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Abstract
A vaporization model for multi-component fuels igsdribed. In the model a new approach named the dis
crete/continuous multi-component (DCMC) model, $&di to describe the properties and compositiorealistic
multi-component gasoline fuels. With this approgelsoline is assumed to consist of five discreteli@snof hy-
drocarbons: n-paraffins, i-paraffins, naphthenesmatics, and olefins. Each family of hydrocarb@nsomposed of
an infinite number of continuous components, whach modeled as a probability density function (PRd the
mass fraction of each family of hydrocarbons (PORg mean and variance of each PDF are tracked p&eu
with the discrete multi-component (DMC) model, whimust model hundreds of components for gasoline, t
DCMC model saves computer time. Compared with theticuous multi-component (CMC) model, the DCMC
model has much higher accuracy. Unsteady vaparizati multi-component fuel can be described fohbmdrmal
and flash-boiling evaporation conditions. An undiemternal heat flux model and a model for theed®ination of
the droplet surface temperature were formulatedagproximate solution to the quasi-steady energyon was
used to derive an explicit expression for the Hkat from the surrounding gas to the droplet-gaerface, with
inter-diffusion of fuel vapor and the surroundingsgaken into account. The present vaporizationetsodere im-
plemented into a multi-dimensional CFD code andliago calculate evaporation processes of singkk aulti-
component fuel droplets.
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Introduction multi-dimensional CFD code (KIVA-3V Release 2) and
was used to model the properties and composition of

The evaporation of droplets of complex liquid mix- gasoline fuel. In this approach gasoline is assuimdx

tures, containing hundreds or thousands of comgenen composed of five discrete families of hydrocarbams:

is frequently encountered in engineering, partitylan paraffins, i-paraffins, naphthenes, aromatics, afed

combustors and engines burning commercial petroleurfins. Each family of hydrocarbons is composed of an

fuels. One treatment of this problem, which is moreinfinite number of continuous components, which are

appropriate for mixtures with large numbers of comp modeled as a probability density function (PDF)d an

nents, is to describe the mixture properties ushy the mass fraction of each family of hydrocarborBKR

methods of continuous thermodynamics (Tanstral.,  the mean and variance of each PDF are tracked.

[11]), in which composition is represented by a-con

tinuous probability density function with respeotdan  Model Description

appropriate parameter, such as molecular weight Th

approach is called the continuous multi-componeniVapor Phase Transport Equations

(CMC) model. This enables a reduction of computa-

tional load without degrading the predictability tie Suppose a flow field contains$p” species. The

complex behavior of the vaporization of multi- continuity equation for specieg is:

component fuels (Lippert, [5]). 90, L d .. d <
However, when the CMC model is applied to com- 5, * 0 Wp,v) =0 HeDd0y,) +a(pm) +a(pm) :

bustion simulations, especially with detailed chsatnyi @)

describing the multi-component features of the fgel

inevitably limited, making it difficult to model ¢hcon- . ] i

sumption of individual components appropriatelyr Fo total mass densityy, the mass fraction of speciesi’

this reason an alternative treatment of the evdjpora and v the fluid velocity. We assume Fick's Law of

of droplets of complex liquid mixtures is to deserithe  diffusion with a single diffusion coefficierd . Super-

mixture properties using the discrete multi-comptine script “c’ means the source term is from chemistry, and

(DMC) model. The DMC approach tracks the individ- “s’ means the source term is from the spray. By sum-

ual components of the fuel during the evaporati@mtp ming Eq. (1) over all species we obtain the tolaildf
ess and allows coupling with the reaction kinetitthe  density equation

individual fuel components. In the DMC model, the ap . d .

fuel is modeled as discrete fuel species, the chexia- E"‘D {ov) =a(p) , )
tics of which are determined from fuel librariesg(e
Torreset al. [12], Ra and Reitz [9]).

where p,, is the mass density of species’;’ p the

since mass is conserved in chemical reactions.

The disadvantage of the CMC model is that gener 10 [+ n—parat}“ﬁns -
) A A I ipaafing | & %

ally only a single PDF curve is used to represést t L ngﬁ’hmnes Frpeiws
real fuel, which may be composed of multiple PDFs. g |— aromatics | : . -
Harstadet al. [4] have proposed a “double PDF” = olefins - aromatics
CMC model in an attempt to describe more comple» g 6 —
fuel distributions. However, it is difficult to gerate o
this method to arbitrary fuels. In real fuels theme 3 4~ "Pafee -
hundreds of discrete components. One disadvantige
the DMC model is that the computational cost isyver 2- ¥ naphinono a
high when it includes all the fuel components, lsea o s :
additional transport equations must be solved fmhe O 1 !
species in order to track the fuel composition &mel 2 1 6 8 10 12

Carbon Number
Figure 1. Chemical species distribution in gasoline
(Farrell [2])

vaporization behavior. Generally a real fuel is eom
posed of several families of hydrocarbons. Witts thi
characteristic of a real fuel, the present papeppses a
DCMC (discrete/continuous multi-component) fuel . . : o
model. The CMC approach is used for each group of F_|gure 1 shows the chemical Species dlstrlbut!on n
hydrocarbons. Discrete PDFs (each PDF is a conigsiuo a typical gasoline. As seen, gasoline mainly cénsis

- : : five groups of hydrocarbons: n-paraffins, i-panadfi
ﬂqeléltc')fc ﬁ%?ggggozasr?m)h éergfls}igtl the different fam naphthenes, aromatics, and olefins. In Figure Isfiee

In this paper the theory of the new DCMC model iScies mole percent (probability density) of eachugrof
described briefly. The model was also implemented i



hydrocarbons as a function of carbon number is pre-9 ~ d c
sented. 3t Ped) + DUy = DHADOYR) + - (Ve

Ay fa(l) d s
20 +E(WFK)
20) Equation (7) is the transport equation of the nfess

1 Y00 tion y,, of the K" group of hydrocarbons.
U

10) N Weighting Eqg. (6) byl,", then integrating, simi-
larly we obtain the f moment equation.

2 (Pye") + DU 6") = D LoDy 8, +
NG

(7)

d myc d mys
109 | E(WFka ) +a(ka0k )

Figure 2. Each group of hydrocarbons is representedvhere we defined,” =.[: f (1)I™dl, which is the

by ar-PDF moment of the R PDF.

i _ If we use a two-parameter distribution function to
Now consider a general case: suppose the fuel varack the variation of the'kPDF, we just need two ad-

por is either gasoline, or diesel, or ethanol, lentls of  gitional transport equations in addition to the sifac-

an arbitrary number of such these fuels; each gaiup jon transport equation. Substituting m=1 and M i
hydrocarbons can be represented as a probability deEq_ (8), we obtain the mean and second moment equa-
sity function (PDF) of molecular weight, (1), as tjons,

shown in Figure 2. Any one specid$ With molecular 0 ~ _

weight “I;” (which corresponds to a fixed carbon num- E(Werk) +OUYeG) =D UAU(YAE)) +

ber) only comes from one group of hydrocarbons, e.g d )

“K’. Suppose the total number of groups of hydrocar-— (oyx6,)° w“d—(/oyFkéik)S

bons isK . The amount of specie§’is y, (mass frac- 3 t

tion), can be calculated by E(/oykak) +OHovyay,) =0 UeDO(YRy)) +
Y = Ve (1AL, 3)( d d » (10)
where y,, is the mass fraction of thd"lgroup of hy- a(ﬂypkl/’k)c +E(onkak)s

drocarbons in the gas phask(l;) the value off, (I)  for the K" group of hydrocarbons.

at I, Al; a small interval, and the molecular weight. The energy equation is
For the distribution functionf, (), we have Gpi(pT) +EPD QovT) =000T +
o ot . (11)
J, fuhar =1. ) [(a,~Cp.) D0y, +b,eDO(B),)] T
According to Eq. (1), the continuity equation for
speciesi” is: Liguid Phase Governing Equations

The form of the equation for composition change

0 _ d ¢
a(p)ﬂ) +0evy;) =0eDOY,) +a(p)/i)
) of the K" PDF species in the liquid phase is:

d s
+ — . n .
i) do," _ 4R, 9, ©,"-0."
Inserting Eq. (3) into Eq. (5), dt aR 9, ¢« N
0 ; v _ <3 : 12)
_(IOyFk k(li)AIi)+D|1pVyFk k(Ii)AIi)_
ot 3, 0,
=k Mk o) n_e n)
d c R 7 (O kv
DHADO(Yr A (1)A1)) + - (D f(1)A1)" (6) PR O
Substituting n=1 and n=2 into Eq. (12), the govegni
+E(WFK f, (1,)Al,)S equation for the change rate of the first and sécon
dt o moments of the'kPDF in the liquid phase is
Summing over all species (frofpFl to n) in the K do 3m, O
group of hydrocarbons, gives %= “ (0 ~Ou), (13)

d  p. RO,



d¥, _ 3M Oy S; a b
= W, W) 14) where A =={1--2 |, B,=—%—_ The molar
dt PLRO Mo ) (14) A R T T - Ay
The vaporization mass fluxy, is closely coupled with fraction of the K PDF at the droplet surface is
d s . — F’atm eX[{A< (1_ yk Bk)]
Yo n = . 23
the source termsdT(pyFk) in vapor phase governing rer = D L AR B (23)
equations. The calculation dfi is given by Ra and The first and second moment of the distributiorthef
Reitz [7]. k™ PDF can be obtained by weighting Eq. (20) with the
The vapor phase source terms are derived by cordistribution variable and integrating:
o )
sidering the molar flux at the droplet surface as B O - -
s 1 YFR e|<V_yk+ 21 Oy =Ow |—| -
O =Y O _E(YFk,ooekoo _YFk,RekR)Y_Y , (15) 1+ ABTw Ou ~ Wk
FleR O ~ K
W =Y Wi _E(YFkooLPkoo =Yg RquR)YF'R . (16) (24)
’ B" ’ Yo r Equation (24) shows the relations between the diqui
phase and the vapor phase distribution parametérs (
I Distribution Function the droplet surface).

Determination of Surface Temperature

The I distribution function adequately represents

petroleum fractions and is expressed as - L
For more accurate predictions of the vaporization

Fk(|)=wex{_[|‘_ﬂﬂ, rate and heat flux, a surface temperature caloulati
BT (a,) model was incorporated by Ra and Reitz [8]. The sur
where a, and B, are two parameters controlling the face temperature of the droplet is determined fl@m
k K heat and mass transfer balance at the interfasecbat
shape of the 'k PDF, andy, is the origin. The initial the droplet and the surrounding gas. The rate at he

a., B.. V. describe the initial droplet composition. transfer balances with the required heat for vaadion

Thus, at the surface following
o L(T)m=q +q,, 5§2
o, = [ R(Id =a,5 +y,. ap  HOIM=4 G ;
0 where L(T,) is the latent heat of the fuel at the surface
o’ =I: F.()( -0)%d =a,87, (18) temperatureT,, i is the total vaporization mass flux,

g, is the heat transfer from inside the droplet, apds

(" 2
¥ _Io F (D d (19) the heat transfer from outside of the droplet. Tee

=(@pf +y) +a B’ =072+0’ tailed calculation ofg, and g, in both normal evapora-
tion and boiling cases is given by Ra and Reitz INg-
Vapor-Liquid Equilibrium glecting the effect of radiation, the temporal ojp@amf
the droplet temperature is given as
The vapor-liquid equilibrium (VLE) can be ex- dr, _ Ah, (T, -T,)

pressed in the form of Raoult’s law: e Y, for normal evaporation, (26)

_ sat
YFkVFkV(Ii)AIiP_YFkLFkL(Ii)AliPk (T!Ii)i (20) de _ Aa(Tb _Td)
where P (T, ,) indicates the saturated vapor pressure dt )
of speciesi” at the droplet temperatur. Assuming a \here p is the droplet densityA andV are the drop-
linear variation of boiling point temperature witbm- . .
let surface area and volume, respectively,is the spe-

position, - Y
To (1) = ag, + byl 1 cific heat at constant volume of the liquid phas¢ha

droplet temperature)  anda are the effective heat

for flash boiling, 27)

with a,, and b, obtained from a regression of boiling o i
point data for the 'k PDF homologous family of com- transfer coefficients for the normal evaporatiord an

ponents. Thus the saturated vapor pressure isgsqrte POiliNG cases, respectively, afgl is the boiling tem-
as perature. Egs. (26) and (27) are solved implidgitighe

R=(T,1)=P,. @XF{A( (1_ B.I )] , 22) computer code.



Code Development characteristics of the fuel are in good agreemaiit w
the measured data.

The DCMC model described above was imple- The evaporation of a single diesel drop was also
mented into the ERC-KIVA3V-DMC code. In the im- simulated using the DMC model. In order to model th
plementation each fuel component in the DMC modekomposition of a typical diesel fuel, six hydroaamb
was extended as a PDF. The mass fraction, mean asgecies were considered (Ra and Reitz, [9]). Thal-di
the second moment of each PDF are tracked in the cdation curves of the modeled diesel fuel are shamvn
culation. At the beginning of calculation, the iait Figure 5. The measurement data are from ButtsT[§.
mass fractiong, B, y of each PDF are read from an calculation conditions in Figure 5 are as follows:

input file. De=100pum, T43=360 K, R=1 bar, £=500 K. It is seen
that the predicted distillation characteristicstioé fuel
Results and Analysis are in excellent agreement with the measured data.
Since the volatility of diesel fuel components isiah
Results from DMC model lower than those of gasoline, the distillation temap
tures are much higher than those of gasoline.
Since the DCMC model is based on the DMC 500+

model, the experimental results were compared with
those from the DMC model. The DMC evaporation
model was compared with experimental results of Go-
kalp et al. [3] and Nomuraet al. [6] for single compo-
nent droplet evaporation. Figure 3 shows compasison
of the drop size history for n-heptane dropletsarnd
stationary, micro-gravity conditions. The experirnan
data are from Nomuret al. [6]. The ambient pressure
is 1 bar, and the initial drop diameter is 0.6 nitris
seen that the DMC model predictions are in good

model

—O— measurement

450+

400+

3504

saturation temperature [K]

agreement with the experimental measurements for 3000 20 20 60 80 100
various ambient temperatures. evaporated mass [%]
1.29 Model, Ta=471K Figure 4. Comparison of distillation curves of gasoline
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Figure 3. Comparison between DMC simulation and 0 20 20 %o %0 100

available experimental data (Ra and Reitz [9]) evaporated mass [%]

Evaporation of a single gasoline drop was alsorigure 5. Comparison of distillation curves of diesel

simulated using the DMC model (Ra and Reitz, [B]). fuel between modeled and measured data

order to model the composition of typical gasolinel,

seven hydrocarbon species were considered (Ra amtbmparison between DCMC Using Delta Function

Reitz, [9]). The distillation curves of the modelasel  PDFs and DMC

are shown in Figure 4. The measurement data ane fro

Smith and Bruno [10]. The calculation conditions in The DCMC code is tested with seven delta func-

Figure 4 are as follows: 100 um, T40=313 K, R=1  tions (narrow PDFs) for gasoline fuel. The resaite

bar, T,=500 K. It is seen that the predicted distillation compared with the above results from the DMC code
using seven discrete components for gasoline kigt.




ure 6(a) compares the mass and surface area ésstori
between the DCMC and DMC. Figure 6(b) compares
the droplet interior temperature, surface tempeeatu
and saturation temperature while Figure 6(c) coempar
the droplet surface mass fraction, and Figure 6¢a)-
pares the droplet interior mass fraction. The satioih
conditions are the same as in Figure 4. The magech b
tween DCMC and DMC is reasonably good. In the
early stage of evaporation DCMC under-predicts DMC
results, and in the late stage DCMC over-predidtiCD
results. The difference is due to the fact that esom
physical properties calculated from the CMC correla

tion do not
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Figure 6. Comparison between DCMC using delta
functions and DMC

exactly match those from the DMC libraries. Forraxa
ple, the enthalpy of vaporization from the CMC etair
tion is higher in the early stage, while this pndpe
from CMC correlation is lower in the late stage.

Comparison between a Single Broad PDF and a Single
Component Using DCMC

The DCMC code was also tested with a single
broad PDF for gasoline fuel. The results were cargha
with those from representing gasoline fuel as glsin
component. The comparison is shown in Figure 7- Fig
ure 7(a) compares the mass, the surface area and th
mean of the fuel, while Figure 7(b) compares thepdr
let interior temperature, surface temperature, satd-
ration temperature. The simulation conditions wikie
same as in Figure 4. The parameters for the siPDle
were: 0=5.7, f=15.0, y=0.0. Correspondingly the pa-
rameters for the single component were=100.0,
3=0.1,y=104.2.

Because the highly volatile light-end components
in the broad PDF gasoline composition evaporaté pre
erentially, both the droplet size and mass decresgse
idly in the initial stage, and the mean moleculaight
of the composition increases steadily. However, com
pared with single component, the evaporation rdte o
broad PDF gasoline slows down during the laterestag
The mean molecular weight of the single component
remains unchanged. Figure 7(b) shows a charadterist
of multi-component fuel vaporization: the broad PDF
gasoline droplets do not reach an equilibrium tenape
ture (both interior and surface temperatures) athén
case of the single-component case, because theocomp
sition of the broad PDF is continuously changinghees
more volatile components are vaporized. Also &den
that the saturation temperature of the broad PBE ta
continuously increasing, while the saturation terape
ture of the single-component case remains unchanged



0 10 20 30 40 50 60 70 80

12 : : : : : : : 200 0.010-
8 maSS—DCMC —o— aromatics_Farrell
E i - - - surface area_DCMC i —o= |-paramns:FarreH
g - —e—mass_Sq+Comp 160 0.008 | ronbens Fo
% - © - surface area_Sgl-Comp olefins_Farrell
3 0% 1160 e
5 0006 B naphthenes_model
e} c —- = n-paraffins_model
S 0.6 1140 g = olefins_model
a 0.004-
£ 0.4- 4120
g ;
& 0.2 4100 0.002 i
] mean_DCMC //]//
§ mean_Sgl-Comp ,‘/'
S 0.0 . . , , . , . 80 0.000 R .
0O 10 20 30 40 50 60 70 80 0 20 40 60 80 100 120 140 160 :
time [ms] I
(@) (a) Initial distributions
520+ i
interior_DCMC 0.010
- - - - surface_DCMC T et Farel
480+ satu ration_DCMC 0.0084 naphthenes_Farrell
. . —v— n-paraffins_Farrell ¢
—— interior_Sgl-Comp olefins_Farrell /
X, 4407 |- ~--surface_Sgl-Comp T Mantnemodat | f
< saturation_Sgl-Comp ) 0.006 L akitenes. model 9/
% 400 . e olefins_model /
o = :
I 0.004 e |
<% 17727
£ 360 PR
Q //.7
i I !
320+ 0.002 17 .
Y
4 ’
7 NS h ~
280 T T T T T T T 1 0.000 i T T ~ |\~.\|' T T 5
0O 10 20 30 40 50 60 70 80 0 20 40 60 80 100 120 140 160 180
time [ms] |
(b) Model predicted distributions at 85 ms
_ ' (b) ' Figure 8. PDF curves from model and Farrell
Figure 7. Comparison between a single broad PDF and
a single component using DCMC Figure 9 shows the simulated results. Figure 9(a)

shows drop mass and surface area, Figure 9(b) shows
Simulation of Single Gasoline Droplet by Using DCMC drop interior’ surface and saturation temperatui_:@.,
. . ) ) ure 9(c) shows drop surface mass fraction, Figgd® 9
A single gasoline droplet was simulated using theshows drop interior mass fraction, and Figure 9(e)
present DCMC code. As described above the gasolinghows the mean of each PDF. The drop size varies in
is assumed to consist of five families of hydrocast  the manner of the well-known®Baw, as shown in Fig-
n-paraffins, iso-paraffins, olefins, naphthenesj am-  yre 9(a). Figure 9(b) shows that due to preferkmtia
matiCS, as shown in Figure 1. The mass fractionthad porization of the more volatile ||ght_end Compormm
composition parameters, 3, y of each family of hy- each family and preferential vaporization of ligtel
drocarbons are shown in Table 1. The simulatedieondfamily itself, the composition of the droplet chasg
tions are the same as in Figure 4. Figure 8(a) showcontinuously, saturation temperature increases ugrad
each PDF curve used in the simulation together thith ally, and thus gasoline droplet does not reachcarn-e
PDF curve from Farrell [2]. It is seen that the BDF librium condition. The droplet surface temperatisa
represent gasoline well. little higher than the interior temperature, whiiali-
cates that the droplet is heated up. During the dife
Table 1. Mass fraction and composition of each PDF time the total mass fraction of fuel at the droffate is

mass fraction | a B y less than unity, which means that vaporization ccau
n-paraffins 0.1378 8.4 5.0 35.0 the normal evaporation regime, as shown in Fig{ce 9
iso-paraffins | 0.3591 11.0 4.9 35.0 Since in the current model n-paraffins, iso-pareffi
olefins 0.1532 10.7| 4.9 25.0 naphthenes, olefins are light-end families, thegpev
naphthenes 0.0584 13.2 3.0 45|0 rate fast, compared with the heavy-end family atema
aromatics 0.2915 190 2.8 52.p ics, the droplet interior mass fractions of n-pfinaf




iso-paraffins, naphthenes, olefins decrease comtisly,
and the droplet interior mass fraction of aromatics
creases continuously, as shown in Figure 9(d). Due
preferential vaporization of the more volatile ligind
components in each family, heavier components nemai
in each family and each family changes to a narrowe
PDF, and the mean of each PDF increases continyousl
as shown in Figure 9(e). However, it is interestinat
around 85 ms, the droplet interior mass fractiomraf
matics decreases while that of the iso-paraffins in

creases.
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Figure 9. Simulated results of a single gasoline drop
using the DCMC model

This phenomena was not found in the results from
the DMC model, which are not presented in this pape
due to the limitation of length. This interestingfet-
ence can be explained as follows: Initially, congghar
with the aromatics the iso-paraffins is light-emanfly,
as can be seen in Figure 8(a). The iso-paraffiap@v
rates fast, and thus its PDF curve moves to the dga
higher speed, relative to the aromatics. Aroundr&5
the mean of iso-paraffins is the same as thatahat-
ics. At this time the two PDF curves of iso-panadfi
and aromatics are located in the position showRign
ure 8(b). Because the variance of iso-paraffingider
than that of aromatics, there are more heavy compo-
nents in the iso-paraffins family. After this timthe
PDF curve of iso-paraffins is located slightly toet
right of that of aromatics (indicated by the cijcl€his
means that iso-paraffins will be the heavy-end fgmi
and the evaporation rate slows down.



Conclusions 2.

In this paper a DCMC (discrete/continuous multi- 3.
component) fuel vaporization model was developed,
and was implemented into a 3-D CFD code. The CMC
approach was used to describe separate groups-of hy
drocarbons. Multiple discrete PDFs (each PDF isra c
tinuous multi-component mixture) represent theediff 4.
ent families of hydrocarbons in the real fuel. Rissu
from seven delta functions (narrow PDFs) for a gaso
line fuel surrogate using the DCMC code and results
from seven discrete components for gasoline fuelgus 5.
the DMC code, matched well. Also, results from ra si
gle broad PDF representing gasoline using the DCMC
code were reasonable, compared with results represe
ing gasoline fuel as a single component. Finalhg t 6.
present DCMC code was used to model vaporization of
realistic gasoline fuel. Using five discrete famdiof
hydrocarbons, each of which was modeled as a PDF
distribution, DCMC model could successfully distinc 7.
the evaporation of components in different famitiest
have similar molecular weights, and the mass foacti
of each family of hydrocarbons (PDF), the mean and
variance of each PDF could be tracked. Some new fed.
tures of the vaporization of realistic fuels weeggaled
using the DCMC model that depends on the details of
the fuel distributions. For example, toward the erfd

the droplet lifetime, initially lighter componentsuld 9.

outlive the last remaining heavy components.
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