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Multicomponent-Fuel Film-Vaporization Model
for Multidimensional Computations
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A multicomponent-fuel � lm-vaporization model is developed to be used in multidimensional spray and com-
bustion computations. For the gas phase the vaporization rate was evaluated using the turbulent boundary-layer
assumption and the Prandtl mixing-length theory. A third-order polynomial was used to model the temperature
and species concentration pro� les within the liquid � lm in order to predict accurate surface temperature and sur-
face mass fractions, which are crucial to evaluating the species vaporization rates. By this approach the governing
equations for the � lm were reduced to a set of ordinary differential equations. The new model offers a signi� cant
reduction in computational cost and suf� cient accuracy compared to solving the governing equations for the � lm
directly. The new model was veri� ed against exact numerical solutions with excellent agreement for several cases
concerning the vaporization process of a � lm on a � at plate. The results were also compared with the solutions
obtained using an in� nite-diffusion model. The new model predicted the vaporization history more accurately
than the in� nite-diffusion model. Finally, the new model was applied to study the � lm evolution for a spray/wall
impingement case, and physical insight was gained from the study.

Nomenclature
B = mass-transfer number
Cp = heat capacity
C l = turbulent model constant, 0.09
D = mass-diffusion coef� cient
E = internal energy
HY = overall mass transfer coef� cient of the � lm
h t = heat-transfer coef� cient
hv = latent heat of vaporization
K = turbulent kinetic energy
k = heat conductivity
Pr = Prantdl number
q = heat � ux
Sc = Schmidt number
T = temperature
t = time
V = velocity
Y = mass fraction
y = distance from the wall
y+ = nondimensionaldistance from the wall
y ¤ = normalized y coordinate
a = thermal diffusivity
C = mass-diffusion coef� cient
d = � lm height
h = nondimensional temperature
j = Karmann’s constant, 0.433
l = viscosity
q = density
s = nondimensional time
x = vaporization rate

Subscripts

g = gas phase
i = species component
L = laminar
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` = liquid phase
m = average value
o = initial value
s = surface value
T = turbulent
1 = ambient value

I. Introduction

L IQUID-FILM phenomenaare importantin the studyanddesign
of internal combustion (gasoline and Diesel) engines. Signi� -

cant amounts of droplets hit the walls of the intake port or the cylin-
der after they leave the injector. Based on the injection conditions,
the dropletsrebound,splash,or convert into liquid � lms on the wall.
Zeng and Lee1 found that nearly 80% of the fuel mass deposited on
the wall and became wall � lms for closed-valve injection in com-
putations of cold starting of a port-injected spark-ignition engine.
Open-valve injection tends to produce less � lm mass deposition in
the intakeport; however, this � lm mass still accounts for nearly50%
of the total fuel mass. Film formation and evolutionhave signi� cant
effects on engine emission. They in� uence the mixture quality of
the fuel vapor and the oxidizer, which in turn control the combus-
tion ef� ciency, pollutant formation, and heat transfer to the wall. It
is believed that incompletevaporizationof liquid fuel � lm results in
high hydrocarbonemissionsand soot formation.2,3 For port-injected
spark-ignitionengines experimentsshow that up to 80% of the total
hydrocarbon emission is generated during the � rst few minutes of
cold starting.4 The primary reason is that most fuel dropletsbecome
liquid � lms on the cold wall where the vaporizationrate of the � lms
is much slower than that of the droplets caused by a smaller surface-
to-volume ratio. Therefore, understanding � lm formation and evo-
lution is of great practical signi� cance. It will help optimize engine
design to meet the increasingly stringent emission regulations.

Although many research efforts have been made to understand
the liquid-� lm phenomena (e.g., wall � lm dynamics,5 ¡ 8 impinge-
ment,9,10 and vaporization11 ¡ 17), multicomponent� lm vaporization
has notbeen extensivelystudied.Particlemethods5,6 andcontinuous
methods7,8 have been proposed to represent � lms. Particle methods
representthe � lm mass by a groupof particlesand solvethe � lm par-
ticle movementusing the Lagrangiandescriptionof motion.Particle
methods are superior to continuousmethods for modeling the irreg-
ular shape and size of the � lms resulting from spray impingement
and surface tension effects. O’Rourke and Amsden5 and Amsden6

developeda comprehensivemodel for � lm formation and evolution

964



ZENG AND LEE 965

in port-injected engines based on a particle method. A modi� ed
wall function was used to account for the effects of � lm vaporiza-
tion on mass, momentum, and thermal diffusive transport. Bai and
Gosman7 developeda model to evaluate the vaporizationrate using
semi-empirical correlations involving the mass-transfer coef� cient
and the Sherwood number. This model required the de� nitions of
a characteristic� lm height and a characteristic longitudinal length,
which are dif� cult to determine for some applications. One impor-
tant advantage of these two models5 ¡ 7 over conventional methods,
which use continuity principle of mass � ux to calculate the va-
porization rate, is that the grid resolution near the wall does not
have to be very � ne. This makes these two models feasible for en-
gine computations, especially for those requiring moving-grid op-
erations. However, these models are limited to single-component
� lms, which is a severe limitation because most practical fuels
are multicomponent in nature. The computations of Baumann and
Thiele11,12 show that � lm compositionsigni� cantly affects the mass
and heat-transfer behaviors. Even adding a small amount of a sec-
ond componentcan result in signi� cantchangesin the heat and mass
transfer.

The major complexity associated with � lm-vaporization model-
ing is how to evaluate accurately the surface values of temperature
and mass fractions, which are key variables controlling the evapo-
ration rate. When the � lm is being heated by the wall or the ambient
gas, the temperature distribution in the � lm is nonuniform during
most of the lifetime of the � lm because of the thermal diffusion
resistance.The multicomponentnature of practical fuels brings ad-
ditional complexity. When the � lm-vaporization rate is high, the
great differences in vaporization rates among components result in
nonuniformityand transientvariation of the compositionof the � lm
because vaporization occurs only on the surface. The component
mass inside cannot reach the surface quickly enough because of the
mass-diffusionresistance.Therefore,it is notgenerallyacceptableto
assume that the temperatureand mass-fractionpro� les are uniform.
Consequently, it is necessary to solve the equationsdescribing their
temporal and spatial variations in order to model � lm evaporation
accurately.With currentlyavailablecomputationalability,however,
it is impractical to use tens of grids for each � lm particle to obtain
accurate numerical solutions because thousands of particles would
be necessary in a typical multidimensional computation with the
particle representation of the � lm.5 Appropriate predictive model-
ing is necessary.The existingmodels are either too time consuming
to be applied in multidimensional spray computations or too sim-
plistic to represent the necessary physics accurately.O’Rourke and
Amsden5 assumed that the temperature distribution inside the � lm
is piecewise linear and the average temperature is located exactly at
the half height of the � lm. Foucart et al.8 used a parabolic tempera-
ture distribution.Baumann and Thiele11 assumed a uniform pro� le
for the mass fraction. The accuracy of these models depends on the
ratio of the transient times of thermal and mass diffusions to the
� lm lifetime. When the thermal and mass transient time of the � lm
is comparable to its lifetime, their accuracy will decrease dramati-
cally. Because the liquid Prandtl number and the Lewis number are
typically on the order of 10, the characteristic heat conduction and
mass diffusion-times are much longer than viscous transport time
and even as long as the � lm lifetime.This is shown by scale analysis
in the Appendix.

In the other extreme of modeling, Shembharkar and Pai14 as-
sumed that the � ow in � lms is quasi-one-dimensional Couette � ow,
which requires the discretization of the thin � lm into tens of lay-
ers in order to obtain a grid-independent solution. This represents
a tremendous computational load. Bai and Gosman7 used a third-
order polynomial to model the velocity and temperature pro� les
and hence simpli� ed the boundary-layerequationsfor the � lm from
a three-dimensional form to a two-dimensional form by the inte-
gral approach. For the temperature pro� le they used a polynomial
with only one free coef� cient serving as the shape factor. How-
ever, they did not address multicomponent effects. In fact, as far as
we know currently, the multicomponent � lm vaporization models
suitable for multidimensional spray simulation are very rare in the
literature.

A new model for multicomponent � lm vaporization is presented
in this paper. The vaporization formula proposed by O’Rourke
and Amsden5 and Amsden6 was extensively modi� ed to include
multicomponent-fueleffects.A third-orderpolynomialwas used to
model the temperatureand mass fractionpro� les,which reducedthe
governing equations for the temperature and mass fractions inside
the � lm to a set of ordinary differential equations. When compared
to directly solving the governing equations for the � lm, the new
modelhasa much lowercomputationalcostwith suf� cientaccuracy.
The new multicomponent model was incorporated into a modi� ed
version17 of the KIVA-3V (Ref. 6) code and then used to simulate
the vaporization process of a � lm on a semi-in� nite � at plate. The
results were compared with an exact solution and a solution ob-
tained using an in� nite-diffusion model for multicomponent-�lm
vaporization.17 The in� nite-diffusionmodel is a modi� cation of the
original O’Rourke and Amsden model.5,6 For the mass fractions a
uniform distribution is used, and for temperature, however, a piece-
wise linear distribution is used as in the original O’Rourke and
Amsden model. The performance of the new model was also eval-
uated by the computationof a solid-cone spray impinging against a
wall.

The rest of this paper is organized as follows. A brief overviewof
theKIVA-3V codewill begiven� rst, followedbya descriptionof the
gas-phasesubmodel for evaluating the vaporizationrate, and by the
derivationof the liquid-phasesubmodel for solvingthe surface tem-
perature and mass fractions.The numericalmethods involved in the
model will also be given. Finally, the results and discussionswill be
presented for the two sets of testing computations.

II. Mathematical Models and Numerical Methods
A. General Overview of the KIVA-3V Code

KIVA-3V (Ref. 6) is a comprehensive multidimensional CFD
code. The � ow� eld of the gas phase is obtained by solving
the Reynolds-averaged Navier–Stokes equations coupled with the
renormalization group k-e turbulence model.6 Combustion models
and spraymodelsare includedin the code to accountfor combustion,
spray atomization, breakup, and collision. The spray is represented
by a particlemethod.The interactionof the spray and the gas � ow is
accountedfor throughcouplingsource terms in the governingequa-
tions. A moving-grid method is used to trace the valve and piston
movement. The code has been extensively used in engine compu-
tations. The original KIVA-3V code is limited to single-component
fuel. Extended efforts have been made to model multicomponent
effectsof sprays.17 ¡ 19 As for � lms, a multicomponent� lm vaporiza-
tion model is developed in this paper and described in the following
two sections.

B. Description of the Gas-Phase Submodel

The structure of the turbulent boundary-layer above the vapor-
izing � lm is different from that without vaporization because of
the gas velocity normal to the wall induced by the � lm vaporiza-
tion. This gas velocity tends to decrease the diffusive transport of
mass, momentum, and energy from the gas to the � lm. Recently
O’Rourke and Amsden5 proposed a formula to account for this ef-
fect based on the boundary-layerequations and the Prandtl mixing-
length theory. However, their formula for evaluating the � lm vapor-
ization rate is limited to the single-component � lm. This formula
was extended to include multicomponent effects by the following
derivations.

The gas � ow adjacent to the liquid � lm is assumed to be one-
dimensional and in quasi-steady state. Then, for the mass fraction
the following equation and boundary conditions are satis� ed in this
region:

x
dYi

dy
¡

d

dy
q Di

dYi

dy
= 0

Yi (y = 0) = Yis , Yi (y = y1 ) = Yi 1 (1)

where x is the total vaporizationrate and y1 is taken as the distance
of the computationalcell adjacent to the � lm from the � lm surface.
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Beyond this region the full Navier–Stokes equation is applied. The
integration of Eq. (1) yields

x

q Di
dy =

1
Yi ¡ x i / x

dYi (2)

The intergration of the preceding equation will give the expression
for the total vaporization rate

x =
y1

0

1
q Di

dy
¡ 1

x i / x ¡ Yi 1

x i / x ¡ Yis
= HYi

x i / x ¡ Yi 1

x i / x ¡ Yis

(3)

where

HYi =
y 1

0

1
q Di

dy
¡ 1

(4)

This boundary-layerintegrationwill need to be modeled and will be
presentedlater.For convenience,two additionalsymbolsare de� ned
as

Ci =
Yis ¡ Yi 1

x i / x ¡ Yis
, f i =

(1 + Ci )
Ci

=
x / HYi

exp( x / HYi) ¡ 1
(5)

Then Eq. (3) becomes

x = HYiCi f i (6)

Finally, the vaporization rate of component i can be given by

x i = HYi f i Ci ( x i / x ) = HYi f i Bi (7)

where

Bi =
x i

x
Ci =

Yis ¡ Yi 1

1 ¡ Yis x / x i

(8)

It is the same as that of the droplet vaporization model except for
the evaluation of HYi.

To obtain the expression for HYi, the Prandtl mixing-length
theory20 is applied. The viscosity is composed of a laminar com-
ponent and a turbulent component. The laminar viscosity is the
molecular viscosity, and the turbulent viscosity is proportional to
the distance from the wall. The laminar componentcontrols the dif-
fusive transport in the region close to the � lm surface, whereas the
turbulence component controls the diffusive transport in the region
away fromthe wall, i.e., in the inertiasublayerregionof the turbulent
boundary layer. Thus HYi can be expressed as

HYi =

q C
1
4

l K
1
2

y +
c ScLi + (ScT / j ) y+ / y+

c

, y + > y +
c

q C
1
4

l K
1
2

y +ScLi
, y+ · y+

c (9)

where

y+ = q C
1
4

l K
1
2 y l L , y+

c =11.5 (10)

C. Description of the Liquid-Phase Submodel

Generally the � ow insidethe � lm is three-dimensional.For engine
applications, however, the conductivity in the normal direction is
much larger than that in other directionsbecauseof its thin thickness
that is usually less than 100 l m. Also, the convectivetransport in the
streamwisedirectionis accountedfor by the Lagrangiandescription
of the � lm particle method. Therefore, it is reasonable to assume
that the � lm is quasi-one-dimensional in the normal direction, i.e.,
the variable distribution in the normal direction is independent of
that in the streamwise direction. This is a good approximation for

most of the � lm lifetimeexcept during impingement.The governing
equations for the � lm can be expressed as

@q d Yi

d @t
+

@q Yi (V f + Vg )
d @y ¤ =

@

d 2 @y ¤
C

@Yi

@y ¤

@q d E

d @t
+

@q E(V f + Vg )
d @y ¤ =

@

d 2 @y ¤ k
@T

@y ¤

I (convective) II (diffusion) (11)

where

y ¤ = y / d (12)

V f is used to account for the bulk velocity caused by the diffusion
� ux caused by incompressibility,and it is given by

@V f

@y
= R

@

@y

C

q 0
i

@Yi

@y
(13)

where q 0
i is the density of pure component i . Vg is used to account

for the � lm heightchangecausedbyvaporization,and it is expressed
as

Vg = V d
g y d (14)

where V d
g is the surfaceregressionrate.The � lm heighth is evaluated

using

dd

dt
= V d

g (15)

At the interface continuity of the mass � ux requires

q (Vg + V f ) j y = d = R x i (16)

C
@Yi

@y
=Yi R x i ¡ x i (17)

Continuity of the heat � ux gives

ht (T1 ¡ Ts) ¡ k
@T

@y
y = d

= R x i hvi (18)

where h t can be given by a modi� ed wall function.5 The other
boundary conditions include

T = Tw ,
@Yi

@y
=0, V f = 0 (19)

at the wall.
To obtain suf� ciently accurate numerical solutions, tens of grid

cells are required within the � lm. This is a tremendous compu-
tational cost. A more feasible predictive model is required.5 The
authors previously developed a model called the in� nite-diffusion
model.17 It is an extension of the original O’Rourke and Amsden
model5 for single-component� lm vaporization.A piecewise linear
distribution is used for temperature as the original O’Rourke and
Amsden model. For mass fraction a uniform distribution is used. It
requires the transient times for thermal diffusionand mass diffusion
much less than the � lm lifetime (i.e., in� nite diffusivity). Otherwise,
its accuracywill becomeunacceptable.However, the transienttimes
for fuel � lms in some practical applications can indeed be compa-
rable to � lm lifetime as shown in the Appendix. Thus, a model that
does not sufferfrom this restrictionto small transienttimes is needed
to model � lm vaporization accurately.

For thin � lms the convective term in Eq. (11) is smaller than the
diffusion term and can be neglected. Consequently the governing
equation for the temperature can be simpli� ed as

@T

@t
=

@

@y
a

@T

@y
(20)
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where a = k / q Cp, which is assumed to be constant along the y
axis and is evaluated using average temperature and average mass
fractions that vary with time.

A third-orderpolynomial expansion is used to model the temper-
ature pro� le in the � lm at any instant

T =a3(t )(y / d )3 + a2(t )(y / d )2 + a1(t )(y / d ) + a0(t ) (21)

where ai can be expressed in terms of the wall temperature Tw ,
the average temperature Tm (de� ned by mass average), the surface
temperature Ts , and the heat � ux q to the � lm as

a0 = Tw , a1 = b d ¡ 6Ts ¡ 6Tw + 12Tm

a2 = ¡ 3 b d + 15Ts + 9Tw ¡ 24Tm

a3 =2 b d ¡ 8Ts ¡ 4Tw + 12Tm (22)

where

b =q / k (23)

Integration of Eq. (20) along the y axis yields

dTm

dt
=

a

d 2
(6Ts + 6Tw ¡ 12Tm ) (24)

Equation (20) expressed at the � lm surface yields

dTs

dt
= a

@2T

@y2
y = h

=
6 a

d 2
( b d ¡ 3Ts ¡ Tw + 4Tm ) (25)

Equation (25) has a nonphysical region. When the initial wall tem-
peratureis lower than the initial� lm temperature,the heat transferto
the wall will cause the decrease in the average and surface � lm tem-
peratures. However, the surface temperature predicted by Eq. (25)
initially increasesfor a short period and then decreasesat later times
because of aliasing errors on the polynomial expansion introduced
by the step function between the initial wall and � lm temperatures.
To overcome this problem, Eq. (25) is replaced by

dTs

dt
=

6a

d 2
[ b d + min(0, ¡ 3Ts ¡ Tw + 4Tm)] (26)

When the wall temperature is higher than the initial temperature,
Eq. (25) is replaced by

dTs

dt
=

6a

d 2
[ b d + max(0, ¡ 3Ts ¡ Tw + 4Tm)] (27)

However, the preceding correction will not be needed when the
computed temperature pro� les become smooth.

By a similar approach as Eqs. (20–25), the equations for the
average and surface mass fractions can be obtained. They are given
by

dYis

dt
=

C

q d 2
(5g ¡ 12Yis + 12Yim) (28)

@Yim

@t
=

C

q d 2
g (29)

where

g = (Yi R w i ¡ w i ) d / C (30)

The subtraction of Eq. (29) from Eq. (28) yields

d(Yis ¡ Yim)

dt
=

4C

q d 2
[g ¡ 3(Yis ¡ Yim)] (31)

Equation (31) gives the differencebetween the surface and average
mass fraction for component i. By using the overall mass balance
equation to � nd the average mass fraction, Eq. (31) can be used to
obtain the surface mass fraction needed to evaluate the vaporization
rate.

D. Numerical Methods

The proposedmodelswere implementedinto a modi� edversion17

of KIVA-3V (Ref. 6). In the code the options of using the quasi-
second-order-upwinddifferencing scheme or the partial-donor-cell
(PDC) differencingscheme are available. The PDC scheme is used
in this study to gain second-order accuracy spatially. The time-
marching method is used, which consists of three steps. Step 1
deals with the coupling between sprays and gas-phase � ow. Step 2
solves the gas � ow� eld with the Lagrangian method using the
Euler implicit scheme (i. e., the grid moves with the � ow� eld).
Step 3 adjusts the � ow� eld caused by grid movement using the Eu-
ler explicit scheme. The overall accuracy in time is of � rst-order
accuracy.

Because the liquid-phase� ow and the gas-phase� ow are coupled
at the interface, iterative approachesare used. The values (tempera-
ture and mass fractions) at the interface are estimated � rst, and then
the computation of the liquid phase is made to check whether the
continuityequationsof mass and heat � uxes are satis� ed. If they are
not satis� ed, the surface values are modi� ed, and the liquid-phase
computation is repeated until the continuity requirements are met.
During this iteration process, the gas-phase parameters are taken
from the preceding time step and held constant because the tran-
sient time of the gas boundary layer is, in general, longer than that
of the liquid phase.

III. Results and Discussion
Two sets of computationswere carried out to verify the accuracy

and performanceof the new model. The results are presented in the
following sections.

A. Film Vaporization on a Semi-In� nite Flat Plate

Because there are little data available on � lm vaporization, an
exact numerical solution for the � lm vaporizationon a semi-in� nite
� at plate was used to verify the performance of the new model.
The wall temperature is � xed at a constant value. Initially, the � lm
temperature and the � lm height are uniform, and the ambient gas
is nitrogen. For this particular problem the � ows both inside and
outside the � lm are one-dimensional in the direction normal to the
wall. Therefore, they can be describedby Eqs. (11–19). A � nite dif-
ferencemethod was used to solve these equations to obtain the exact
numerical solution with the Euler-forward scheme in time and the
central-difference scheme in space. A � ne grid, which is uniform
and consists of 100 cells with a grid size of 0.1 l m, and a small
time step, 1e-2 ms, were used.The solutionsobtainedwere indepen-
dent of the grid size and the time step through successive grid and
time-step re� nement tests. This grid-independent exact numerical
solutionwill be referredto as the exact solutionin the followingtext.
For comparison with the new model, the in� nite-diffusionmodel17

described in the preceding section was also applied.

1. Accuracy of the Surface-Temperature Computations

The transient heating process of a nonvaporizing � lm was � rst
investigated to validate the correlation of Eqs. (25–27). The initial
� lm temperature is uniform and higher than the wall temperature.
At the interface there is a heat � ux into the � lm from the ambient
gas. For clarity this heat � ux is arti� cially set to be constant dur-
ing each computation. The � lm surface-temperatureevolutions for
different heat � uxes are shown in Fig. 1. The results are presented
in the nondimensionalform. The nondimensionaltime is de� ned as
s = tr 2

0 / a , where a / r 2
0 is the characteristic time for thermal diffu-

sion. The nondimensional temperature is depicted by temperature
differences and given by h = (T ¡ T0) / (T0 ¡ Tw ). Figure 1a shows
the results for the case with a heat � ux q =0. The result of the
new model agrees very well with that of the exact numerical so-
lution. The in� nite diffusion model, however, underestimates the
surface temperature initially and overestimatesat later times. Even-
tually the three methods yield the same result when a steady state
is reached. The result for q =0.1k(Tw ¡ T0) / d (low heat-� ux case)
and q = k(Tw ¡ T0)/ d (high heat-� ux case) are shown in Figs. 1b
and 1c, respectively.Clearly the new model gives better agreement
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a) q = 0

b) q = 0.1k(Tw ¡ T0)/±

c) q = k(Tw ¡ T0 )/±

Fig. 1 Normalized surface-temperature µs variation vs normalized
time ¿ .

a) Normalized � lm-height ±/±0 variation vs time

b) Vaporization rate !i variation vs time

c) C5H12 mass-fraction variation vs time

Fig. 2 Vaporization history of case A.
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with the exact solution than the in� nite-diffusion model. For the
high heat-� ux case the surface temperature initially increases for a
periodof time and then decreasesat later times. The new model cap-
tures this trend very well and yields an accurate maximum surface
temperature. In contrast, the in� nite diffusion model does not show
this trend and yields a much higher surface temperatureinitially that
deviates from the exact solution by 50%. With the increased heat
� ux the accuracyof the in� nite-diffusionmodel decreaseswhile the
accuracy of the new model remains the same. These results suggest
that the new model is superior to the in� nite-diffusion model for
combustionapplications,which typically feature high heat � uxes to
the � lm.

2. Accuracy of the Multicomponent Computations

Three sets of computations were made to test the accuracy of the
model for differentvaporizationrates and volatilities. In the � rst set
of computation (case A), the � lm is composed of 50% C5H12 and
50% C6H14 by mass with an initial height d 0 of 10 l m. The wall
temperature is 320 K, while both the initial � lm temperatureand the
ambient gas temperature are 293.15 K. The ambient gas is quies-

a) Normalized � lm-height ±/±0 variation vs time c) C5H12 mass-fraction variation vs time

b) Vaporization rate !i variation vs time d) Film temperature variation vs time

Fig. 3 Vaporization history of case B.

cent, and the initial turbulentintensityis set near zero, so that the gas
� ow is basically laminar. Figure 2a shows the computednormalized
� lm height d / d 0 variation vs time, Fig. 2b shows the variations of
the component vaporization rate x i , and Fig. 2c shows the varia-
tions of the mass fraction of C5H12 . The three methods yield similar
results because of the slow vaporization rate. Equation (31) shows
that the difference between the surface mass fraction and the aver-
age mass fraction is proportional to the vaporization rate. Because
this difference in this case is very small, the mass-fraction distribu-
tion is nearly uniform, and the two models yield similar results that
agree well with those of the exact numerical solution. However, if
the vaporization rate is not small, the difference between the mod-
els becomes apparent. In terms of CPU time, the exact numerical
solution takes much longer than the in� nite-diffusion model or the
present model by nearly 100 times because 100 grid cells are used
and much more iterative steps are needed for liquid-phase compu-
tation in the exact numerical solution during each time step.

In the second set of computations (case B), all of the parameters
were the same as those in case A except for the diffusivity in the
gas phase. The diffusivity was increased by 20 times to simulate
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the enhancement of the diffusive transport of mass and energy by
turbulence. In effect the vaporization rate is increased by nearly
20 times. The computedvariationsvs time in normalized� lm height
d / d 0 , vaporization rate x i , and mass fraction of C5H12 are shown
in Fig. 3. The three methods predict similar lifetimes for the � lm
although the in� nite-diffusion model results in a slightly longer
lifetime. However, the in� nite-diffusion model overestimates the
vaporization rate of the light component and underestimates that
of the heavy component (Fig. 3b). In contrast, the results of the
new model agree reasonably well with those of the exact solution
because of the effect of preferiential vaporization. Because of the
mass-diffusion resistance inside the � lm, the mass fraction inside
cannotquicklyreach the surfacewhere thevaporizationoccurs.This
results in the surface mass fraction of the light component being
lower than the average mass fraction as shown in Fig. 3c. Figure 3d
gives the variationsof the surface and average temperaturesvs time,
and it shows that the in� nite diffusion model underestimates both
the surface and average temperatures.

Fuel consistingof 50% C5H12 and 50% C10H22 by mass was used
in the third set to show the effects of the volatility (case C). The
other parameters are the same as those of case B. The variation vs
time in normalized � lm height d / d 0 and mass fraction of C5H12 is
shown in Fig. 4. Compared to case B, the volatility difference be-

a) Normalized � lm-height ±/±0 variation vs time

b) C5H12 mass-fraction variation vs time

Fig. 4 Vaporization history of case C.

tween componentsin this case is much larger.The new model offers
better agreement with the exact solution than the in� nite-diffusion
model in this case as well, which indicates that the new model
is suitable for fuel composed of components with large volatility
difference.

B. Film Formation and Evolution During Spray/Wall
Impingement Process

The new model was used to predict the � lm formation and evo-
lution during spray impingement on a wall. The injection data were
chosen to match a typical injection cycle in a port-injected spark-
ignition engine. The fuel used in the computation consisted of 50%
C5H12 and 50% C6H14 by mass same as those used in cases A and
B. The injection parameters and the ambient parameters used are
listed in Tables 1 and 2. The injection velocitywas chosen to ensure
that some of the droplets became part of the � lm. The splash model
of Trujillo et al.10 was used in this study. The three-dimensional
mesh consisted of 40 £ 30 £ 30 cells in the streamwise, normal,
and transversedirections, respectively,with higher resolution in the
impingement region. Three-thousand parcels were used to repre-
sent the spray. The time step was decided by numerical stability
analysis.

Figure 5 shows the plot of droplet locations with the symbol
size representing the particle mass at t =1.3 ms shortly after the
impingement. The beginning of the impingement corresponds to
t = 1.2 ms. The impingement duration was approximately 4 ms.
Nearly 30% of the droplets became part of the wall � lms, and the
rest splashed and became smaller secondary droplets. The contour
plot of C5H12 vapor density at t = 6 ms after the beginning to the
impingement is shown in Fig. 6 (the ratio of height to wide is en-
largedby 10 times). The fuelvapordensityevolutionin theboundary
layer was observeddownstreamof the impingementpoint. The wall
particles move downstream under the in� uence of the main � ow
above the � lm. The evolutions of the total liquid fuel mass (includ-
ing both droplets and � lms) and the � lm mass are plotted in Fig. 7.
For the total liquid fuel mass four distinct phases were observed.
At phase I the fuel mass increases linearly with time because of the
injection rate being much higher than the vaporizationrate. Phase II
starts after the end of injection and ends after the beginning of the
impingement with short delay. During this phase, the liquid mass

Table 1 Injection parameters

Parameter Value

Injected mass 2.34 mg
Injection velocity 25 m/s
Spray cone angle 10 deg
Injection duration 1.1 ms
Sauter mean diameter 30 l m
Impingement angle 45 deg

Table 2 Ambient parameters

Parameter Value

Gas temperature 353 K
Gas velocity 50 m/s
Gas compostition N2
Wall temperature 315 K
Gas pressure 1 atm

Fig. 5 Plot of droplet position.
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Fig. 6 Plot of C5H12 vapor contour line (the ratio of height to width
is enlarged by 10 times) (H = 1 ££ 10¡ 3 g/cm3 , L = 0 g/cm3, contour
increment = 5 £ £ 10¡ 5 g/cm3 ).

Fig. 7 Film and total liquid fuel mass variation vs time.

begins to decrease and vary nearly linearly with time because of
the nearly constant overall droplet vaporization rate. Phase III lasts
until all of the droplets not on the wall completely vaporize. The
duration of this phase is much shorter compared to phase II. In ad-
dition, this phase has a higher vaporizationrate, which is caused by
the splashing. The splashing causes injected droplets to break up
into smaller droplets, which result in more surface area for vapor-
ization. Phase IV was dominated by the vaporizationof wall � lms.
Clearly the reduction rate of the liquid mass is much slower than
that of phase II and phase III. The � lm vaporization rate decreases
with increasing time because of fuel vapor accumulation in the re-
gion near the � lm surface as shown in Fig. 7. It is interesting that
� lm particles,which account for nearly 30% of total fuel mass, take
20 ms to vaporize completely, whereas the rest that accounts for
nearly 70% of the total mass takes only less than 5 ms. This is part
of the reason why open-valve injection results in higher hydrocar-
bon emission in a port-injectedengine than closed-valve injection.
Open-valve injection tends to have more droplets impingement on
the in-cylinder wall and more liquid � lm accumulated in the cylin-
der. Because the vaporization rate of the � lms is much slower than
that of droplets as demonstrated in Fig. 7, the fuel � lms do not
vaporize completely during the compression stroke and eventually
contribute to higher hydrocarbonemissions. Figure 8 shows a com-
parison of the predicted-� lm mass-temporal variations for the new
model and the in� nite-diffusionmodel. The two models give simi-
lar � lm lifetimes. However, the � lm mass predicted by the in� nite-
diffusion model deviates from that of the new model by 20%.

Fig. 8 Comparison of the � lm mass evolution of two models.

IV. Conclusions
A new vaporization model for multicomponent � lms has been

developed and veri� ed through extensive comparisons. The model
consists of the coupling of the gas-phase and liquid-phase sub-
models. The gas-phase submodel accounts for the multicomponent
fuel effects on the mass and energy transports of the gas turbu-
lent boundary layer above the liquid � lm. The effects of the tem-
perature and concentration gradients caused by nonuniformity in-
side the liquid � lm are represented in the liquid-phase submodel.
A third-order polynomial is used to simulate the temperature and
mass-fractionpro� les, and the governingequationsfor the mass and
energy transports are reduced to a set of ordinary differential equa-
tions. The primary bene� t of this model is a tremendous decrease
in computationalcost, with only a minor loss of accuracycompared
to solving directly the strict governing equations for the � lm. The
results of the tests and comparisons can be summarized as follows:

1) The liquid-phase model, which is the foundation of the new
model,yieldsexcellentagreementbetween the surfacetemperatures
predicted by the model and those of the exact numerical solution
for a nonvaporizing� lm regardlessof the magnitudeof the heat � ux
to the � lm. However, the in� nite-diffusion model, which assumes
the temperaturepro� le beingpiecewise linear and the concentration
distributionofeachcomponentbeinguniform,cangivea suf� ciently
accurate surface temperature only when the heat � ux is small.

2) The computed vaporization history of a multicomponent � lm
on a semi-in� nite � at plate agrees well with the exact solutions.
There are signi� cant differences in the vaporization rate, temper-
ature, and concentration predicted by the new model vs those by
the in� nite-diffusion model when the transient time of the mass-
diffusion transport is comparable to the � lm lifetime.

3) The overall � lm lifetime is not sensitive to the liquid-phase
model. The in� nite-diffusion model yields vaporization rates that
are slower initially and higher at later times compared to the new
model and the exact numerical solution. Nevertheless, it predicts
an overall � lm lifetime similar to the new model and the exact
solution.

4) For the vaporization of a spray impinging on a wall, four
distinctive phases were found in the evolution of the liquid fuel
mass. The droplet splashing enhanced fuel vaporization, whereas
the conversion into wall � lms slowed down fuel vaporization
signi� cantly.

5) The low computational cost and the good accuracy of the new
model make it particularly suitable for multidimensionalspray and
combustioncomputations.The accuracyof the model is much better
than that of the in� nite-diffusionmodel, whereas its computational
cost is only slightly more than that of the in� nite-diffusionmodel.
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Appendix: Estimation of Film Lifetime
In this session the formulas to estimate the � lm vaporization rate

and the � lm lifetimeare presented.They are basedon the analysesof
a thin � lm composed of a single-componentfuel on a semi-in� nite
� at plate of a constant and uniform temperature.

If the vaporization rate is very slow, the � lm temperature can
be assumed constant. Then the governing equation for the vapor
mass fractionoutside the � lm becomes similar to that of the thermal
conduction problem over a semi-in� nite � at plate, where the heat
� ux on the wall is given by

q = k
@T

@y
y = 0

= k
T1 ¡ Twp

p a t
(A1)

where k is the heat conductivity, a is the thermal diffusivity, and
Tw and T1 are temperatures at the wall and at in� nity, respectively.
Similarly, the mass � ux (vaporization rate) on the � lm surface can
by given by

x =
D@Y / @y j y = 0

1 ¡ Yw
=

D(Y 1 ¡ Yw )
p

p Dt (1 ¡ Yw )
=

D

p t
B (A2)

where B is the transfer number and D is the mass-diffusion coef-
� cient. Y0 and Y1 are the vapor mass fractions at the wall and at
in� nity, respectively.When the vaporization rate is high, the blow-
ing factor can be used to consider the in� uence of vaporization on
mass diffusion.Thus, the vaporizationrate can be roughly given by

x =
D

p t
B

(1 + B)
B

=
D

p t
(1 + B) (A3)

Figure A1 gives the comparison between the solution by Eq. (A3)
and by an exact numerical solution for this problem. The two so-
lutions are fairly close with the same order of magnitude. Then the
lifetime scale of � lm can be given by

tv =
p

4

q `

q g

2
h2

D

1

(1 + B)

2

(A4)

q g and q ` are the fuel densitiesof the gas phase and the liquid phase.
The thermal transient time of the � lm can be given by

t f = h2 / a ` (A5)

Fig. A1 Comparison between the theoretically estimated and numer-
ically computed vaporization rates.

where a ` is the thermal diffusivity of the liquid phase. For a � lm
composed of Pentane at 293.15 K and 1 atm, if the gas-phase � ow
outside the � lm is laminar the ratio of the transient time to the � lm
lifetime is

t f

tv
=

4
p

q g

q `

2
D

a `

[ (1 + B)]2 »= 0.0256 (A6)

The thermal transient time only accounts 2% of the � lm lifetime.
If we consider the enhancement of the thermal diffusion transport
by turbulence in the gas phase, the vaporization lifetime scale tv
will become much shorter. If we simply assume that the gas mass
diffusivity is enlarged by 20 times, the lifetime scale will become
comparable to thermal transient time. Moreover, for mass diffusion
because the liquid mass diffusivity is much smaller than the liquid
thermal diffusivity, the ratio will be larger. Typically it is larger by
10 times because the Lewis number is on the order to 10. Therefore,
the transientprocess inside the � lm must be consideredfor the cases
with highly volatile fuel and turbulent gas � ow. These cases are
frequently seen in the industrial applications.
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