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A PARTICLE NUMERICAL MODEL FOR WALL FILM
DYNAMICS IN PORT-INJECTED ENGINES

P. J. O’Rourke and A. A. Amsden, Los Alamos National Laboratory

ABSTRACT

To help predict hydrocarbon emissions during cold-start con-
ditions we are developing a numerical mode] for the dynamics
and vaperization of the liquid wall films formed in port-injected
spark-ignition engines and incorporating this model in the KIVA-
3 code for compiex geometries. This paper summarizes the
current status of our preject and presents illustrative example
calculations,

The dynamics of the wall film is influenced by interactions
with the impinging spray, the wall, and the gas flow near the wall,
The spray influences the film through mass, tangential momen-
tum, and energy addition. The wall affects the film through the
no-slip boundary condition and heat transfer. The gas alters film
dynamics through tangential stresses and heat and mass transfer
in the gas boundary layers above the films, New wall functions
are given to predict transport in the boundary layers above the
vapoerizing films. It is assumed the films are sufficiently thin that
film flow is laminar and that liquid inertial forces are negligible.
Because liquid Prandt] numbers are typically about ten, unsteady
heating of the film should be important and is accounted for by
the model. The thin film approximation breaks down near sharp
corners, where an inertial separation criterion is used. A limi-
tation of the current model is its neglect of splashing caused by
the impinging spray, and this will be removed in future work.

A particle numerical method is used for the wall film. This has
the advantages of compatibility with the KIVA-3 spray model
and of very accurate calculation of convective transport of the
film. Its disadvantage is the need to track parficles on curved
surfaces, and we describe how this is accomplished.

We have tncorporated the wall film model into KIVA-3, and
theresulting combined model can be used to simulate the coupled
port and cylinder flows in modern spark-ignition engines. We
give examples by comparing computed fuel distributions with
closed- and open-valve injection during the intake and compres-
sion strokes of a generic two-valve engine.

INTRODUCTION

Much research activity has been initiated by recent find-
ings [1] that a large fraction of the hydrocarbon emissions of

modern spark-ignition {SI) engines are generated in the first ten
seconds after starting the coid engine. Solving this so-cailed
cold-start problem would greatly help the automobile companies
meet government-mandated hydrocarbon emission standards in
the near future. The importance of the cold-start problem is in-
dicated by the number of efforts to develop multidimensional
numerical models that could give detailed information about
how cold-start emissions originate and possible remedies for
them [2-5). The major new submode! needed before existing
multidimensional models can predict cold-start emissions is that
for the dynamics and vaporization of the wall films formed by
port injection, This paper is a first reporting of a new multidi-
mensional model being developed at Los Alamos for predicting
film flows in port-injected SI engines. It differs from most other
models principally in that the film is tracked by computational
particles, leading to very accurate calculation of wall film frans-

-port. We also propose new wall functions for use with the kie

turbulence model to predict the transport of vapor mass, mo-
mentum, and energy in the turbulent boundary lavers above the
vaporizing wall films,

In some respects modeling the wall films formed in port-
injected engines is easier than in direct-injected engines. In-
jection pressures of port injectors are typically much lower (less
than 500 kPa} than cylinder injector pressures so that atomization
is not so fine [6]. The resulting lower injection velocities give
rise to less droplet splash and rebound from walls. Still, droplet
splash is important and, although we have not yet included this
effect in our model, it will be included in future work. A great
simplification is that during cold start ¢he temperatures on walls
and the valve of the intake port are typically less than the boiling
point temperatures of most components of gasoline. Thus we
can assume that the liquid film is in direct contact with the wall
and ignore other heat transfer regimes that occur when sprays
impinge on hot cylinder walls, cylinder heads, and pistons [7].

Another great simplification that we and others make is the
thin film approximation. This actually is comprised of a num-
ber of assumptions, First, it is assumed that film thicknesses
are much smaller than radii of curvature of the walls and than
characteristic distances along the wall surface over which mean
properties vary. Second, we assume that the films are so thin
that the liguid flow in them is laminar and the liquid velocities



in the film are tangent to the wall (in the frame of reference of
the wall} and vary linearly with height above the wall. Third, it
is assumed that inertial and gravitational forces on the film are
negligible. Fourth, we assume that the air flow velocities above
the films are much larger than the film velocities and therefore
that the air flow sees a “solid” surface in the computation of the
air velocity relative to the film velocity. Order of magnitude
arguments, some of which will be given in the equations section
of this paper, show that most of these assumptions are valid as
long as film thicknesses are less than approximately 100 g,

Despite the many simplifications resulting from the thin film
approximation, numerous challenges remain in modeling film
dynamics and its coupling with the gas. One of these is the ca-
pability to predict flow separation of the filin from the wall and
subsequent re-entrainment of the liquid into the gas as droplets,
One can show that separation can only occur at sharp corners,
where the thin film approximation breaks down. Thus wall sep-
aration cannot be predicted by a thin film maodel, and a separate
submodel must be formulated that predicts when such separa-
tion occurs and the properties (radii and velocities) of the liquid
droplets that result. In this paper we propose a new inertial
criterion for wall separation, and this will be described in the
equations section. We do not account in our model for another
possible re-entrainment mechanism——the stripping of droplets
from the surface of the film due to unstable wave growth.

Another challenge is the prediction of heat, mass, and mo-
mentum transfer in the turbulent gas boundary layers above the
films. For nonvaporizing circumstances, well-known k/e model
wall functions have been formulated that in many situations pre-
dict turbulent wall drag and heat transfer reasonably well [8].
Because of the blowing velocities caused by vaporization, how-
ever, gas boundary layer structure above wall films will be al-
tered, and the diffusive transport of momentum and energy in
the boundary layers will be inhibited because of boundary layer
thickening. In this work we propose new wall functions that re-
duce to a standard formulation for nonvaporizing circumstances
and account for the inhibition of transport in the boundary layers
above vaporizing surfaces. Experimental validation and refine-
ment of these wall functions will be performed in future work.

A third challenge is a numerical one and concerns the accurate
calculation of convective transport of the film. Surface tension
keeps the edges of the films sharp, but many current numerical
models, because they use continuous-fluid methods to solve the
film equations [2,4,5], will diffuse the edges of the film over
several surface computational cells. This surface grid is usnally
very coarse, and considerable numerical thinning of the film can
result, leading to large errors because so much of the film dy-
namics and vaporization depend on film thickness. To overcome
this problem we use a particle method to represent the wall film.
Particle methods have long besn successfully used to track inter-
faces in fluid dynamics calculations [9,10]. Another advantage
of a particle method is its compatibility with the particle spray
model that is used by the KIVA code {11]. A disadvantage of a
particle model is the need to move wall particles and keep them
on curved wall surfaces. Reference [3] describes a particle film
model, but the film does not move aleng walls. Reference [12]
presents a particle film model for diesel engines but ignores film
vaporization and does not describe how the film particles are
moved.

The remainder of this paper is organized as follows. In the
next section we discuss the wall film equations that we are solv-
ing. Some of the agssumptions of the thin film approximation will
be justified at this time, and we present the new wall functions for
boundary layers above vaporizing films. The particle numerical
method will be described in the third section, where we tell how
we move particles on the curved wall surfaces. The numerical
method has been incorporated into the KIVA-3 code [13] for
complex geometries, and the last section describes two calcula-
tions of closed- and open-valve injection in a generic two-valve
ST engine,

THE WALL FILM EQUATIONS

In this section we give the equations for wall films and their
coupling o the gas and the spray. The derivation of the equations
is quite lengthy will not be given. We do give the physical
assumptions made in defiving the equations, and in some cases
we justify these with order of magnitude estimates, We first
present the mass, momentum, and energy equations for wall
films. Then the coupling of these equations to the gas equations
will be given. Third, we present the new wall functions and
give some of their properties, Finally, we tell of a new inertial
separation criterion for the prediction of flow separation of wall
films at shatp corners.

WALL FILM MASS EQUATION - The mass equaticn for
wall films is not directly solved because the computational par-
ticle method we use automatically conserves wall film mass.
Nevertheless, we give the mass equation here because it allows
us to introduce some necessary notation:
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In this equation

pe = liquid density (assumed constant),
h = film thickness,

Fri time-rate-of-change in the frame of reference

of the wall,
Vs = surface gradient operator,
1i; = mean film velocity in the laboratory frame, and
vy = wall velocity.

M is the mass source per unit wall area due to impingement,
re-entrainment, or vaporization:

ﬂf = Mmp + J?\;—frt-:nt + ju'va.p . (2)

The re-entrainment source will be specified later when the wall
separation model is presented. The impingement source is

Mimp = //f %?T?‘ﬁpgv-nf (x5, v, Tg, t) dvdvdly ,

v-n<=0

where f is the spray droplet distribution function {11}, n is the
unit rormal to the wall pointing into the gas, and x, is a point on
the wall surface. Thus, we are assuming that every droplet that
hits the wall becomes part of the wall film. The vaporization




source My, will be given later when the wall functions are
desciibed.

WALL FILM MOMENTUM EQUATION - To compute the
film velocity Wy we approximate the following film momentum
equation:

0 = Tt — pag (Te) u—‘e% o+ Py — (?imp : n) n )

+ Mimp (Ve - njn-— ﬁEI 1
where

T, = shear stress on top {gas-side) of the film,
t = unit tangent to the surface in direction of Gy — v,
pe = liquid viscosity {temperature-dependent}),

T'¢ = mean film temperature, and

. 4 .
Pipap = —]]f §ﬂr3pgvv-nf (x5, 0,7, T, t) drdvdly.
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Thus we are assuming that the velocity of the film is determined
by a balance of the shear stress forces exeried on the top of the
film by the gas boundary layer, viscous forces in the film arising
from the difference between the mean film velocity and the wall
velocity, and forces exerted by an impinging spray. We further
assume that norinat stresses in the film bring about instantaneous
equilibration of the normal components of the film and wall
velocities. Thus by dotting Eq. (3) with the wall normal n one
obtains (uz — v,,) - n = . The expression we use for 7, will
be given later.

Equation (3) is derived by subtracting u, times the film mass
equation from the full film momentum equation and making the
following assumptions:

1. wall film inertial terms are negligible,

2. pressure gradient terms are negligible,

3. gravitational forces are negligible,

4. changesin the fifm velocity due to vaporization are negligible,
and

5. the velocity profile in the film varies linearly with distance
from the wall.

All of these assumptions are justified if wall films are thin
enough, and we only show here how thin the films must be
in order that assumption 1 be valid. In regions where there is
a balance between boundary layer shear siresses and viscous
forces in the film

ﬂuNﬁQEEE!
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KIVA calculations of intake port flows give us characteristic
values of the wall shear stress 7, of 100 dynes/cm?, and the
viscosity of gasoline is approximately 5 x 10~% g/(cm s). Thus
by Eq. (4) liquid velocities in such regions are approximalely
10%h cm/s, where h is measured in cm. In magnitude, the inertial
terms in the liquid film momentum equation are

2
L H

o s
I = ppuj

where L is a characteristic distance along the surface over which
the liquid velocity varies. Taking I =~ 1 cm and using Eq. (4)
gives I =2 10843, Thus if & < 102 cm = 100 pm then T will
be less than 7,,, and inertial terms can be neglected.

WALL FILM ENERGY EQUATION - In conirast to the mo-
mentum equation, we canaot ignore the unsteady or convective
transport terms in the wall film energy equation. This is because
liquid Prandt] numbers are typically about 10, and therefore char-
acteristic heat conduction times are an order of magnitude longer
than viscous transport times, Likewise it cannot be assnmed that
the temperature profile in the film is linear. Accurate numerical
calculation of the film temperature would require discretizing
the Hquid film in layers and formulating finite difference equa-
tions for the temperature in each layer. This alternative would be
very costly computationally, and we instead solve for the mean
film temperature T and approximate the temperature profile io
be piecewise linear, varying from the wall temperature T, to
Ty in the lower half of the film and from T to a gas surface
temperature T in the upper half of the film. The film energy
equation is

T _
putCo, { S+ (W= va) VI T

e [T =Ty Te—T (5)
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where

Cy, = liquid specific heat (temperature-dependent),
Az = liquid heat conductivity (temperature-dependent),
I4(T) = liquid internal energy at temperature Ty,
T = wall temperatare, and

Qimp = *[f/ gwgpgl’g(i"d)v ‘nf

v-n<0
(x,,v,r, Ty, t) dvdrdly.

The term in braces in Eq. (5) is the time-rate-of-change of tem-
perature following a liquid film element moving along the wall
surface. In addition to this unsteady term and the heat conduc-
tion terms, the mean film temperature Tg can change due to spray
wall impingement, Equation (5} ignores the small changes in
mean film temperatures due to vaporization of fuel at the surface
of the film that is at a temperature T, which is different from the
mtean film temperature, and the changes in fitm temperatures due
to correlations of fluctuating temperature and velocity within the
film.

In order to calculate the film surface temperature, we need
the interface conservation condition relating the gas-side heat
transport Q to the film, the energy used to vaporize fuel, and the
liquid-side heat transport due to conduction:

Q= Bapl(T) + W@ L, ©)

/2
where £ is the latent heat of vaporization. The expression we
use for ¢ will be given later in the subsection on wall functions.

COUPLING TO THE GAS EQUATIONS - The coupling to
the gas equations is through wall source terms S, S,,, and 57 in




the mass, momentum, and internal energy equations solved by
KIVA:

Sp = Muapdly — ys) (72)
Su = {Mva.p (gﬁ}? - Vwall) - th:| 6(3} - ys) (7b)
and SI = [Mva.phv (Is) - Q} 5(y - ys) H (70)

where ¥ is the coordinate normal to the wall surface, y, is the
value of y on the surface, and h,, (75} is the fuel vapor enthalpy
evaluated at the surface temperature. The next section gives
the film mass vaporization rate M\,ﬂp, the shear stress T, on
the gas surface of the film, and the heat flux ¢} from the gas
to the film. The detailed mass, momentum, and internal en-
ergy equations solved by KIVA-3 can be found in the KIVA-II
documentation [11].

WALL FUNCTIONS FOR VAPORIZING FILMS - Vapor-
ization alters the structure of the turbulent boundary layers above
the wall films because of the gas velocities normal to the wall
induced by vaporization and consequent convective transport
away from the fitm of mass, momentum, and energy. The ex-
act nature of the alteration is unknown, although qualitatively it
should give rise to an inhibition of mass, momentum, and energy
transport in comparison to the nonvaporization situation. We
have derived provisional wall functions that have this property
of inhibiting transport and that reduce to standard wall functions
above nonvaporizing walls. Two major assumptions are made in
the derivation of the wall functions in the fully turbulent region
of the boundary layer. First, it is assumed that total transport
is independent of the normal coordinate to the wall and is the
sum of transport due to turbulent diffusion and due to convec-
tion by the vaporization velacities. Second, we assume that as
in nonvaporizing boundary layers there is a linear variation of
the turbulent diffusivity with distance from the wall.

The mass vaporization rate Mmp is given by

My = Hytn (1532 (®)
where
Hy = yj383+§~211n(§§:) (88)
e

Y, = fuel vapor mass fraction at ™ |
Yo. = Yy (Ts) = equilibrium vapor mass fraction at
film surface temperature, '
Sce, Ser = laminar, turbulent Schmidt numbers, and
# = Karmann'’s constant = 0.433 [11].

The dimensionless normal coordinate 7 is given by

1/4 r-1/2
¢y K
yr=Yu 2 (9)

Vi

where vy is the laminar kinematic viscosity. It is assumed that
the transition between the fully turbulent region and the laminar

profile near the wall occurs at 2 value yf of 11.05, independent
of the mass vaporization rate.

The boundary layer shear stress and heat flux are both given
in terms of a dimensionless vaporization rate A *:

Meap

M=
pei { K12

(10)

The shear stress is given by

Tuo _ W@%’Wﬁ—l yt >yt

plu—vy|el K12 EM—jf-!-_—l y*t <y,

(11)

where B = 5.5[11] . Note that the value of y;‘" has been chosen
to give a continuous transition between the turbulent and laminar
regions in Eq. (11), since 1/ In{y}) + B = y. Also note the
use of [u — v,,|, rather than |u — Ty|, in this expression, where u
is the gas velocity at y*. This is where we invoke the assumption
that [u — vy, > [Ty — V.

The boundary layer heat flux is given by

Q a
pcpci’qu/?(T —T3) B
M r— vty (12)
Pz vt <wl,

where Pry and Pr, are the turbulent and laminar Prandt num-

bers.
In the limit of small A7™* Eqgs. (11) and (12) reduce to

1 +
Tw _ | immers VT8 (13)
plu—vulg kY2 | 3+ yt<ud
and
1 + +
g ¥y
Q — 'yi'P'r‘g-i-P—:_zIn(-‘:ij ¢
1/d poyraerp i
pepcy " KVAT —Ty) e yt >yt

(14) -
which are standard wall functions for the turbulent boundary
layers above nonvaporizing surfaces [8]. It can be shown that
for a given value of 4 the shear stress and heat flux of Eqgs. (13)
and (14) are reduced from their values in Eqgs. (11} and (12) if
AM* > 0.0.

WALL SEPARATION CRITERION - The coupling of the
film with the spray is already partiaily accounted for above by the
impingement functions M}mp, Pimp, and Qimp. These are used
to calculate the response of the wall film when spray droplets
become part of the filin. In this section we give one way in
which the spray responds when fuel in the film is converted into
droplets. This can occur when the film flows over a sharp corner
of the wall, such as the rim of the intake valve or an edge of the
valve seat,

The wall geometry near the sharp edge is depicted in Fig. 1.
The plane of Fig. 1 is the plane of the two normals ny and np to
the surfaces on either side of the edge. The movement of the film
is from surface 1 to surface 2, but the film velocity relative to
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Figure 1: Geometry near a sharp corner

the wall need not lie in the plane of n; and ns. The compoenent
of the relative film velocity in this plane and on surface 1.is
(Wy — v ) - t1, where t; is the unit vector tangent to surface 1
in the plane of n, and ns. The angle between n; and ny is &,
the turning angle of the flow if it remains attached to the wall.

The physical picture is the following, As the lignid film ap-
proaches the corner on surface 1, it will tend to keep its direction
of flow and separate because of its inertia in the plane of n;
and ng (Newton’s first law). A low pressure regicen forms at
the wall-side of the film, and the resulting pressure difference
between the pressure on the gas-side, which is the gas pressure,
and that on the wall-side, causes the flow to turn and remain
attached to the corner. If, however, the liquid inertia is so large
that the wall-side pressure drops to zero, then the liquid and wall
no longer are pushing against each other, and the liquid film
separates. These considerations and an examination of the mass
and momentum balances for the liquid flow near the corner, lead
to the following separation criterion:

. [ps (Wp — vy) - £1) sin
? 1+ cosé

> Pgas » (15)

where ¢, is aconstant we are currently taking to be 3 that depends
on the shape of the pressure profile along the wall, Although
this is a plansible picture of what occurs when films flow over
sharp corners, it remains to be validated experimentally. Two
dimensional numerical calculations of such flows would also be
helpful; the authors know of no such recent calculations.

We wish to make two comments concerning the separation
criterion (15). First, it may be surprising to some that surface
tension does not enter. Surface tension does raise the pressure
in the liquid film on its gas side, and this inhibits separation but
can be shown to be a negligible effect. Second, it seems that the
shear stress and film thickness should play major roles in causing
separation, and this is not immediately apparent from Eq. (15}.
That the shear stress and film thickness are very important can
be seen from Eq. (4}, which shows that the film velocity relative
to the wall is preportional to the shear stress and film thickness,
and thus the separation criterion (15) depends quadraticafly on
these quantities,

H the separation critetion is satisfied, then hquzd film is con-
verted to spray droplets at the edge where separation occurs. The
new droplets are inttialized with velocitics equal to the mean
film velocity @, and radii equal to half the film thickness f.
Actnally, computed results are insensitive to how the droplet

properties are initialized upon separation, as the gas velocities
are very large when separation occurs and according to the TAB
droplet breakup model [14] the new droplets quickly break nup
into smaller, aerodynamically stable sizes that are accelerated to
nearly the gas velocity.

THE PARTICLENUMERICAL METHOD FOR WALL FILMS

When a spray particle impinges upen a wall, it is converted
into a wall particle. Five quantities are kept for each wall particle:
the particle position x,, the index I4,, of the computational cell
in which the particle is located, an index IF}, that gives the face
(left, right, front, derriere, bottom, or top) of cell /4, on which
the particle is located, the particle mean temperature T, and the
particle volume V;,. These are updated each computational cycle
in a three step calculation.

1. First, foreach cell face the mean film velocity Uy is calculated.

2. Second, using the mean film velocity, the particle position
and indices {4, and I'F, are updated.

3. Third, 7}, and V are updated in a coupled, implicit calculation
of heat and mass transfer,

In this section we briefly describe each of these steps, in the

order in which they are performed by the KIVA-3 code.

CALCULATION OF THE FILM VELQCITY - The mean
film velocity is a cell-face quantity, and all computational parti-
cles located on the same face move with the same velocity. Let
us denote cell-face quantities with a subscript . The mean film
velocity calculation begins wiih the cakeulation of the mass and
momentum impingement sources, and the energy impingement
source is also calculated at this time for later use in the wall
particle temperature update:
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where the sum is over all spray particles that have impinged on
face cv this time step and |A,] is the cell-face area. Next, the
wall shear stress is calculated using Eq. (11} and dimensicnless
mass vaporization rates from the previous cycle. Finally, the
film velocity on face « is obtained by solving Eqg. (3}

@ = {(ratt)a + 22800 4 (i)
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_ [(Pimp)a : Ha} n, + (Mimp)a (Ve Dp) 0] }

/ [2ﬂ%l + (Mimp) a] )
(18)

The film thickness f, is obtained by summing the volumes of
all particles on face « and dividing by the cell face area;
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UPDATENG THE FILM PARTICLE POSITIONS - The up-
dating of the particle positions makes use of the so-called logi-
cal coordinates within a KIVA-3 computational cell [11]. Each
KIVA-3 hexahedral cell is the image under a trilinear mapping,

-of a unit cube. The logical coordinates of a point x within a
computational cell are the ordered triplet of coordinates within
the unit cube whose image under this trilinear mapping is x. We
denote the logical coordinates by (£,9, () and their associated
physical point by x(&, 1, ¢).

The first step in updating the wall particle’s position is to
compute a provisional new particle position by

Ry = xp + At (7)), , (20)

where a is the face upon which the particle is located. The
provisional position X, may be in another computational cell,
and even if it is in the same cell it may not lie on the wall
because the cell faces in KIVA-3 may not be planar. To find
the final particle position, and possibly change the cell 14, and
face I'Fy, on which the particle is located, we first solve for
the Jogical coordinates (£, 7, ¢) of the provisional position. If
(&, 71, ) indicate that the particle is in the same computational cell
14, then its new position is determined by projecting the logical
coordinates (£, 7, ¢) onto the same cell face I F}, the particle had
at the old time level. For example, if at the old time level ¢ = 0.0
then we set { = 0.0 and compute

Xt = x (5 #, o) . (21)

If (£, 7, ) indicate that the particle has crossed a cell bound-
ary, then one of these coordinates will either be greater than one
or less than zero. This coordinate, and its value, tell us which
edge of face 1 F}, has been crossed. There are four possible cases
for a particle that has crossed a cell edge:

1. It moves to the same logical face of a neighboring cell, e.g.,
bottom face to neighboring bottom face.

2. Tt turns an inside corner and is assigned to a different wall
face of the same cell.

3. It turns an outside corner and is assigned 1o a different face
of a neighboring cell around the comer.

4. Itcrosses anopen boundary, in which case it leaves the system
and is destroyed.

The quantities 14, and/or IF,, are updated as appropriate, and

for cases 1-3, the out-of-bounds logical coordinate is either in-

cremented or decremented by one to bring its value between zero

and one. The new paiticle position is calculated using the logi-

cal coordinate mapping of the cell in which the particle is now

located, At this time we also use the separation criterion (15} to

determine whether or not to re-entrain the particle as a spray par-

ticle. It is possible that two of the logical coordinates (€, are

out-of-bounds, in which case a second pass through the above

logic is performed to move the particle across two face edges.

UPDATING THE FILM PARTICLE TEMPERATURE
AND VOLUME - The film particle temperature 7}, and volume
V,, are updated by solving coupled, implicit finite difference ap-
proximations to the film energy equation (5} and the interface
conservation condition (6), ntilizing the expressions for the heat

and mass transfer rates (12) and (&) from the gas to the wall film.
The difference approximation to the film energy equation is

Peltatve ™Ry R

+ (Qump) = 1e(T3) (Mimp)

[T — 224 4 T,

(22)
where T, is the surface temperature at the film/gas interface,
which is obtained as a part of the implicit solution. The dif-
ference approximation to the interface conservation condition
is

22¢(T3')

Qp = (MVaP)p L{Tep) + b (Tsp — T;H) » (23)

where the mass vaporization rate is given by

(Mm)p = (11—":’11) ’ (24)

K:g,p = Y‘L'gq (Ts,p) y

and Hy, given by Eq. (8a), depends on explicitly known infor-
mation. The heat transfer rate is obtained from

Qp = HT (T:-H - Ts,p) y (25)

where the heat transfer coefficient Hp is implicitly given in
Eq. (12). Hy depends on the dimensionless vaporization rate
M*, which is calculated using (M..p )y from Eq. (24).

These equations are sclved for each particle by Newton iter-
ation. Given a guess T, for the new particle teraperature, the
surface temperature is solved for using Eq. (22). Then the mass
transfer rate can be calculated from Eq. (24), and finally the heat
transfer rate is obtained from Eq. (25). We then test the residual
in the solution of the interface conservation condition (23) and
adjust 77, until this residual is acceptably small for convergence.

Following convergence the particle volume is updated to ac-
count for its mass loss due to vaporization:

(Mvap) At
yrtl_yr |- — 2 26
i P e (26)
EXAMPLE CALCULATIONS

In this section we present the results of KIVA-3 calculations
of open- and closed-valve injection in a generic pent-roof, {two-
valve engine. The intent here is to test the incorporation of the
wall film model in its current state in a full KIVA-3 calculation
of intake and compression in a realisiic engine geometry. The
results must be interpreted with caution because of the lack of
a wall splash madel and because the wall film model has thus
far received little experimental validation; however, the findings
show some interesting differences between open- and closed-
valve injection. The calculations also demonstrate the potential
uscfulness of the model for predicting charge preparation in port-
injected engines. On the negative side, the computations are
quite lengthy, requiring about 10 hours on a Cray-YMP.




ENGINE AND COMPUTATIOINAL PARAMETERS -
The parameters for the generic port-luel-injected (PFI) engine
are given in Tabie ], and the valve lift histories are given in Fig. 2.
For the closed-valve case, injection {iming was chosen so that
most of the liquid fuel just adhered to the top of the intake valve
at the time of intake valve opening (—20°). For the open-valve
case, injection commenced at 60° so that the time of maximum
rate of impingement of liquid on the back of the valve coincided
approximately with maximum valve lift at 90°. In both cases the
injection velocity was constant, but the mass injection rate had
a sinusoidal profile. The total liquid 1nass injected was chosen
so that if all the injected fuel entered the cylinder, vaporized,
and uniformly mixed, then the equivalence ratio in the cylinder
would be approximately 2.0. The properties of gasoline were
taken from Ref. [15-18].

Table I, Generic PFI Engine Parameters

Compression Ratio 9.6
Bore 826 em
Stroke ' 9.21 cmn
Connecting Rod 15.24 em
RFM 200
Wall and Valve '
Temperatures 293K
Fuel Gasaline
Valve Timings
VO —-20°
EVC 10°
vc 210°
Injection Parameters
Injection Duration 48°
Injected Mass 70 mg
Injection Velocity 1400 cn/s
Cone Angle 16°
Sauter Mean
Radius 25 pm _
Starting CA —~T75° (closed-valve)

60° (open-valve)

Waive Lift (cm)

100 201 300 A00 saq BOD o0

Crank Angle {degrees ATDC)

Figure 2: Valve lif history-—generic PFI engine

Table II gives some of the compuiational parameiers used
in the calculations, and Fig. 3 shows a perspective view of the
compitational mesh at BDC, The open-valve case was begun at
—15° so that the intake event could be included in the calculation,

and bolh cases were run to 345° to obtain the computed charge
distribution in the cylinder at approximately the fime of ignition,
As noted above, the Cray-YMP times of the calculations were
approximately 10 hours; the same calculalions rua on an HP-
9000 were a facior of five to six slower.

Table IL. Computational Parameters for PFI Engine Calculations
Probiem Duration
—T75° to 345° (closed-valve)
—15° to 345° (open-valve)
Number of Vertices

at BDC _ 35,100
at TDC 17,900
Number of Time Steps

4,600 (closed-valve)
3,885 {open-valve)
Number of Computational

Particles 1000
Cray-YMP Computer Time 10 hours
HP-9600 Computer Time 50-60 hours

Figure 3: Perspective view of computational mesh for generic
PFl engine

CLOSED-VALVE INJECTION RESULTS - We now give the
computational results, first for the closed-valve injection case.
Figure 4 gives plots of the spray and wall particle posilions, gas
velocities, and fuel vapor mass [ractions in a plane through the
axis of the cylinder and the axes of the valves. In the particle
plots the velocities and positions of all particles in the calculation -
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are projected onto the plotting plane,~At —27°, when injection
has just finished, all spray particles appear to be impinging on
the intzke valve, and maximum gas velocities induced in the
intake port by the spray are comparable fo velocities around the
exhaust port, which is still slightly open at this time. Maximum
fuel vapor mass fractions of about (.29 are seen in the core of
the spray.

At 90°, at the ime of maximum intake valve lift, all the liquid
appears to lie on the intake valve. Strong intake gas velocittes of
about 1000 cm/s have convected most of the fuel vapor into the
cylinder, with the exception of a pocket of vapor in the stagnant
region near the inlersection of the valve stem and intake port
wall. Also clearly visibie is the-mass source due to vaporization
of the film on top of the valve.

The intake valve is nearly closed in Fig. 4 at 180°, so that
the flows in the cylinder and intake port are nearly isolated from
each oiher. The liquid film on the valve coatinues to vaporize,
but this new vapor is now trapped in the intake port. The vapor
concentrations are highly stratified in the cylinder, with mass
fractions between (.0 and 0.12 in the plotting plane.

Figure 5 gives plots at 345° of the wall particle positions as
seen from above the valve and of the fuel vapor mass fractions in
a plane in the cylinder that is perpendicular to the cylinder axis.
The particle positions clearly show a ring of liguid outlining the
edge of the intake valve, with some liquid remaining on top of the
valve, Charge stratification has been considerably reduced by
. mixing in the cylinder. The vapor mass fractions vary between

-0.025 and 0.044, with the highest values occurring near the intake
port.

Much additional usefu] information is gained, and inferences
from the detailed plots of Fig. 4 are confirmed, from plots in

Fig. 6 of the histories of the global mass of fuel liquid and vapor. -

Shown are the histories of the total liquid mass on port walls,
on the valve edge and face, on the valve top and stem, entrained
in the port, and entrained in the cylinder; and the total vapor
-mass in the cylinder and port. The valve edge and face are those
portions of the valve surface that are in the cylinder when the
valve is closed. Figure 6 confirms that no liquid spray enters the
cylinder and very little liquid (< 2.0 mg) impinges on the port
walls. The liquid imass entrained in the port guickly rises at the
start of injection at —75° to between 8 and 10 g, remains nearly
constant during injection, and then drops sharply to zero at the
end of injection at —27°. During injection the liquid mass on
the valve top and vapor mass in the port rise steeply and nearly
linearly. Immediately after injection the liquid mass on the vaive
drops slowly and the vapor mass rises slowly due to vaporization
of the wall film. The intake valve opens at —20°, but the intake
flow does not start to sweep vapor from the port into the cylinder
until about +5°. At +50° nearly all the vapor has been convected
into the cylinder, ard the strong intake flows begin moving the
wall film from the valve top to the valve edge. Atno time in the
calculation did we see liquid on the valve face or separation of
liquid from the valve. Movement of liquid film from the valve
top to its edge, and vaporization of this film, continue until about
180°. After valve closure at 210° the ligquid mass in wall films
changes only slightly due to vaporization, and the vapor mass in
the cylinder remains nearly constant at 21.71 mg, corresponding
to an average equivalence ratio of 0.617.

OPEN-VALVE INJECTION RESULTS - We now examine
results of the calculation of open-valve injection and compare

Figure 5: Top view of wall particle positions (top) and
in-cylinder fuel vapor mass fractions {(bottom) for closed-valve
injection at +345°

these with the closed-valve case. Figure 7 shows dctailed plots
similar to those of Fig. 4, but for the open-valve case at 90° and
180°. The particle position plots of Fig. 7 appear to indicate
that nearly afl the spray is impinging on the valve and that none
is entering the cylinder. This is confirmed in the global mass
histories to be discussed below. Views of the spray from other
angles show that the spray cone is widened by the diverging
flow around the valve, but not enough to convect spray particles
around the valve and into the cylinder. The velecity vectors of
Fig. 7 show the defiection of the intake flow by the spray during
injection. Highest vapor mass fractions of 0.19 occur in the core
of the spray. This is lower than maximum vapor mass fractions
seen in the closed-valve case in the core of the spray, Uig. 4, and
indicates that higher vaporization rates may be occurring in this
open-vatve case. This will also be confirmed later,

In Fig. 7 at 180° it is seen that although some of (he wall film
has moved down io the valve edge, most of the film remains on
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Figure 6: Histories of total fuel liquid and vapor mass for closed-valve injection

the valve top and stem because of the lower valve position at the
time of injection relative to the closed-valve case, The velocity
field of Fig. 7 at 180° looks remarkably stmilar to that of Fig. 4,
so that the differences in the timing of injection have had little
effect on the flow field at this time. Fuel vapor in the cylinder
is again highly stratified, with maxim:un mass fractions in the
plotting plane of about 0.041.

Figure 8, which should be compared with Fig. 3, gives an
overhead view of wall particle positions on the valve and of fuel

vapor mass fractions in the cylinder in a plane perpendicular

to the cylinder axis for the open-valve case. There are two
noteworthy features of the mass fraction plot of Fig. 8. First, the
variation in mass fraction is between 0.019 and 0,028, indicating
that there is much less vapor in the cylinder than in the closed-
valve case. Second, the vapor distribution is much different than
in Fig. §, with maximum concentrations near the cylinder walls
and between the intake and exhaust valves.

That there is less vapor in the cylinder is confirmed in Fig. 9,
which gives the histories of the global fuel liquid and vapor at
various locations for the open-valve cuse and should be com-
pared with Fig. 6. The average equivalcnce ratio in the cylinder
at 345° is 0.430, which is about two-thirds of the value for the
closed-valve case. Alsoconfirmed by Fig. 9 are thatno liguid en-
ters the cylinder and that very little of the wall film moves onto the

valve edge.

To see more clearly why open-valve injection resulls in less
vapor in the cylinder of our generic engine, it is instructive to ex-
amine the plots of Fig. 10 of total vapor mass versus crank angle
relative to the start of injection. Immediately apparent [rom this
figure is the fact that for both cases vaporization rates are faster
while the liquid is a spray rather than in wall fiims. It is also
seen that the vaporization rate is higher in the open-valve case
during the 50° of injection, because the intake flow coincides
with injection and promotes vaporization in this case. In the
open-valve case, however, there are only 150° between start of
injection and intake valve closure, compared with 285° for the
closed-valve case. Also the wall films in the closed-valve case
see the high intake flow velacities, whereas in the open-valve
case the intake flow velocities have slowed considerably after
the injection event. Thus more vapor is obtained with closed-
valve injection primarily because the wall films have more time
to vaporize, but also because the rate of vaporization of the films
is somewhat higher.

These results are likely to change, particularly [or the open-
valve casc, when a model for wall splash is incorporated into
KIVA-3. In the closed-valve case droplets produced by wall
splash have time to travel to neighboring walls and adhere to
them before the intake valve opens. For closed-valve injection,
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Figure 8: Top view of wall particle positions (left) and in-cylinder fuel vapor mass fractions (right)
for open-valve injection at +345°
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Figure 10: Total vapor mass vs. crank angle relative to the
start of injection for closed (circles) and open (squares) vaive
injection

however, the product drops of wall splash are immediately sub-
Jected to the intake gas flows and are likely lo be convected into
the cylinder. This could significantly raise the in-cylinder fuel
vapor concentrations in the open-valve case. Thus development
of a wall splash model is our highest priority in future research,

SUMMARY

This paper has presented a new particle method for the cal-
culation of wall film flows and described its implementation in
the KTVA-3 computer code.  The equations of the model are
based on a thin film approximatton, according to which inertial
terms in the film momentum equation are neglected but which
accounts for unsteady heating in the film energy equation. The
particle nature of the numerical method enables very accurate
calculation of convection of the wall film. The model includes
new wall functions that predict vaporization rates from the films
and that account for the inhibition of momentum and energy
transport due to vaporization. A new inertial criterion is also
included to predici separation and re-entrainment of film flows
from walls.

Two KIVA-3 calculations of the intake and compression
strokes of a generic two-valve, port-fucl-injected engine were
then presented. The calculations compared open- and closed-
valve injection cases for the first injection cycle in a cold en-
gine. The current model predicts that closed-valve injection
gives higher in-cylinder vapor concentrations because in both
cases the sprays impinged almost entirely on the intake valve but
in the closed-valve case there was more time for vaporization of
the resulting wall films due to the advanced injection timing. The
calculations demonstrate the potential of the complete KIVA-3
model for predicting charge preparation in port-fuel-injected en-
gines.

Future work will center on incorporating a model for wali
splash in regions of spray impingemcnt, on reducing compu-
tational times, and on experimental validation of the wall film
model.
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