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Abstract

The focus of this work is to formulate and validate a multi-dimensional, fuel film model to help account for the fuel
distribution during combustion in internal combustion engines. Spray—wall interaction and spray-film interaction are
also incorporated into the model. The fuel film model simulates thin fuel film flow on solid surfaces of arbitrary
configuration. This is achieved by solving the continuity, momentum, and energy equations for the two-dimensional
film that flows over a three-dimensional surface. The major physical processes considered in the model include mass and
momentum contributions to the film due to spray drop impingement, splashing effects, various shear forces, piston
acceleration, dynamic pressure effects, gravity driven flow, conduction, and convective heat and mass transfer. In order
to adequately represent the drop interaction process, impingement regimes and post-impingement behavior have been
modeled using experimental data and mass, momentum and energy conservation constraints. The regimes modeled for
spray-film interaction are stick, rebound, spread, and splash. In addition. modified wall functions for evaporating wavy
films are provided and tested. The fuel film model is validated through a series of comparisons to experimental data for
secondary droplet velocities. secondary droplet sizes, spray radius, spray height, film thickness, film spreading radius,
and percentage of fuel adhered to the surface. ; 1998 Elsevier Science Ltd. All rights reserved.

Nomenclature P, heat and mass transfer correlation parameter
A, area of the liquid film cell Pr_ turbulent Prandtl number

¢, shear stress coefficient lep spray impingement energy source term
d, diameter of drop Q'sr,mSh splashing droplet energy source term
f drop impact frequency Re,  roughness Reynolds number

h  heat transfer coefficient Sc¢,  turbulent Schmidt number

i, gas stagnation enthalpy S, mass source term

i, film stagnation enthalpy T mean film temperature

k, film roughness parameter T liquid boiling temperature

L latent heat of vaporization T, wall temperature

m, total mass splashed 7, film interface temperature

M., tangentia) velocity source term u, gas velocity

M.,,, rate of fuel vaporization u,  wall velocity

P., free-stream pressure V, liquid film velocity

p. dynamic pressure 1" non-dimensional wall distance

v, fuel vapor mass fraction at y*
v, equilibrium vapor mass fraction.
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0 liquid film thickness

#, heat and mass transfer correlation variable
u  kinematic viscosity

¢ surface tension

7 average interfacial shear stress

Twa Wall shear

¢, convective velocity parameter

¥ in-plane angle for rebounding drops

V, surface gradient operator.

1. Introduction

The fluid mechanics of drop impingement with surfaces
are of importance in a variety of applications. These
applications range from agricultural and environmental
to nuclear reactor safety, all involving drop and spray
impingement on surfaces [1]. As with many phenomena,
liquid impact has both negative and positive aspects. The
same mechanism that can damage an aircraft can be used
to erode and cut materials ranging from plastics. paper,
and shoe leather to hard rock [1]. Atmospheric and
oceanographic sciences investigate phenomena con-
nected with rain formation and the interaction of rain
with the surface of the ocean. Subsequent underwater
noise due to rain impingement with the ocean is of great
interest to submarine design of sound detection devices,
signal processing, and the silencing of vessels [2]. In agri-
culture, the prevention of soil erosion due to rain plays
an important role. Because of its importance, the study
of liquid impact has been far-ranging with many inter-
disciplinary contributions.

Spray-wall interaction is also considered an important
phenomenon in internal combustion (IC) engines. The
majority of the fuels used in IC engines must be vaporized
and mixed with the gas charge in order to combust,
expand, and produce power. In an attempt to achieve
desirable air-fuel mixing and combustion, the fuels are
sprayed in either the carburetor, port, pre-chamber, or
directly in-cylinder. In all of these designs, the fuel spray
may impinge on engine surfaces before vaporization and
mixing are complete. Spray impingement has been shown
to influence engine performance and emissions in both
compression ignited (CI) and spark ignited engines (SI)
[3]. A greater understanding of fuel spray impingement
and fuel film formation on engine surfaces is the primary
motivation for this research.

Fuel impingement has been shown to affect the emis-
sions and performance in many types of 1C engines.
Impingement in port injected engines causes difficulties,
especially in transient control of the system. A major
factor affecting air-fuel ratio during transient operation
is the time lag resulting from a film of liquid fuel deposited
on the surface of the induction system [3]. This time lag
is responsible for decreased engine response. increased
fuel consumption, and increased emissions [4]. In port

injection engines, a strategy used to decrease the time lag
is to spray the fuel on the back of the intake valve to
decrease the amount of liquid fuel spread on the walls
of the induction system. Yoshikawa [5] performed 3-D
modeling of the spray-valve interaction and observed
extensive drop interaction between the induction port
and intake valve. This interaction is an important source
of liquid atomization and vaporization. A better under-
standing of these interactions between the liquid and
induction surfaces will help in designing injection systems
and control strategies to improve engine performance
and to control emissions.

Spray-wall interactions are also important in direct
injection (DI) diesel engines. Several investigators have
shown that spray impingement affects engine per-
formance and exhaust emissions [6]. The influence of
spray impingement is extremely important in small bore
DI engines where the decreased distance between the
injector and the piston make impingement more likely.
In most small bore engines at high load where the fueling
is increased, the spray impingement results in a liquid
film formed on the piston and cylinder wall. Under these
conditions, fuel impingement is nearly unavoidable and
in some cases it is desirable. Werlberger and Cartellieri
[7] observed the impinging spray in a small bore (85 mm)
direct injection diesel engine and determined that at high
loads more than 50 percent of the fuel impinged upon
the piston bowl. In computational studies, Gonzalez et al.
[8] also found that spray impingement was an important
factor in cold start. The smoke levels have been shown
to increase during cold start as a result of the accumu-
lation of fuel on the cylinder wall.

The objective of this research is to investigate spray—
film impingement, liquid film formation, and post-
impingement processes as related to IC engines. More
specifically, this work will examine in detail what happens
to drops that impinge on solid surfaces that eventually
form a liquid fuel film. Also, keeping an account of the
fuel film distribution during the mixing and combustion
processes is a goal of this work. Consequently, drop
impingement on a wetted surface is examined along with
post-impingement  processes  including  splashing
phenomena. By examining the effects of spray impinge-
ment and fuel film formation, this work is incorporated
with heat and mass transfer effects in order to complete
the formulation and validation of a wall-spray interaction
model.

2. Development of thin liquid film model

Based on the droplet impingement work of Naber and
Farrell [9] at conditions (e.g., system pressure and tem-
perature) similar to 1C engines, a scenario called evap-
orative wetting would exist which is characterized by the
formation of a thin liquid film (10-300 um). Conse-
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quently, spray impingement models should include the
possibility of the formation of liquid films on the induc-
tion walls and combustion chamber surfaces to accu-
rately model spray-wall phenomena. The liquid film
model is based on the physics involved with fuel film flow
over 3-D surfaces. The fuel film model simulates thin fuel
film flow on solid surfaces of arbitrary configuration.

The continuity, momentum, and energy equations are
applied to each wall film cell as shown in Fig. 1(a). By
integrating across the film thickness and using ‘thin film’
assumptions, the equations are reduced to a 2-D film
flowing across a 3-D surface.

The major physical processes affecting the liquid film
are shown in Fig. 1(b). The physical processes considered
include : mass and momentum contributions to the film
due to spray impingement, splashing effects, shear forces
on the film, piston acceleration, dynamic pressure effects,
gravity driven flow, convective heat and mass transfer,
and flow separation.

The assumptions used in the formulation of the film
model are: the mass flux due to incident drops that
impinge is averaged over the wall cell area, lost tangential
momentum of impinging drops is added to the film tan-
gential momentum, the velocity profile in the cross-film
direction is prescribed to be either laminar or turbulent,
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and the temperature profile is prescribed to be piecewise
linear.

The development of the precursor film is accomplished
by averaging the mass of impinging drops that adhere to
the wall over the wall cell area. The wall cell is considered
to be flooded when the film thickness, J, is greater than
2 um. This approach is based on the film thickness
measurements of Zhengbai et al. [10].

After integrating in the film normal direction, the con-
tinuity equation is transformed into the following form:

70 Nae gd Mvnp

+ Awa]l !Z:l (V, n) O [ p/Aw all pIAwuH (1)
where A4, is the wall area, V. is the film velocity, /; is the
length of side i, p, is the film density, ¢, is the film thickness
at side i, S, is a source term, and wa is the rate of fuel
vaporization. The film velocity now has two components
located at 8. The source term, S,,, is the mass flux of drops
that impinge upon the film or secondary droplets that
leave the film which result from splashing. Table 1 con-
tains a summary of the source term for the various
impingement regimes as later described in the section on
spray-film interaction. The continuity equation for the
film thickness resembles the compressible form, because
in the 2-D formulation the variation of the film thickness
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Fig. 1. Schematics of : (a) a typical wall film cell used in the formulation of the film model ; (b) the major physical phenomena governing
film flow; (c) the various impingement regimes identified in the spray-film interaction model; and (d) Velocity of a rebounding drop

from a thin liquid film.
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Table 1
A summary of the source term for the various impingement regimes identified in the spray—film interaction model [see equations (1)

and (2)]

Impingement regime Source term S, Nomenclature
Stick A, dy ~-diameter of incident drop
3 p, Z (N, d Nyop—number of inpident drop§ or parcels
N,~-number of particles in the incident parcel
Rebound o - -
Spread g p Z (Nd)) Similar to stick
m e m
Splash o Y [1 — (n;) }’V,,d;'}k {(m,/m,),—mass fraction splashed
kol d /1
Dynamic pres%ure, Pa
Stick P, }: V,,/ A V, ~-normal velocity component of incident drop
ke wal Nyro—number of incident drops or parcels
.'\"mup
Rebound pr Y (1 +e)Vy e,—coefficient of restitution for the k-th drop
kol ‘
Spread Z Similar to stick
\ull
drop ‘\‘\wl«.\)v
Splash oY Ve Y Ve ¥,—normal velocity component of the j-th secondary droplet
k=l o N ra—number of secondary droplets
Tangential momentum, M,
Fid ’ ‘.m“w
Stick —p; Z (def,A V.) V. —-tangential velocity component of incident drop
6" “
Ndmp number of incident drops of parcels
N,—number of particles in the incident parcel
Ny 2
Rebound 6p, Z N dd‘( > —
n e
Spread o Z (Ndj V.,,) Similar to stick
ko=
Splash Mo Lo V. —tangential velocity component of j-th secondary droplet
gﬂl k; (Nidy V- ) N oa~——number of secondary droplets or parcel
N—number of particles in the j-th parcel resulting from splashing
’V plish
+ 6,7, Z (N} V)
is mathematically analogous to a virtual compressibility. Nade Neoge
In a similar fashion, the momentum equation is trans- ; (PR)S 1, Z (z4)
formed into the following form : = g5+ 1 'l +2aéd. (2)
35V | M PrAwa J2% P Awan
Eﬁ: /) A Z VAV, )3, The first term is the time derivative of the film momentum
ct

wall /=1 per unit area. The second term in equation (2) is the
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convective momentum term and is approximated using
equations (3) and (4):

Ly [0 Nide
J J VAV, h)di;dxy & ) VAV, #@)d,Lo, (3)
L, JO =1
with
1 Q, 1
¢ = ST 4)

1 Q (S/Z‘
R

Equation (4) results from the approximation of the inte-
gration of the non-linear convective term in the cross-
film direction. The displacement thickness, d,, and the
momentum thickness, ®,, in equation (4) can be cal-
culated once the velocity profile in the cross-film direction
has been chosen.

The third term in equation (2) is the pressure term and
is described by equation (5) which includes the dynamic
pressure term, py, which results from incident drop
impingement and splashing effects :

P=P.+p ()

P 1s the free-stream pressure (i.e., gas pressure). Table
1 contains a summary of the dynamic pressure term for
the various spray-film impingement regimes. The
velocity, V, . is the normal component of velocity of the
incident drop and ¥, is the normal component of velocity
of the i-th secondary droplet resulting from splashing.
Nywop and N, are the total number of incident drops
and the total number of splashed droplets, respectively.
The area. A,, is the area of the &-th incident drop while
A, is the area of the j-th secondary drop. The pressure is
assumed not to vary in the cross-film direction due to the
‘thin film’ assumption. The dynamic pressure term is also
assumed constant normal to the wall.

The fourth term in equation (2) captures the gravity
effect of the liquid film flow. This effect is important in
film flow along inclined or vertical surfaces.

The fifth term in equation (2) is the tangential momen-
tum contribution to the film as a result of spray impinge-
ment and splashing of secondary droplets. This term is
calculated using equation (6):

Naop Neplush

~Mtzmg = Z (rnivu)_ Z (m/V‘C/)' (6)
i=1 j=1

The first term on the right side of equation (6) is the
momentum contribution of the incident drops, while the
second term on the right side is the momentum con-
tribution due to the secondary droplets. Table 1 contains
a summary of the tangential momentum contribution for
the spray—film impingement regimes.

The sixth term in equation (2) is the viscous film term
and is calculated using equations (7) :
N

z (1:4)) = TwanAwan + T4 (7
‘=1

where 7., is the wall shear and 7 is the shear at the liquid-
gas interface. The wall shear is calculated using equation
(8) once the velocity profile in the cross-film direction is
chosen:

v
Twall = 111?\-/ . (8)

The viscous shear at the liquid-gas interface is calculated
using wall functions for a wavy, evaporating film as
described in the following section on modified wall func-
tions. Finally, the seventh term in equation (2) is due to
the piston acceleration, a. Note, the source terms S, p,,
and M., as described in Table 1 have been modified to
include the effect of moving surfaces but are excluded for
brevity.

In keeping with the 2-D film formulation, the energy
equation is used to calculate the mean film temperature,
T, by assuming a piecewise linear temperature profile. In
a similar manner as [11], the profile varies from the wall
temperature T,, to 7, in the lower half of the film and
from T, to an interface temperature, T, in the upper half
of the film. Thus, after assuming a linear velocity profile
and integrating in the direction normal to the wall, the
film energy equation is

(T T.-T,
e, "((AI ")‘ + [V/ Al [T+ 76 - }

T.—T T-T, . .
g ["":s‘,ia* B } * Qime = Oupen )
where ¢, is the liquid specific heat (temperature depen-
dent), k is the liquid film thermal conductivity (tem-
perature dependent), V, is the surface gradient operator,
Q',,,,p is an energy source term due to the impinging spray,
and Q'ST,M,.h 1s an energy source term due to droplets that
splash.

An interface conservation condition relating the con-
vective heat transfer, @, to the film, the energy used to
vaporize fuel, and the liquid thermal conduction is needed
to calculate the interface temperature 7,

. T.—RT (T, +T))2 .
0=kl (;,2 SR L= T -

(10)
where L is the latent heat of vaporization, Mva,, is the rate
of fuel vaporization and 4 is the heat transfer coefficient
for the film. The expressions used for # and M,,, will be
given later by the modified wall functions. However, if
the gas velocity is zero near the wall, the interface con-
servation equation becomes

) Z'\' - [2 7‘—_ (71\1 + T\)/"z]

Q:k k(Tx "Tw)

. M, [ o=t )
0/2 t M 9,/2

(11)
where 9, is a representative distance from the film surface
to the free stream.



3042 D.W. Stanton, C.J. Rutland/Int. J. Heat Transfer 41 (1998) 3037-3054

The liquid film continuity and momentum equations
(1) and (2) are numerically solved using a predictor-
corrector scheme. The predictor-corrector scheme con-
sists of using the Euler method as a predictor followed
by the trapezoid rule as a corrector. However, the mean
film temperature and film interface temperature, given
by equations (9) and (10), are solved implicitly using a
damped Newton iteration scheme.

3. Modified wall functions

In order to complete the calculation method for film
heat and mass transfer, a heat transfer coefficient 4 and
a mass transfer rate M“p must be determined from wall
functions for vaporizing films. Vaporization alters the
structure of the gas phase turbulent boundary layers
above the wall films because of the existence of gas vel-
ocities normal to the wall induced by the vaporization.

Himmelbauch et al. [12] proposed a series of wall func-
tions for evaporating, wavy films in which satisfactory
results were obtained for airblast atomizers. A similar
approach has been adopted with modifications for dense
sprays. Additional validation for the modified wall func-
tions can be found for condensing and evaporating falling
films [13, 14].

The boundary conditions near the phase interface are
described by a film roughness approach proposed by
Sattelmyer and Wittig [15] :

k, =206

® = 0.735+0.009255¢ (12)
where k, is the film roughness and 7 is an average shear
stress. The latter is calculated using equation (13) which

accounts for pressure gradients and mass flow normal to
the film surface:

‘MCa a N d
T=1,.+ pU - +0. —di\) (13)
[Hbftpuuf)l,_,} :
K

where u, is the gas velocity at the non-dimensional normal
coordinate :

0.25 0.5 7!
yCo K T/p
==t where K = —.
o 0.5
o

(14)

yt

This film roughness influences the air flow by altering
the C constant in the logarithmic law of the wall as shown
in equation (15) below:

1
u* =;\jln(y*)+C. (15)

The constant C is a function of the roughness Reynolds
number which is defined as

k| (16)

R("L\ =
For the C function, three sections are distinguished by
C =515 Re, <5

C = 1.5497+19.1 log(Re; )

— 14.43[log(Re, )]’

|
+3.31[log(Re, )]* — ;ln(’Rek.) 5< Re, <70

¥

1
C=85- ;ln{Rek‘) 70 < Re,. (17)
Thus, combining equations (13), (14) and (15) and
evaluating at y = ¢, the shear stress at the film interface
is given by
uﬂ'p(lCE2SK05 l l

- =—-—n
T K

((5(‘2'2 s K(i 5

) +Cp >y
l.(l

1025 pr0.S
ua,puc 7" K

T

+

=y yho< oyt (18)
Note that the value of y; is determined to give a con-
tinuous transition between the turbulent and laminar

regions by iteratively solving for . using
1
}'7 = ’;'\: ln(yf) +C. (] 9)

Also, the relative velocity |u, —u,| is used in the wall
functions for fuel films on moving surfaces where u, is
the wall velocity and u, is the film velocity tangent to the
wall.

For the prediction of the heat and mass transfer
processes, the standard wall functions for the stagnation
temperature and the vapor concentration are used [15].
However, experiments of Sill [16] show that the rough-
ness of the wavy liquid film has a lesser effect on the
heat and mass transfer in comparison to the momentum
transfer. Therefore, an empirical correlation is given by
Sill [16], relating the enhancement of heat transfer by
roughened surfaces by

‘() 13
n, = log (— -~)-0.32 x 107" Re, log(Pr)+1.225.

(20

Thus, the wall function for the heat transfer with evap-
orating wavy film surfaces is

- Q Ny<y

21 Pr(1+ P
Pally [z},—i,\.-(l—Pr,)lfa{| i )

2n

where i, is the stagnation enthalpy of the gas flow, 7,
is the stagnation enthalpy of the film at the interface
temperature of 7, and Pr. is the turbulent Prandtl
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number. The variables ¢; and P are given by equations
(22) and (23), respectively:

T
=" (22)
Palta
Pr Pr\"?
P,=9.0 (Pr — 1) (F) . (23)

The corresponding wall function for the mass transfer is
obtained from the assumption that the effect of roughness
on the mass transfer can be described in similarity to the
heat transfer by replacing the Prandtl numbers by the
Schmidt numbers :

~M(-p) g
Patta(Va=2)  Se(1+ P/ fuc))

where y, is the equilibrium vapor mass fraction at the

film surface temperature, y,is the fuel vapor mass fraction

at y*, Se, is the turbulent Schmidt number, and #,, is
given by equation (20) with Sc replacing Pr.

(24)

4. Development of spray—wall interaction model

Many different scenarios of drop impact can be dis-
tinguished according to the circumstances under which
the impact happens. The outcome of a collision depends
on the properties of the drop, of the impact surface, and
of the fiuid which the drop traverses before impact. The
surface impacted can be either solid or liquid. In the latter
case, the solid surface is covered by a thin, liquid film.
In IC engine spray impingement, a collection of drops
impinge onto the wetted surface simultaneously or suc-
cessively with the likelihood that each impinging drop
will feel the effects of its neighboring drops. This process
is extremely complex and knowledge of the process
remains limited. Nevertheless, information on multi-drop
impingement (i.c., a train of drops with a known fre-
quency) exists that is useful in formulating the spray—film
interaction model.

In general, the impingement regimes are determined
by the parameters describing the arriving drops, the wall
surface conditions and (if present) the gas boundary layer
characteristics in the near-wall region. Of particular inter-
est in identifying impingement regimes is the wall tem-
perature relative to the following temperatures :

TB < 7;)11 < TN < T‘pr < T[.exd (25)

where T is the liquid boiling temperature, T, is the pure
adhesion temperature below which drop adhesion occurs
at low impact energy, Ty is the Nakayama temperature
at which a drop reaches its maximum evaporation rate,
T,, is the pure rebound temperature above which bounce
occurs at low impact energy, and 7T, is the Leidenfrost
temperature. The collision of a drop with a liquid surface,
where the wall temperature (7)) is less than the liguid

boiling temperature (7) as encountered in most IC
engine applications, may result in sticking, bouncing,
spreading, or splashing [1, 17]. The various impingement
regimes are shown in Fig. 1(c). The details of the spray-
film interaction model have been described previously in
the literature [13, 14, 18] and are only briefly summarized.

The stick regime occurs when an impinging drop
adheres to the film surface in nearly a spherical form.
This often happens when the impact energy is extremely
low, and the wall temperature is below the pure adhesion
temperature, 7,,. The transition criteria for the stick
regime is We < 5. This criteria is based on the exper-
imental results of various investigations [19, 20]. In this
spray-film model, a drop that is in this regime is assumed
to coalesce completely with the liquid film.

Next, the rebound regime occurs when the impinging
drop bounces off the film when the impact energy is low.
The air layer trapped between the drop and the liquid
film causes low energy loss resulting in bouncing. The
transition criteria for the rebounding regime is
5 < We < 10. This criteria is based on the experimental
work of Rodriguez and Mesler [19] and Stow and Had-
field [21]. In this regime, the rebound drop velocity mag-
nitude and direction need to be determined. The velocity
of the rebounding drop is determined using equations
developed by Matsumoto and Saito [22] for small par-
ticles bouncing on a wetted surface. The in-plane angle,
Y, is measured from the x” axis as shown in Fig. 1(d).
The variation in W is calculated using equation (26) and
equation (27) which were developed by considering mass
and momentum conservation of an impinging liquid jet
[13,23]:

Y= - %m [1—p(1—e ") (26)
where p is a random number uniform on the interval
(0, 1) while f is given by

P11
sin o = [e ha ] - 27)
=111+ (n/p)?

with a being the wall inclination angle.

The rebound characteristics of the model are consistent
with experimental observations of Stow and Stainer [24]
and Levin and Hobbs [25] for drop impingement on
rough surfaces. These investigators reported little differ-
ence between drop impact with a thin liquid film (10300
um) and that of a rough surface. The lost momentum
of the rebounding drop contributes to the momentum
balance of the liquid film as previously described.

The third regime, spreading, is similar to the sticking
regime but occurs at higher We. In this regime, the drop
merges with the liquid film upon impact. The transition
criteria for spreading is

N2
10 < We < 18.0%d, (Z) plg s (28)

/
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where p, g, v, and f are the drop density, surface tension,
kinematic viscosity, and frequency of the impinging
drops. The last term, containing f, in equation (28), is
known as the splashing threshold for the multi-drop
impact with a thin liquid film as reported by Yarin and
Weiss [26].

The final regime is splashing and occurs at high impact
energy. Upon impact, a crater is formed with a crown at
the periphery where liquid jets become unstable and
break up into many secondary droplets. In this regime,
many quantities need to be calculated in order to describe
the process. These quantities include the proportion of
incident drop mass deposited as part of the liquid film
and the sizes, number, velocities, and ejection angles of
secondary droplets. The formulation of these splashing
quantities is based on the experimental work of Mundo
et al. [27] and Yarin and Weiss [26] along with mass,
momentum, and energy conservation constraints.
Mundo et al. [27] investigated multi-drop impingement
on rough surfaces, while Yarin and Weiss [26] inves-
tigated multi-drop impingement on thin liquid films.

The transition criteria for the splashing regime is given
by the following expression :

5

1:2
18.0%d, (g) p! A3 < We. (29)

The splashing threshold corresponds to developed crown
instability, strong enough to produce a cloud of sec-
ondary droplets. In some cases below this threshold, a
crown is not high enough or the process is not long
enough to produce secondary droplets. Therefore, crown
formation begins slightly below the splashing threshold.
In order to calculate the splashing threshold, the drop
frequency, f, needs to be determined. This is
accomplished by calculating / for each impinging drop,
regardless of its associated impingement regime. By cal-
culating the frequency and using expression (29), each
impinging drop can be tested for the onset of splashing.
The frequency is calculated as the inverse of the time
between drop impacts. The frequency for the first drop
to impact the film is ambiguous so it is calculated by
f=V,/d; where V, and d, are the drop normal com-
ponent of velocity and drop diameter, respectively.

5. The computer code

The thin liquid film and spray-wall interaction models
were implemented into a modified version of the KIVA-
Il computer code, originally developed at Los Alamos
National Lab [28]. KIVA-II solves unsteady, compress-
ible, turbulent-reacting flows on finite-volume grids, to-
gether with the dynamics of an evaporating liquid spray.
With the addition and modification of many submodels,

the code has been widely applied and validated for engine
combustion simulations {29].

The conservation laws for gas mass, momentum,
internal energy and scalar turbulence variables (RNG k-
¢ model ) are solved in KIVA-II subject to the appropriate
initial and boundary conditions using a time-marching
explicit numerical method. Stochastic parcel injection is
used for the spray drops. In this technique, each com-
putational parcel represents a number or group of physi-
cally similar drops (i.e., similar kinematic and ther-
modynamic properties). The drop parcels exchange mass,
momentum and energy with the gas through source terms
in the gas equations.

Of particular interest to this work, the wave breakup
model has been adopted to simulate the atomization pro-
cess of the free spray [30]. The spray breakup model
also considers the effect of drop distortion on the drag
coefficient of the drops, as well as droplet—droplet inter-
action with the possibility of coalescence [30].

Finally, the effects of the thin liquid film on the gas
equations solved by KIVA-II is through wall source
terms S, S,. and S;:

S, = M\,.dpo'*(_v—yx) (30)
S, = MoV, —i,) —716*(r—1,) 30
and

S = [MupL—Q)0* () (32)

where p is the coordinate normal to the wall surface, 1,
is the value of y at the gas—liquid interface, 5* is the delta
function, M‘.a,, is the rate of vaporization [see equation
(24)], O is the convective heat transfer [see equation (21)],
T is the interfacial shear stress [see equation (13)], V, is
the fuel film velocity, and 4, is the wall velocity.

6. Results and discussion

To validate the spray-film interaction model and the
liquid film model, KIVA-II is used to simulate various
experiments involving fuel injectors. The long-range goal
is to examine spray-wall interaction inside the engine
cylinder under realistic operating conditions. However,
this requires many intermediate steps in which the models
are validated under atmospheric pressures and wall tem-
perature conditions, as well as high pressure and high
wall temperature environments without combustion. In
addition, the models have been used for a variety of
engine simulations [13. 14], in which the film model pro-
vides a predictive tool for the examination of wall wetting
and secondary atomization characteristics at varying
engine loads.

However, for this study the aim is to focus on the
transient behavior of the two-phase wall-jet resulting
from spray impingement on a wall with the eventual
formation of a thin liquid film. The numerical results are
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compared to well characterized experimental data for
spray radius, spray height, liquid film thickness, liquid
film spreading radius, percentage of fuel adhered to the
surface, secondary droplet velocities, and secondary
droplet size.

7. Spray dynamics and film spreading

The liquid film spreading characteristics and spatial
and temporal behavior of an impinging spray were inves-
tigated by Saito et al. [31] using high speed photography.
The investigation involved injection in a pressurized
chamber under conditions closely approximating those
found in a diesel engine. A summary of the experimental
conditions are shown in Table 2 (as indicated by case |
in column 2).

Two different injection pressures were considered : 30
and 120 MPa, with an impingement angle of 90 . Figure
2(a) and (b) show the results for the spray radius and
spray height for both injection pressures. The spray
radius is the distance as measured from the centerline of
the spray while the spray height is the distance as
measured normal to the surface. For these comparisons,
the computed spray radius is defined as the radius of a
cylindrical body which contains 98 percent of the total
spray. In a similar manner. the spray height is defined as
the normal distance from the wall to the droplet parcel
above which less than 2 percent of the post-impinged
droplets lie. The agreement is good for both injection
cases in which the computed results capture the trend
that the higher injection pressure leads to larger spray
radius and height. Based on the results of the simulations,
these trends can be attributed to the larger normal
velocities of the secondary droplets due to intense splash-
ing associated with the higher injection pressure. More-
over, the secondary droplets in the wall spray generally

Table 2

Specification of test conditions for Saito et al. and Arcoumanis and Chang impingement simulations

possess larger tangential velocities due to the increased
gas velocities.

Comparisons of the liquid film spreading radius and
mean film thickness are shown in Fig. 2(c) and (d),
respectively. The mean film thickness is defined as the
total film volume divided by the surface area covered by
the film. The computed results provide good agreement
for both pressure conditions. The predictions show that
for the higher injection pressure the film spreads faster
while the thickness becomes thinner. The higher injection
pressure leads to increased droplet and gas impingement
velocities which promote faster film spreading. These
effects are accounted for in the model through the
dynamic pressure (p,) and the droplet tangential momen-
tum source term (M,,,.) [see equation {2)]. Additionally,
the higher injection pressure results in less mass deposited
(or adhered) on the wall as shown in Fig. 2(e). These
trends serve to explain the mean film thickness behavior.

Also included in Fig. 2(c) is a test case of the static film
spreading radius for the 120 MPa injection pressure. The
static film spreading behavior was determined by omit-
ting the film momentum equation (2) in the simulation.
This test shows that considerable discrepancies occur in
the results when the kinematic behavior of the film is
neglected.

In the experimental study of adhered fuel on the wall.
the angle of impingement was varied with the results
shown in Fig. 2(e). The computed results provide good
agreement for the majority of the impingement angles
with the largest discrepancy occurring for the 60
impingement angle at 120 MPa. The predictions capture
the trend that less fuel adheres to the wall for the higher
injection pressure for all impingement angles considered.
Based on the simulations, higher injection pressure leads
to increased free spray atomization resulting in smaller
impinging drops. Occasionally, more small drops are car-
ried away by the gas phase wall vortex structure in the

Case | : Saito et al.

Case 2: Arcoumanis and Chang

Wall distance (mm) 25 30
Wall temperature (K) 293 293 and 423
Gas temperature (K) 293 293
Gas pressure (bar) 21 1
Nozzle diameter (mm) 0.25 0.22
Injection angle ( ) 45,60, 75,90 90
Injection duration (ms) 2.85and 1.425 1.0
Fuel injected (mm* pulse ') 35 4.0
Injection pressure (MPa) 30 and 120 26
Fuel Diesel no. 2 Diesel no. 2
Liquid density (g cm 7) 0.720 0.825

5 Air

Ambient guas

N,
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near-wall region before impingement occurs.* This
behavior leads to less adhered fuel. In a similar fashion,
the higher pressure leads to more energetic impacts result-
ing in a larger number of splashed droplets which in turn
become entrained in the wall vortex structure.

8. Spray impingement drop sizes and velocities

The spatial and temporal characteristics of transient
diesel sprays impinging at 90" on unheated and heated
walls were investigated by Arcoumanis and Chang [32]
using phase Doppler anemometry. Their work provides
evidence concerning the effects that the presence of the
flat wall exerts on the droplet size and tangential velocity
of the spray. The detailed information about the droplet
dynamics in the vicinity of a wall is required to charac-
terize the spray-wall interaction and its effect on sec-
ondary atomization and fuel/air mixing as well as the

structure of the developing liquid wall-jet. A summary of

the test conditions used in this investigation is shown in
Table 2 (as indicated by case 2 in column 3). Additional
information on the injector and distributor-type fuel
injection pump can be found in Arcoumanis and Chang
[33].

Comparisons are performed along the wall at radial
distances of 6, 10 and 15 mm from the incident spray axis
and at two locations away from the wall of (1.5 and 3.0
mm (see Fig. 3). These measuring locations correspond

Fig. 3. PDA measurement locations within the two-phase wall-
jet following impingement of the spray on the flat plate with the
following structures: (1) main wall-jet region; (2) stagnation
region ; (3) wall-jet vortex: and (4) leading edge [39].

* More details of a typical gas phase wall vortex are studied
in the next section.

to representative regions of the two-phase wall-jet as
shown in Fig. 3 which include: the main wall-jet region,
the stagnation region and the downstream region. All the
measurement positions were located outside the spray
impingement area to ensure that droplets associated with
the incident free spray were not considered in the analysis
of the wall-jet. A total of 2000 spray parcels were used in
the simulation which utilizes a 60° sector mesh. The large
number of parcels in the simulations were needed to
ensure an adequate number of particles to provide rep-
resentative statistical information describing the wall
spray event. Each measurement point consisted of an
ensemble of approximately 2500 data (or particles) that
were collected within a 50 us time interval. This procedure
was particularly important in describing the spray
impingement data at the onset of impingement at the 6
mm radial location.

Representative spray images are shown in Fig. 4(a)-
(f) for a wall temperature (7,) of 150°C. The small drop
sizes near the wall result from secondary atomization due
to splashing. The gas velocity profiles reveal a wall-jet
emanating radially outward from the spray impingement
region, near the tip of which there is a vortex. This vortex
is progressively radially stretched at later times (see Fig.
4(b). (d) and (f)). It is this vortex structure which influ-
ences the movement of drops. especially the smaller sec-
ondary droplets that result from splashing. Conse-
quently, drops have the opportunity to coalesce and form
larger drops. Also, film thickness profiles are shown in
Fig. 4(g) and (h) for the two wall temperatures. The film
is thicker for the low temperature wall (Fig. 9(g)) due to
less fuel vaporization and higher liquid viscosity. This
thicker film also influences the secondary atomization as
will be discussed later in this section.

The temporal behavior of the tangential velocities are
compared in Fig. 5. Figure 5 contains results obtained at
a height of 0.5 mm from the wall and a radial distance of
6, 10 and 15 mm for T,. = 20°C and radial distances of 6
and 10 mm for 7, = 150 C. Also shown in the figures
are vertical lines indicating the approximate time the
wall vortex moves through the measurement location.
Additional analysis of the wall vortex is given in sub-
sequent parts of this section. For the tangential velocity
profiles near the wall, the predicted results show similar
trends as the experimental data for both wall tempera-
tures. As the radial distance increases, the maximum tan-
gential velocity decreases as the liquid wall-jet is deceler-
ated. However. the tangential velocities are greatest in
the high wall temperature case. This may be attributed
to the interaction of turbulent air flow resulting from
enhanced air entrainment as the wall vortex moves radi-
ally with a higher convective velocity (see later discussion
for Fig. 9).

Figure 6(a)-(c) are results obtained at a height of 3.0
mm from the wall and at radial distances of 6, 10 and 15
mm, respectively, for 7, = 20°C, while Fig. 6(d) and (e)
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are results at the same height but at radial distances of 6
and 10 mm for 7., = 150"C. The discrepancies are greater
at the locations corresponding to the spray stagnation
region (see Fig. 3) for 7, = 20°C. However, good agree-
ment is obtained for the high wall temperature case. The
affect of wall temperature on the tangential velocity
becomes less noticeable farther from the wall. Comparing
Fig. 5 and Fig. 6, the results show that the maximum
velocity is observed at the distance nearest the wall
(h = 0.5 mm). The agreement is good for the curves at a
radial distance of 6 mm (see Fig. 6(a)) except at the
latter stage of injection. The tangential velocity starts at

a maximum velocity and then decays to approximately
zero before increasing again. At a radial distance of 10
mm (see Fig. 6(b) and (e)), all curves exhibit a change in
slope as soon as the leading edge of the wall-jet reaches
the measurement location as indicated by the vertical
lines. This suggests the existence of a wall vortex structure
moving across the control volume.

By comparing Fig. 6(b) and (e), the magnitude of the
change in tangential velocities at approximately 1.0 ms is
greater for the high wall temperature case. This behavior
helps explain the existence of a stronger head vortex
moving radially across the wall. The behavior also exists
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at a radial distance of 15 mm as indicated by the curves
in Fig. 6(c). The peak values of the tangential velocity of
the droplets become smaller due to the loss of momentum
of the droplets with increasing radial distance. By com-
paring the tangential velocities at different heights (0.5
and 3.0 mm), it becomes apparent that most of the drop-
let tangential velocity remains concentrated in the region
near the wall surface during the main injection period.
Figure 7(a)—(c) are results obtained for the sauter mean
diameter (SMD) of the droplets at a height of 0.5 mm
from the wall and at radial distances of 6, 10 and 15 mm,
respectively, for 7, = 20°C, while Fig. 7(d) and (e) are
for the same height and radial distances of 6 and 10 mm
for T, = 150°C. Figure 8 shows corresponding results at
a height of 3.0 mm from the wall. No clear trends are

evident between the high temperature and low tem-
perature cases. The computed results provide quan-
titative estimates of SMD. In most cases, the computed
results provide similar trends through the majority of the
impingement event. Some discrepancies between exper-
iments and computations are apparent for all radial dis-
tances especially at the latter stages of injection. During
the early injection period, the SMD values for
T, = 150°C are generally smaller than the SMD values
for T, = 20°C. This behavior is attributed in part to the
thickness of the fuel film along the wall as shown in Fig.
4(g) and (h). Larger droplets are created during splashing
on the unheated plate where the film thickness is greater.

It is interesting to note that the droplet diameter curves
show fluctuations during the injection period which lasts
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1.0 ms. Trends on the whole are decreasing with radial
distance. However, some values at downstream positions
(r =15 mm and / = 0.5 mm) are comparatively larger
than those upstream (r =6 mm and 4 = 0.5 mm). A
possible explanation for the presence of larger droplets
downstream is droplet collision and coalescence. In par-
ticular, the SMD for 7,. = 150°Cis larger than T, = 20"C
(see Fig. 7(b) and (e), Fig. 8(b) and (e)) after the passage
of the wall vortex. Based on the simulations, the stronger
vortex for 7, = 150"C entrains a larger number of drop-
lets, thus increasing the collision frequency resulting in
an increase in coalescence behind the wall vortex.

In general, as the distance from the wall surface
increases, the droplet size decreases. This provides further
evidence that the majority of the droplet momentum
remains concentrated in the region near the wall surface.

In an attempt to better understand the behavior
observed in the droplet tangential velocities shown in Fig.

6. the location and velocity of the wall vortex are shown
in Fig. 8 for both wall temperatures. To estimate the
convective velocity of the wall vortex, Arcoumanis and
Chang performed measurements of the normal com-
ponent of velocity of the droplets at a height of 5.0 mm
at various radial locations. The center of the vortical
structure was determined by the position where the nor-
mal velocity is zero, thus allowing the estimation of the
arrival time of the vortex at each radial position. From
the computed and experimental approximations of the
convective velocity of the vortex, the velocity for the
high wall temperature case is greater than the low wall
temperature case and with near constant velocity. In con-
trast, the low wall temperature vortex decays with
increasing radial distance. From this information, the
oscillatory behavior of the tangential velocity is attri-
buted to the wall vortex moving radial through the mea-
suring volume. For example. the wall vortex passes



D.W. Stanton, C.J. Rutland/Int. J. Hear Transfer 41 (1998} 3037-3054

28 rrrrrrrer T
- g Computed ]
26 - -A- txpefimenta' ........... -
~ 24F -]
g 22 LV .
; 1 p
20 L ]
5 ,ﬁ’ ]
18 Fol 3
16 F :
14:... NI TP il PR PN L
0.4 06 08 1 1.2 1.4 16
Time since start of injection (ms)
(a)
30 (A o—Computed E
[ 2 - &~ Experimental
[3 L ]
= A 3
\ ]
g 3
@ a Ao
\ ~ ]
Saa *
Addd b Al .........l.........:
2

.5 1 1.5
Time since start of injection (ms)

19

1.8

LN BN S Su E aan

A

anndaazslasarlians

N 1%
g 15 V p
0 3 3
2 Y e
13 E.4 —e—IComputed 4 E
E - &- Experimental| &£ 3
12 Bttt A bt PR VIR WO W S S S

0.5 1 2

1.5
Time since start of injection (ms)

(©)

N
w

3051
28 L] T 1 1 I
26 \\
24 / 2
§.22 /j "\/ \#...._
T - S o
--‘ o .‘
M g
& PR g =5 1:31 )11
16 awmCampuied....
14 1 1 1 1 i
04 06 08 1 12 1.4 16 1.8
Time since start of injection (ms)
(d)
35 ;
-« -« Experiment
—a—Computed
10 L

0.5 1 1.5 2
Time since start of injection (ms)

(e)

Fig. 7. Temporal history of the mean droplet diameter at a height of 0.5 mm from the wall surface and at a radial distance of (a) 6 mm
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through the point at a height of 3.0 mm and a radial
distance of 10 mm at a time of 1.1 ms for both the
experimental and computational data. From Fig. 6(b),
the droplets experience a reversal in direction between
the times of 0.9-1.2 ms for the experimental data and
1.0-1.2 ms for the computational data. These times agree
with the time the vortex is believed to pass through this
point.

Based on the measurements of the normal velocity
component of the droplets at a height of 5.0 mm above
the surface and measured between radial distances of 10
and 20 mm over a 50 us time interval, Arcoumanis and
Chang calculated an estimate of the mass flowrate of air

entrained into the wall-jet. By assuming symmetry about
the spray axis, the investigators evaluated the entrained
mass flowrate using the expression :

re20
W= -[ PardmrV, dr (33)

=10
where V, is the droplet normal velocity, p,, is the air
density and r is the radial distance from the spray axis.
The mass flowrate is calculated using KIVA in a similar
manner as equation (33) except that the gas normal vel-
ocity is used instead of the droplet normal velocity. The
results, which are shown in Fig. 9, reveal that initially the
mass flowrate is negative due to the passage of the wall-
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jet head that pushes the air away from the wall. Later.
positive entrainment of the air starts and becomes sig-
nificant at times greater than 1.5 ms. Thus, this wall
vortex structure passing through the domain also effects
the air entrainment into the spray structure. Additionally,
the entrainment of air increases with wall temperature.
Air entrainment into the wall-jet occurs earlier for the
high temperature case. This tends to suggest that the
higher wall temperature promotes more air entrainment
into the wall-jet, thus enhancing fuel-air mixing in
impinging transient diesel sprays.

9. Conclusions

In an attempt to account for the fuel distribution along
the surfaces of IC engines, a fuel film model has been

formulated using thin film assumptions. This is achieved
by solving the continuity, momentum, and energy equa-
tions for the 2-D film that flows over a 3-D surface.
Important features of the model include mass and
momentum contributions to the film due to spray drop
impingement, splashing (secondary atomization), inter-
facial shear, piston acceleration, dynamic pressure. con-
duction, and convective heat and mass transfer.

In order to adequately represent drop interaction pro-
cesses on a subgrid scale, impingement regimes and post-
impingement behavior have been modeled using exper-
imental data and mass. momentum, and energy con-
servation constraints. The regimes modeled for spray-
film interaction are stick, rebound, spread and splash.

The fuel film and spray-wall models are validated
through a series of comparisons to wall spray exper-
imental data. The models provided good agreement for
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Fig. 9. Calculated air entrainment rate into the wall-jet integrated over the radial distance between 10 mm and 20 mm for a wall
temperature of (a) 7, = 20 C and (b) T,. = 150°C. Comparison of the calculated wall vortex convective velocity along the wall for a

wall temperature of (¢} 7,, = 20°C and (d) 7, = 150 °C.

wall spray radius and height, film thickness, film spread-
ing radius, and percentage of fuel that adheres to the
wall. As for secondary droplet characteristics, the models
capture the correct trends for drop sizes and velocities
over the majority of the injection period. Additionally.
the simulations have demonstrated the influence of the
wall vortex on spray-wall interactions. Consequently, the
models provide a predictive means of determining spray-
wall interactions with the eventual formation of liquid
films that can be used for multi-dimensional simulations
of IC engines.
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