], which.is

an approximate treatment of the full Stefan-Maxwell equations.

The momentum equation is

a(gt“)+v ( "")—ZpaF ~VP-V-8, - (3)

where P is the pressure, and F, is the body force per unit mass acting on species &, which in most

applications is the gravitational acceleration §. The viscous stress tensor is
= —p[Vi+ (VE)T] — (V- @) U, (4)

where p is the coefficient of viscosity, p; is the sécond coefficient of viscosity, and U/ is the unit
tensor.

We choose the thermal internal energy equation to express energy conservation:

d(pI .
g’t)+v (pI) = —PV -4~ 8: Vi~V - q+ZHaRa+ZFa Jo = Lraay  (5)

where I is the specific thermal internal energy, and H, is the heat of formation of species a.. Note

that for F, = §, the next-to-the-last term vanishes. The heat flux d is approximated by the sum




of Fourier’s law and enthalpy diffusion:
§=—KVT+ ) hol, (6)
o3

where h, is the specific enthalpy of species @. The radiative heat loss term Lraq is described in
[9]. We assume R, = Lrag = 0 in the present work.

The equa:tion 6f state is assumed to be'given as the sum of the‘partial pressures of an ideal
gas for each species. Transport coefficients are computed from the Lennard-Jones model [10}. The
JANAF tables [11-13] provide a homogeneous set of thermochemical data for a large collection of
materials, and these tables are used to supply the specific enthalpy and heat of formation for each

species of interest.

IV. PROBLEM DESCRIPTION

The geometry of the calculation is shown in Fig. 3. Table 1 lists the COYOTE input file.
The grid is 1.0 cm by 2.0 cm with a uniform 100 by 200 grid in Cartesian coordinates. The orifice
at the bottom of the mesh has a radius of 0.16 cm, and the-top of the mesh is open with a fixed
pressure of 1.013 x 10° Pa. Species densities may be found in the input file. The initial ambient .
medium is air at 750K, and the inflowing gas is an ethylene-air mixture at 300 K and equivalence
ratio of 0.8. The inflow velocity is 2:0 x 10* cm/s. The kinematic viscosity of the inflowing gas
is 0.156 cm?/s, which gives a jet Reynolds number of 2.1 x 10%. The kinematic viscosity for the
ambient medium is 0.75. The right boundary is a rigid free-slip wall. Two calculations were done
with different boundary conditions on the left: one uses a free-slip boundary, and the-other uses a
no-slip boundary.

Our inflow boundary condition is the type (#) with specified density of Rudy and Strikwerda
[14]. In addition, we impose a restriction against inflow along any outflow boundary for reasons
discussed in an earlier-report [15], although this restriction was not needed in these calculations.

Both problems were run for 2000 cycles, which is enough time for the wall jet to move nearly

the length of the mesh. We found that in spite of the fine zoning, it was necessary to use the




subgrid-scale turbulence model to prevent the appearance of too much energy at tht.a grid scale.
This observation is consistent with the jet Reynolds number of 2.1 x 10%, which would require at
least another order magnitude improvement in resolution before reaching the smallest scales of
turbulence. That is, a direct numerical simulation (DNS) would require well over 10% zones in
each of three dimensions. The present runs were made using the standard COYOTE subgrid-scale
(SGS) turbulence transport model [16], and the inflowing SGS turbulence kinetic energy density

is 2 % of the incoming mean-flow kinetic energy.density.

V. NUMERICAL SOLUTIONS

Figure 3 shows a comparison of the isotherms for the free-slip and no-slip cases.at comparable
times, a little over 0.04 ms after start-up. The contour values-are equally spaced with.a spacing
of 10 % of the difference between the maximum .and minimum function values. The value of the
B contour is the minimum-plus the contour spacing, and so on. The jet opening is located at
the lower left corner of the mesh. The top boundary has a fixed pressure of 1 atm, and the left

and right boundaries are rigid walls. In the left panel, the left wall imposes.an adiabatic free-slip

condition, and in the right panel, the left wall imposes an- adiabatic no-slip condition. The tip of.

the jet collapses into a vortex that moves parallel to the wall in the free-slip case. This type of flow

is similar to the axisymmetric vortex ring seen, for example, at the tip of the free jet in Fig. 76 of'

Van Dyke [3]. The flow past the corner of the piston is an intense source of vorticity, and a periodic
sequence of such vortices will be shed as long as the jet is operating. This type of flow is shown in
several of the figures in Van Dyke. The right panel shows the effect of a no-slip boundary condition.
We still have vorticity generated by the piston corner, and in addition we now have vorticity of the
opposite sign generated by the boundary layer along the left wall. Furthermore, boundary layer

drag has caused the point at which the jet contacts the wall to.lag behind other parts of the jet tip.

Initially, the contact point of the jet on the wall will move upward at approximately the same rate -

as the vortex center since the no-slip velocity condition at the point of contact makes the vortex




move much like a pinion gear rolling along a rack. As we shall see, these vortices will grow as the
jet ages, making the “axis” of the jet stay tilted over and the jet tip will continue to move to the
right as well as upward.

Figure 4 shows the mass fraction of ethylene for the same cases as in Fig. 3. At time zero, the
contours show an interface at the jet orifice. This planar set of contours with zero spacing represents.
a contact surface between the ambient and jet materials. Numerical diffusion quickly spreads the
contours over a distance of 2-4 zones (the obstacle representing the piston crown is 6 zones thick),
but the resolution is still sufficient to show the stretching and roll-up of the contact surface by the
vortex. Diffusion, both turbulent and molecular, act to dissipate slowly the highly stretched parts
of the contact surface. It is clear from the right-hand panel -that the vortex generated by the wall
boundary fayer is weaker than the one generated by the piston corner.

Figure 5 shows the velocity vectors for the same cases as Fig. 3. The free-slip case shows only
the single vortex shed by the piston, but the no-slip. case shows also the smaller, weaker vortex
climbing the wall in what appears to be the rack-and-pinion mode. The velocity vector plot in
Fig. 6 zooms in on this region and plots a vector for every zone. It shows that this vortex actually
induces a reverse flow down the left wall. This flow is in a layer slightly less than 0.5 mm thick,
and the flow speed is an order of magnitude slower than the upflow in the main body of the jet. It
is the presence of this second vortex that forces the main body of the jet flow off the wall. Once
the flow becomes diverted, the weak reverse flow near the wall keeps the jet off the wall, although
the contact point-will continue to rise.

Figure 7 shows the vorticity for the same cases as Fig. 3. We see the strong vorticity generation
at _the lip of the piston in both cases, with vorticity being advected far downstream. In the no-
slip case, there is strong vorticity generation in the boundary layer along the left wall. This plot
illustrates the difficulty sometimes encountered in interpreting vorticity plots of turbulent flows.
The tip vortices that are so prominent in the other functions are not at all distinct in the vorticity
plot. They only are hinted at by a single contour for the piston-induced vortex and not at all for-

the boundary-layer-induced vortex. .As the vortici.ty is advected downstream, it gets smaller in
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magnitude and the presence of small but resolved eddies (a feature of the SGS turbulence model)
causes a lot of clutter. We shall revisit this issue in the next set of plots.

Figures 8-12 show the jet just after a time of 0.1 ms. Both wall jets have undergone con- -
siderable development. The free-slip case is still attached to the wall, and the piston has shed a
secondary vortex. In the no-slip case; a secondary vortex has been shed on both sides of the jet.
The no-slip jet continues moving upward and to the right, and the point of attachment keeps rising
. slowly in spite of the thin, weak reverse flows along a significant part of the left wall. The reverse .
flows are growing stronger, and they cause the point of attachment to lag further and further
behind the tip vortex. Zoomed velocity vector plots similar to Fig. 6 show that the reverse flows
are correlated with the vortices along the right siée of the jet..The wall-induced vortex in the jet
- tip has nearly decayed away, .while the piston-induced vortex is quite strong. We-suspect that the
stronger vortex has stretched and diffused the weaker vortex as-it attempts to entrain it: Once -
again, the standard vorticity plots shown in Fig. 11 show. the intense vorticity generation and
vorticity advection,-but no clear indication of the jet tip vorticity beyond a subtle hint.in only the -
free-slip case.

Figure 12 shows the vorticity plots for the free-slip case with the contour values adjusted to-
bring out the features in the jet-tip-vortex. The left panel shows the plot .with contours evenly’
spaced about zero. The F contour indicates zero vorticity. The plot is quite complex, in sharp
contrast to the relatively clean vorticity contours of the laminar solutions of Conlon and Lichter
-[17]. The right contour shows the contour plots for only the positive vorticity, with the A contour
indicating zero vorticity. The outer rim of the tip vortex has negative vorticity. There is a se‘t of
four vortex centers, two of each sign, in the interior of the tip vortex. There is a region of positive .
vorticity just inside the tip of the jet and another one to the right of the tip vortex. In addition, -
there is a pair of positive vortex regions just above the orifice and on either side of the tall region
of negative vorticity shed by the piston corner.

Figure 13 shows the vorticity for the no-slip solution with moéiiﬁed contour values. As in the

case of the left panel of Fig. 12, the ' contour inciicates zero vorticity. We see the tall region of
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negative vorticity shed by the pison, and the layer of positive vorticity all along the left wall.

Figures 14 and 15 show the jet just before a time of 0.14 ms. The no-slip jet is interacting
strongly with the right wall, so the calculations are terminated at this point. However, we see the
shedding of two secondary vortices from the piston corner, the first of which is about to be engulfed
in the tip vortex in the free-slip case. In the rio-slip case, there appear to be two secondary vortices
shed by the boundary layer as well. As expected, at no time does the free-slip jet try to separate
from the wall. This is in contrast to the results of Conlon and Lichter [17], whose inflowing fluid

contained a significant amount of vorticity in most cases, including the free-slip cases.

The work of Tonse [2] suggests that the flow speed out of the crevice is one or two orders of
magnitude smaller than that used here. Consequently, two additional pairs of solutions were begun
with Reynolds numbers of 21 and 210. The former solution will test the hypothesis of Conlon and
Lichter [17] that no separation will occur for Reynolds numbers below about 50. The latter solution
will correspond to Tonse’s lowest flow spee;ls, so we will have bracketed the Reynolds number range
that can be expected in the engine. Since both cases are laminar, no turbulence model is used.
Both cases are behaving qualitatively the same as the high Reynolds number case reported here.
A plot of fuel mass fraction in the Reynolds number 210 case is shown in Fig. 16. We see the jet
is behaving qualitatively similar to the high Reyx_lolds numb-er case, but on a longer time ‘scale.
Up to this point no secondary vortices have been shed. A more détailed follow-up report will be

prepared upon cdmpletiou of the calculations.

VL. CONCLUSIONS

The COYOTE hf/drodynamics program has been used to simulate the flow of gases out of
the ring crevice of an internal combustion engine. We simplified the problem by neglecting piston
motion, chemistry, wall heat transfér, and residual gas motions to isolate the mechanism that
separates the crevice jet from the cylinder wall when the wa;ll jet in is contact with a no-slip

wall. No separation occurs with a free-slip wall. The separation in the no-slip case occurs as a




consequence of the generation of vorticity by both the boundary layer on the cylinder wall and -

the corner of the piston. A pair of unequal counterrotating vortices is created at the tip of the

jet.

The vortex next to the wall produces a reverse flow near the wall, forcing the main jet

flow to be deflected away from the wall and between the two vortices. At late times, secondary

vortices are periodically shed in all cases. While the details of the development of any indvidual

jet will be influenced by the neglected factors that will exist in the physical engine, the separation

phenomenon is a fundamental, robust result of simple fluid dynamical factors associated with the

boundary layers in the engine.
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Table 1.

COYOTE Input File

Base Case Input - Noslip Wall, cgs units

&coydat

ncyc=0, printv=>5.e+04, xlam0=0., xlamfl=0.,
nclast=1000, ncfilm=100, tclast=100.1, tquit=401.,
Ipr=0,

nsubzx=1,

izxtype(1)=1, subzxl(1)=0.00, subzxr(1)=1.d+00, noxz(1)=101,
subdxl](1)=0.1,

nsubzy=1,

izytype(1)=1, subzyl(1)=0., subzyr(1)=2.d+00, noyz(1)=201,
subdyl(2)=0.1,

alpha=0.02, beta=0.98,

dtmax=-0.9¢-07, delt=0.9e-07, autot=1., cyl=0.,
kr=1, kl=2, kb=6, kt=>5, epsp=1.e-08, airmu=0., rhood=1., .
ndtits=40, dtrat=1.005,

gx=0., gy=-980.,

patmt=1.013d+-06, patmr=1.013d+-06,

keps=1, algsgs=0., atke=0.117, dtke=1.4, charl=0., charlf=0.,
cbuoy=0., Irect=1, xnumol=0., swrl=0.,
charlg=3.75, cbscat=0.,

scmol=0.7, scsgs=0.7, prmol=0.7, prsgs=0.7,
tcut=700., tcute=1200., itptype=2,

Iwr=0, twr=570., kpoutt=3, kpoutr=1,

tvilag=1.,

nregn=2, ispecl=0,

is(1)=1,-ie(1)=102, js(1)=1, je(1)=202, -
treg(1)=1750.,

rhoreg(1,1)=2.000000000d-20, (CoHy)
rhoreg(1,2)=1.090146855d-04, (O2)
rhoreg(1,3)=3.555530880d-04, (N5)
rhoreg(1,4)=2.146470538d-07, (CO,)
rhoreg(1,5)=2.d-08, (H,0)

rhoreg(1,6)=2.d-20, (H)

rhoreg(1,7)=2.d-20, (Hb)

rhoreg(1,8)=2.d-20, (O)

rhoreg(1,9)=2.d-20, (N)

rhoreg(1,10)=2.0d-20, (OH)
rhoreg(1,11)=2.0d-20, (CO)
rhoreg(1,12)=2.0d-20, (NO)
rhoreg(1,13)=6.041280360d-06, (Ar)
ureg(1)=0.,

vreg(1)=0.,
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omgreg(1)=0.,

tkereg(1)=0.,

epsreg(1)=0.,

is(2)=1, ie(2)=17, js(2)=1, je(2)=8,
treg(2)=298.,

rhoreg(2,1)=6.070625731d-05,
rhoreg(2,2)=2.596576656d-04,
rhoreg(2,3)=8.468775046d-04,
rhoreg(2,4)=>5.112591268d-07,
rhoreg(2,5)=6.971762835d-08,
rhoreg(2,6)=1.d-20,

rhoreg(2,7)=1.d-20,

rhoreg(2,8)=1.d-20,

rhoreg(2,9)=1.d-20,

rhoreg(2,10)=1.d-20,

rhoreg(2,11)=1.d-20,

rhoreg(2,12)=1.d-20,
rhoreg(2,13)=1.438948109d-05,

ureg(2)=0., vreg(2)=2.d+04, omgreg(2)=0.,
tkereg(2)=4.d+06, epsreg(2)=0.,

nobs=1,

isobs(1)=18, ieobs(1)=102, jsobs(1)=1, jeobs(1)=7,
kbcobs(1)=1, Iwobs(1)=0, temobs(1)=300., tgrdobs(1)=0.,
nsp=13, . ’
eosform(1)=2.,

eosform(2)=2.,

eosform(3)=2.,

eosform(4)=2.,

eosform(5)=2.,

eosform(6)=2.,

eosform(7)=2.,

eosform(8)=2.,

eosform(9)=2.,

eosform(10)=2.,

eosform(11)=2.,

eosform(12)=2.,

eosform(13)=2.,

&end

&tranco

mixvis=2,

jtdiff=3, jtco=11, jtco2=4, jth20=5,
jdradv=1, jdrflg=2, jdrdbg=0,

&end

&chemin

nre=0, nrk=0, ntaps=0, printt=1.05, kwikeq=2, jchem=1,
cf(1)=6.4e+12, ef(1)=15000., zetaf(1)=0.,
cb(1)=0., eb(1)=0., zetab(1)=0.,
am(1,1)=1, am(2,1)=3,
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ae(1,1)=0.1, ae(2,1)=1.65,

bm(4,1)=2, bm(5,1)=2,

be(4,1)=0., be(5,1)=0.,

cf(2)=1.55687e+14, ef(2)=6.7627e+-04, zetaf(2)=0.,
cb(2)=7.5e+12, eb(2)=0., zetab(2)=0.,

am(2,2)=1, am(3,2)=2,

ae(2,2)=0.5d+-00, ae(3,2)=1.d+00,

bm(9,2)=2, bm(12,2)=2,

be(9,2)=1.d+-00, be(12,2)=1.d+00,

cf(3)=2.6484e-+10, ef(3)=5.9418e-+04, zetaf(3)=1.,
cb(3)=1.6e+09, eb(3)=1.9678e+04, zetab(3)=1.,

am(2,3)=2, am(3,3)=1,

ae(2,3)=1.d+00, ae(3,3)=0.5d-+00,

bm(8,3)=2, bm(12,3)=2,

be(8,3)=1.d-+00, be(12,3)=1.d-+00,

cf(4)=2.123e+14, ef(4)=5.702e+04, zetaf(4)=0.,

cb(4)=0., eb(4)=0., zetab(4)=0.,

am(3,4)=1, am(10,4)=2, -

ae(3,4)=0.5d+00, ae(10,4)=1.d+-00,

bm(6,4)=2, bm(12,4)=2,

be(6,4)=1.d+00, be(12,4)=1.d-+00,

as(1)=0.990207d-+00, bs(1)=-51.7916d--00,
¢5(1)=0.993074d+00, ds(1)=-0.343428d-+00, es(1)=0.0111668d-+00,
an(7,1)=1, bn(6,1)=2,

. 25(2)=0.43131d--00, bs(2)=-59.6554d-+-00, cs(2)=3.50335d--00,
ds(2)=-0.340016d--00, es(2)=0.0158715d--00,

an(2,2)=1, bn(8,2)=2,

as(8)=0.794709d--00, bs(3)=-113.208d-00, cs(3)=3.16837d+00,
ds(3)=-0.443814d+-00, es(3)=0.0269699d--00,

an(3,3)=1, bn(9,3)=2,

as(4)=-0.652939d+00, bs(4)=-9.8232d--00, cs(4)=3.93033d-+00,
ds(4)=0.16349d+00, es(4)=-0.0142865d-+-00,

an(2,4)=1, an(7,4)=1, bn(10,4)=2,

2(5)=1.158882d+00, bs(5)=76.8472d+00, cs(5)=8.532155d+-00,
ds(5)=-0.86832d-+00, es(5)=0.0463471d+00,

an(2,5)=1, an(5,5)=2, bn(10,5)=4,

as(6)=0.980875d-+00, bs(6)=68.4453d+00, cs(6)=-10.5938d--00,
ds(6)=0.57426d-+00, es(6)=-0.041457d--00,

an(2,6)=1, an(11,6)=2, bn(4,6)=2,

&end

Generic wall jet

Equivalence ratio = 0.8 C2H4 4 air flowing into air

Reynolds number = 21,000
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Experimental Setup for In-cylinder Imaging of
Unburned H/C's using PLIF-Vertical Plane

* Pulsed Laser

Sheet Forming Optics
: | Intensified

Camera

X3t
B3 R e

Exhaust Intake

Mirror

(DRing gap at
image plane
@)Normal ring gap

Fig. 1. Schematic of the PLIF apparatus used to make the images in Fig. 2.
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Cylinder
Wall

570 CAD

Piston Top

Cyfinder
Wall

600 CAD Piston Top

Fig. 2. PLIF images of acetone jetting from the top land crevice 57 (top panel) and 60 degrees (bottom
panel) after bottom dead center. Since the laser sheet is not perpendicular to the cylinder
wall, the images are stretched slightly in the horizontal direction.
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MAX = 7.863313D+02 MAX = 7.884659D+02
MIN = 2.752835D+02 MIN = 3.045952D+02

Fig. 3. Isotherms for the wall jet calculations slightly after 0.04 ms. Cartesian geometry is assumed.
The left and right boundaries of the two-dimensional grid are rigid walls, the solid bottom has
an orifice for the jet, and the top is a fixed-pressure outflow boundary. The left panel has an
adiabatic free-slip boundary condition, and the right panel has an adiabatic no-slip condition.
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MAX = 5.352404D-02
MIN =0

MAX = 5.307894D—02
MIN= 0

Fig. 4. Mass fraction plots of ethylene for the same cases as in Fig. 3.
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Fig. 5. Velocity vector plots for the same cases as in Fig. 3. Vectors are shown for every third zone.
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Fig. 6. Velocity vector plot zoomed in to show the secondary vortex and reverse flow on the left wall.
A vector is plotted for every zone.
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Fig. 7. Vorticity plots for the same cases as in Fig. 3.
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MAX = 2.124625D+05
MIN = —1.024757D+06
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MAX = 7.519176D+02
MIN = 2.282384D+-02

Fig. 8. Isotherms slightly after 0.1 ms.
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MAX = 7.564089D+02
MIN = 2.5220280+02




MAX = 5.363401D—-02 MAX = 5.207862D-02
MIN=O0 . MIN=0"

Fig. 9. Mass fraction of ethylene for the same cases as in Fig. 7.
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Fig. 10. Velocity vector plots for the same cases as in Fig. 7.
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MAX = 1.507406D+05
MIN = —9.9478250+05

Fig. 11. Vorticity for the same cases as in Fig. 7.
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MAX = 1.972380D+06
MIN = —1.054960D+06




o . = A
< _F — > ‘6%
MAX = 1.507406D+05 MAX = 1.507406D+05
MIN = —1.500000D+05

MIN= 0

Fig. 12. Vorticity for the free-slip case in Fig. 10, but with contour values modified to highlight the
tip vortices. The right panel shows only contours of positive vorticity.
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Fig. 13. Vorticity for the no-slip case in Fig. 10, but with contour values modified to highlight the tip
vortices. The right panel shows only contours of positive vorticity.
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MAX = 5.358977D—-02
MIN = 0

Fig. 14. Mass fraction of ethylene just before 0.14 ms.
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Fig. 15. Velocity vector plots for the same cases as in Fig. 10.
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MAX = 5213250D-02
MIN=0-: -

Fig. 16. Fuel mass fraction plot for the no-slip solution with Reynolds number 210 at 11.7 ms.
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