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Abstract

The effect of the temperature gradient inside fuel droplets on droplet evaporation, break-up and the ignition of fuel vapour/air m
investigated based on a zero-dimensional code. This code takes into account the coupling between the liquid and gas phases a
the autoignition process based on the eight step chain branching reaction scheme (the Shell model). The effect of temperature gra
droplets is investigated by comparing the ‘effective thermal conductivity’ model and the ‘infinite thermal conductivity’ model, both o
have been implemented in the zero-dimensional code. The predictions of the code are validated against available experimenta
pointed out that in the absence of break-up, the influence of the temperature gradient in droplets on droplet evaporation in a real
engine environment is generally small (a few percent). In the presence of the break-up process, however, the temperature gra
the droplets can lead to a significant decrease in evaporation time. This is attributed to the fact that the effect of temperature grad
droplets leads to a substantial increase in droplet surface temperature at the initial stages of its heating. This is translated into a
surface tension and the threshold radii of the unstable droplets. Even in the absence of break-up, the effect of the temperature gra
the droplets leads to a noticeable decrease in the total ignition delay. In the presence of break-up this effect is enhanced substanti
to more than halving of the total ignition delay. It is recommended that the effect of the temperature gradient inside the droplets is
account in computational fluid dynamics codes describing droplet break-up and evaporation processes, and the ignition of the
fuel/air mixture.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

The problem of droplet heating by convection and ra
ation have been widely discussed in the literature [1–
However, the models widely used in most practical en
neering applications tend to be rather simple. This is du
the fact that droplet heating and evaporation have to be m
elled alongside the effects of turbulence, combustion, dro
break-up and related phenomena in realistic 3D enclos
Hence, finding a compromise between the complexity of
models and their computational efficiency is the essen
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precondition for successful modelling. In a series of pap
[11–19] an attempt was made to develop simplified mod
for droplet heating; sophisticated underlying physics was
scribed using relatively simple mathematical tools. Som
these models, including those taking into account the eff
of temperature gradient inside droplets, recirculation ins
them and their radiative heating, were implemented into
merical codes focused on simulating droplet heating [20,
In [20] the effect of recirculation was taken into account
ing the so-called ‘effective thermal conductivity model’ [5
where this effect was approximated by replacing the ac
liquid thermal conductivity by the effective thermal condu
tivity (depending on the droplet’s Peclet number). The eff

of finite thermal conductivity of droplets was taken into ac-
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Nomenclature

a coefficient introduced in Eq. (6) . . . . . . . . . m−b

A cross-sectional area . . . . . . . . . . . . . . . . . . . . . . m2

Af 4 coefficient in the Shell model
b coefficient introduced in Eq. (6)
B Spalding number
c specific heat capacity . . . . . . . . . . . . J·kg−1·K−1

CD drag coefficients
D binary diffusion coefficient . . . . . . . . . . . m2·s−1

f function introduced in Eq. (2)
F function introduced in Eq. (3)
k thermal conductivity . . . . . . . . . . . . W·m−1·K−1

L specific heat of evaporation . . . . . . . . . . . J·kg−1

Nu Nusselt number
Qa efficiency factor of absorption
QL power spent on droplet heating . . . . . . . . . . . . W
p pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
Pr Prandtl number
R radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Re Reynolds number
Sc Schmidt number
Sh Sherwood number
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
v velocity vector . . . . . . . . . . . . . . . . . . . . . . . m·s−1

We Weber number

Greek symbols

α coefficient introduced in Eq. (11)
µ dynamic viscosity . . . . . . . . . . . . . . . . . . N·s·m−2

ν kinematic viscosity . . . . . . . . . . . . . . . . . . m2·s−1

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

σ surface tension . . . . . . . . . . . . . . . . . . . . . . N·m−1

Subscripts

a air
b boiling or bag
cr critical
d droplet
eff effective
ext external
F fuel vapour
fs saturated fuel vapour
g gas
M mass
p constant pressure
s surface or stripping
T temperature
0 initial or non-evaporating
∞ far from the droplet

Superscripts

� average˜ normalized
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count based on the analytical solution of the heat conduc
equation inside droplets under the assumption that the
vection heat transfer coefficient does not change during
time step used in the numerical code. Two models of t
mal radiation absorption in droplets were used. These w
the model suggested in [14], describing the distributed ra
tion source and the simplified model, describing the inte
absorption of thermal radiation, suggested in [11,15]. In
latter case the uniform distribution of the radiation sou
was assumed. The predictions of both models turned o
be very close which allowed the authors of [20] to reco
mend the application of the simplified model. In this mo
the efficiency factor of absorption was approximated asaRb

d ,
whereRd is the droplet radius,a andb are polynomials of
external temperature. It was shown that this code is m
accurate and computer efficient when compared with the
proach to numerical modelling of droplet heating based
the numerical solution of the heat conduction equation
side droplets [22].

In [21] the ‘extended’ and effective thermal conduct
ity models of droplet vaporization developed in [5] we
generalized to take into account the contribution of th
mal radiation and the temperature dependence of liquid

properties. In the ‘extended’ model the convection of liq-
uid was explicitly taken into account. As in [20], in bo
models the contribution of thermal radiation was taken i
account based on the model for thermal radiation absorp
suggested in [14]. Comparison between the calculations
formed using the ‘extended’ model and distributed radia
absorption heat source and those based on the effective
mal conductivity model with the uniform distribution of th
internal heat source showed exceptionally good agreem
between the results. This allowed the authors to recomm
using the effective thermal conductivity model with unifor
radiation absorption for modelling of droplet heating a
evaporation. This conclusion is in agreement with the abo
mentioned results reported in [20], which were focused
the effective thermal conductivity model only.

This paper is focused on further development of
model described in [20], its testing and application to m
elling the processes of heating, evaporation, ignition
break-up of diesel fuel droplets. In contrast to the origi
paper [20], the effect of droplets’ velocities, heating a
evaporation on the surrounding gas is taken into acc
(coupled solutions). The surrounding gas will be accelera
by movement of the droplets. Then the gas will cool w
accompanying heating and evaporation of droplets. The

vapour will diffuse through the gas culminating in ignition
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of the fuel vapour/air mixture. These effects are expecte
be accelerated significantly via droplet break-up [23]. T
model is implemented into a zero-dimensional code in wh
all values of the gas parameters (velocity, temperature,
vapour concentration etc) are assumed to be homogene

Naturally, while the main focus of this paper is on t
effects produced by the temperature gradients in drop
a number of important processes will be beyond its sco
These include the effects of real gases [24], near critical
supercritical droplet heating [25,26], analysis of drople
collisions and coalescence [27,28].

The main equations and approximations used in this c
are described in Section 2. In Section 3 this code is te
against several available experimental data. Results of
sitivity studies of the effects of temperature gradient ins
droplets on droplet evaporation time, ignition delay and
break-up process are discussed in Section 4. The mai
sults of the paper are summarised in Section 5.

2. Basic equations and approximation

A model for droplet heating, taking into account the te
perature gradient inside it and the effect of thermal radiat
for fixed gas parameters have already been described i
previous paper [20]. The focus of this section will be on
new elements of the model, which take into account the
fects of droplets on gas.

A number of correlations for the Nusselt number (Nu) of
moving and evaporating droplets have been suggested
one for non-evaporating droplets, which is most widely u
is presented as [29]:

Nu0 = 2+ 0.6Re1/2
d Pr1/3

d (1)

where Red = 2Rd |vd − vg|/νg and Prd = cpgµg/kg are
Reynolds and Prandtl numbers of the moving dropletsvd

andvg are droplet and gas velocities,νg andµg are gas kine-
matic and dynamic viscosities,cpg andkg are gas specific
heat capacity at constant pressure and thermal condu
ity (the temperature dependence of these parameters is
into account). Sometimes the coefficient 0.6 in Eq. (1) is
placed by 0.552 [5].

An alternative correlation forNu0 was suggested in th
form [5]:

Nu0 = 1+ (1+ RedPrd)1/3f (Red) (2)

where

f (Red) =
{

1 whenRed � 1

Re0.077
d when 1< Red � 400

Correlation (2) is believed to be more accurate than
at Red < 10 [5]. However, the difference between the p
dictions of these correlations for 0< Red � 400 does no
exceed about 10%. This is well within the margins of err

of experimental measurements of parameters used in thes
.

-

-

r

e

-
n

equations. Our analysis will be based on Eq. (1)—the s
pler one.

The effect of finite film thickness, and evaporation a
heating of fuel vapour can be accounted for by modify
Nu0 to [5,9]:

Nu = 2 ln(1+ BT )

BT

[
1+ 0.3

Re1/2
d Pr1/3

d

F (BT )

]
(3)

where

F(BT ) = (1+ BT )0.7 ln(1+ BT )

BT

BT = cpF (Tg − Ts)

Leff

is the Spalding temperature number,Leff = L + QL

ṁ
, QL is

the power spent on droplet heating,cpF is the specific hea
capacity of fuel vapour,Tg andTs are ambient gas tempe
ature, and droplet surface temperature respectively,L is the
specific latent heat of evaporation.

Note some printing mistakes on pages 37 and 38 of
cp should be replaced bycpF in Eq. (2.56b);Sc1/3 andPr1/3

are missing in the numerator and denominator respect
of Eq. (2.57);k/2 should be removed from the last formu
on page 37 and the second formula on page 38.

Following widely used practice (see, e.g., [2,4]) a simp
fied version of Eq. (3) will be used in our analysis:

Nu = 2 ln(1+ BM)

BM

[
1+ 0.3Re1/2

d Pr1/3
d

]
(4)

whereBM is the Spalding mass number [5] (for the deta
of its calculations see [16]). This is justified by the fact th
the focus of the paper is on the investigation of the effec
temperature gradient inside droplets on evaporation, br
up and ignition processes, and not on the most accu
modelling of these processes. The corrections introduce
Eq. (3) are not expected to influence the conclusions of
paper. Moreover they can, on some occasions, even
ginally decrease the accuracy of calculations of the m
flow rate of evaporated fuel [30]. Heat removed from
gas is described by Eq. (1). Gas temperature was calcu
from the equation:

dTg

dt
= −2π

kg

mgcpg

∑
i

Nu0iRdi(Tg − Tsi) (5)

wheremg is the total mass of gas,Tsi are droplets’ sur-
face temperatures, subscriptsi indicate individual droplets
and summation is performed over all droplets. Gas mass
droplets’ radii are updated at each time step to take into
count droplet evaporation.

Effects of recirculation inside droplets and the tempe
ture gradient in them are taken into account as in [20].
assumed that thermal radiation is absorbed in droplets
mogeneously with the average absorption efficiency fa
defined as:
eQa = aRb
d (6)
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wherea andb are polynomials of the external temperatu
Text [15].

As mentioned in Introduction, more complex mod
which take into account the differential absorption of th
mal radiation in droplets [14] give only minor improvemen
in the accuracy of prediction ofQa [20,21]. These can b
safely ignored in most practical applications.

The mass vaporization rate from the droplet surface is
scribed by the following equation [5]:

ṁd = 2πρ̄gDgRdSh0 ln(1+ BM) (7)

where ρ̄g and Dg are average gas density and binary d
fusion coefficient,Sh0 is the Sherwood number of non
evaporating droplets, approximated as [29]:

Sh0 ≡ 2hmRd/Dg = 2+ 0.6Re1/2
d Sc1/3

d (8)

hm is the mass transfer coefficient,Scd = ν/Dg is the
Schmidt number. As in the case of heat transfer, appr
mation (8) gives the results close to those predicted by o
approximations [5,9]. The effect of thermal film thickness
considered to be small [30]. Droplet swelling due to therm
expansion was taken into account. Kinetic effects on dro
evaporation are ignored [16].

The droplet dynamics is described by the following eq
tion [5]:

md

dvd

dt
= −CD0

2
ρ̄g(vd − vg)|vd − vg|Ad (9)

whereAd = πR2
d is the cross-sectional area of droplets,CD0

is the drag coefficient for non-evaporating droplets, depe
ing onRed . A number of approximations forCD0 have been
suggested [33,34]. Our analysis will be based on the foll
ing approximation [35]:

CD0 =
{

24
Red

(
1+ 1

6Re2/3
d

)
whenRed � 1000

0.424 whenRed > 1000
(10)

The effect of evaporation is taken into account via rep
ing CD0 by [5]:

CD = − CD0

(1+ BM)α
(11)

where

α =
{

1 whenBM < 0.78

0.75 whenBM � 0.78

The momentum transferred from gas to droplets has
same value but the opposite sign to the momentum tr
ferred from droplets to gas. Gas velocity is calculated fr
the momentum conservation equation, which can be
sented in the form:

d(mgvg)

dt
= −

∑
i

d(mdivdi)

dt
(12)

Two types of stresses acting on the moving droplets

taken into account. These are normal stresses, leading to
droplet ‘bag’ break-up, and tangential stresses, leadin
droplet ‘stripping’ break-up [23]. In both cases, the red
tion of droplet radii is described by the equation:

dRd

dt
=

{
0 whenRd � Rdb(s)

− (Rd−Rdb(s))

tb(s)
whenRd > Rdb(s)

(13)

whereRdb(s) are threshold radii of marginally stable drople
with respect to bag (stripping) break-ups,tb(s) are the char-
acteristic times of the development of these break-ups [2

Rdb = 6σs

ρ̄g|vg − vd |2 , Rds = 0.5σ 2
s

ρ̄2
g |vg − vd |3νg

,

tb = π

[
ρdR3

d

2σs

]1/2

, ts = 13Rd

|vg − vd |
√

ρd

ρ̄g

σs is the surface tension coefficient,ρ̄g is the average ga
density, calculated as the average mass density of the a
ent airρa and the average fuel vapour densityρ̄Fv . The latter
is calculated as

ρ̄Fv = (ρF∞ + 2ρFs)/3 (14)

ρF∞ is the ambient fuel vapour density,ρFs is the saturated
fuel vapour density near the droplet surface.

The threshold valuesRdb andRds follow from the criteria
for bag and stripping break-ups given in [36,37]:

We ≡ ρ̄g|vg − vd |2Rd

σ
> 6

(bag break-up), and

We√
Re

> 0.5

(stripping break-up), whereWe is the Weber number.
The contribution from catastrophic break-up has been

nored. This is likely to occur at rather largeWe (greater than
about 350 [31,32]), and is not expected to be observed
small droplets in diesel engines away from the immed
vicinity of the nozzle. An alternative equation for the evo
tion of droplet mass during the development of break-up
been discussed in [32] (see his Eq. (3)). A detailed ana
of the latter equation and its comparison with our Eq. (13
beyond the scope of this paper.

The gradients of temperature and fuel vapour concen
tion in the gas phase are ignored. This has been introd
with a view to the future implementation of the algorith
into a computational fluid dynamics (CFD) code, whe
this assumption refers to individual computational cells. T
number of droplets in the enclosure can be arbitrary, bu
direct interaction between droplets is not taken into acco
at this stage. All transport coefficients for the gas phase w
calculated at average temperatures defined as [4]:

T = (Tg + 2Ts)/3 (15)

The concentration of fuel vapour is assumed to be so s

that its effect on transport coefficients can be ignored. This
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effect could be taken into account as described in App
dix 3 of [38]. It was taken into account when calculating g
density (as described above) and average specific hea
pacity (following the same procedure as for the average
density).

The ignition of the fuel vapour/air mixture is describ
based on the Shell autoignition model in which the autoig
tion process is reduced to the eight-step chain branc
reaction scheme [39]. We used the version of this mode
veloped in [40,41] withAf 4 in the range between 3× 106

and 6× 106.

3. Validation of the numerical algorithm

The only direct observations of temperature gradient
side large (Rd > 100 µm) droplets are those reported in [4
44], to the best of our knowledge. This is not directly re
vant to diesel engine environment as droplets are typic
much smaller there. Also, the results reported by these
thors refer to instantaneous measurements and cann
used for validating the model for droplet heating process
scribed above. In this section we will validate our model
comparing the predicted time evolution of droplet radius
the predicted ignition delay with experimental observatio
This seems to be the only feasible approach.

In the experiment conducted by Belardini et al. [4
10−9 g of tetradecane was injected at a temperature of 30
and initial velocity of 6 m·s−1 through a hole of 0.28 mm di
ameter into a 100 cm3 chamber. The chamber was filled wi
air at 1 bar, and the initial temperatures were in the ra
from 473 to 673 K. The evolution of droplet diameter duri
the evaporation process was measured starting with dr
diameter equal to 72 µm. The results of measurements
presented in the form of a plot of(Rd/Rd0)

2 versus timet
and are shown in Fig. 1. In the same figure, the time e
lution of this variable, predicted by the algorithm describ
in Section 2, is presented. The calculations were perfor
using the effective thermal conductivity model (hereafter
ferred to as ETC model), and infinite thermal conductiv
model (hereafter referred to as ITC model). The phys
properties of tetradecane, used in the calculations, are g
in Appendix A.

As follows from Fig. 1, the results of calculations for bo
ITC and ETC models show reasonable agreement with
measurements for both temperatures 473 and 673 K. In
the predictions of the ETC and ITC models are practic
indistinguishable. This difference would have been obse
for the surface temperatures at the initial stage of heating
this is not translated into the time evolution of droplet radi
The plots of(Rd/Rd0)

2 versust are non-linear functions o
time after the completion of the heat-up period, in contr
to the prediction of thed2-law (this is particularly clearly
seen for the curve referring toTs = 673 K). This is attributed
to the effect of thermal radiation which was not taken i

account when deriving this law (cf. the following discussion
-

e

t

t

Fig. 1. The values of(Rd/Rd0)2 for evaporating tetradecane droplets v
sus time, as measured by Belardini et al. [45], and the results of calcula
based on the ITC (infinite thermal conductivity) and the ETC (effec
thermal conductivity) models implemented into the algorithm describe
Section 2. The ETC model takes into account the effect of temperature
dient in droplets, while the ITC model does not take it into account.
values of the initial gas temperatures 473 and 673 K are indicated ne
plots.

referring to Fig. 3). The effect of thermal radiation genera
decreases with decreasing droplet radius [15].

Data forTg0 = 673 K presented in Fig. 1 was used in [2
to validate various models for droplet heating. The comp
son was between: a model which includes the effect of fi
thermal conductivity inside droplets (but not recirculatio
combined with the effect of droplet swelling; and a mo
which did not take into account the effect of swelling.
expected, the prediction of the first model was practic
indistinguishable from that shown in Fig. 1. Ignoring the
fect of swelling, however, led to visibly poorer agreem
between experimental data and the prediction of the mo

The experimental data reported in [46] were obtained
a suspendedn-heptane droplets in nitrogen atmosphere
pressures in the range between 0.1 and 1 MPa and tem
atures in the range between 400 and 800 K. Droplet in
radii varied from 0.3 to 0.35 mm. The experiments were p
formed under microgravity conditions. The experimenta
observed values of(Rd/Rd0)

2 versust for pressure 0.1 MPa
initial gas temperatures 471, 555, 648, 741 K, and the in
droplet radii equal to 0.3 mm, are shown in Fig. 2. Als
the results of calculations based on ETC and ITM mod
for the same values of parameters are shown. The phy
properties ofn-heptane used in calculations are given in A
pendix A.

As follows from Fig. 2, both ITC and ETC models sho
good agreement with experimental data. ForTg0 = 471 K
andTg0 = 555 K the predictions of the models practica
coincide. At higher temperatures, however, the predicti
of the ETC model are in marginally better agreement w
experimental data, compared with the ITC model, as
pected. At lower initial gas temperatures, droplets eva
rate more slowly and the temperature inside droplets
sufficient time to become almost homogeneous. Hence
closeness of evaporation times predicted by the ETC

ITC models. Stronger effect of droplet finite thermal conduc-
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Fig. 2. The values of(Rd/Rd0)2 for evaporatingn-heptane droplets versu
time for the initial pressure of 0.1 MPa, as measured by Nomura et al.
and the results of calculations based on the ITC and the ETC models im
mented into the algorithm described in Section 2. The values of the in
gas temperatures 471, 555, 647 and 741 K are indicated near the plot

Fig. 3. The plots ofTs versus time for the same values of parameters a
Fig. 2, calculated using the ITC and the ETC models implemented into
algorithm described in Section 2.

tivity on the evolution of their size shown in Fig. 2, compar
with Fig. 1, is related to much larger droplets studied in [
compared with [45].

Plots of droplets surface temperaturesTs versust for the
same parameters as in Fig. 2 are shown in Fig. 3. As
lows from this figure, the ETC model predicts much quic
rise of surface temperature compared with the ITC mo
at the initial stage. This is related to the fact that the h
reaching the surface of the droplet is spent on heating
whole droplet in the ITC model, and on the heating of a
atively thin layer near the droplet surface in the ETC mod
Then the surface temperature predicted by the ETC m
becomes lower than the one predicted by the ITC mo
This is related to the fact that the increased surface tem
ature predicted by the ETC model will lead to a decre
in the amount of heat supplied to the droplet. Eventua
the surface temperatures predicted by both models bec
practically indistinguishable, as in the case considered
lier. Note that both ITC and ETC models predict the maxim

values of droplet surface temperature at certain moments of
Fig. 4. The same as in Fig. 2 but for the initial gas pressure of 0.5 MP

Fig. 5. The same as in Fig. 2 but for the initial gas pressure of 1 MP

time. These maxima are related to the contribution of th
mal radiation. This result agrees with that reported in [2
The detailed physical explanation of this phenomeno
given in [21]. In the absence of radiation the droplet s
face temperature is expected to increase asymptotical
the wet bulb temperature. Note that temperatures show
this figure are well below then-heptane boiling temperatur
371.4 K.

The plots similar to those shown in Fig. 2 but for pre
sures 0.5 MPa and 1 MPa, and various initial gas tem
atures are shown in Figs. 4 and 5. As follows from th
figures, the ETC model predicts marginally more accu
results compared with the ITC one, similarly to the case
lower pressure (see Fig. 2). The corresponding plots oTs

versust have the properties similar to those shown in Fig
for pressure 0.1 MPa.

The experimental data discussed so far is relevant to
derstanding heating and evaporation processes—it doe
give us much information about the influence of droplets
gas. In what follows, we compare experimental data on
total ignition delay times reported in [47] and the pred
tion of the models. In the experiment described in this pa
n-heptane droplets with the initial radii of 0.35 mm were s
pended in air at pressure 0.5 MPa. The droplets’ diame

were measured within±0.05 mm. A furnace able to gener-
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Fig. 6. The values of the total ignition delay time for evaporatingn-heptane
droplets versus initial gas temperature, as measured by Tanabe et al
and the results of calculations based on the ITC and the ETC model
plemented into the algorithm described in Section 2. The version o
Shell autoignition model described in [40,41] was used with the coeffic
Af 4 = 3 × 106. The ratio of the volumes of air and liquid droplet w

taken equal to 19.13 = 6967.871 to provide the equivalence ratio 0.5 f
Tg0 = 600 K.

ate almost uniform gas temperature (from room tempera
to 1100 K) was constructed and used for this experim
The igniting droplets were observed by a Michelson inter
ometer so that the time dependent temperature distribu
around the droplets could be estimated. Interferometric
ages were stored on an 8 mm video tape with a frame
of 50 s−1 and were analysed by computer image process
The experiment was performed under microgravity con
tions by using a 110 m drop tower. This enabled the auth
to observe spherically symmetrical phenomenon, that c
be compared with the one-dimensional theoretical an
sis [47].

The volume of air used in the experiment was not sp
fied, but it can be assumed that this volume was rather la
Hence, we took lean ignition limit when the equivalence
tio equal to 0.5 for the initial gas temperatureTg0 = 600 K
[41]. This corresponds to the case when the radius of a
equal to 19.1 radii of droplets. This volume could be ide
fied with the so-called ‘cooling zone’ [48,49]. The observ
total ignition delay times (physical + chemical ignition d
lays) versus initial gas temperatures are shown in Fig. 6
the same figure the total ignition delay times predicted
the ETC and ITC models are shown. The calculations w
based on the Shell model withAf 4 = 3× 106.

As follows from Fig. 6, the influence of the temperatu
gradient in droplets on the total ignition delay is noticea
greater than its influence on droplet evaporation time
cussed earlier. This is related to the fact that the chem
part of the total ignition delay is a strongly non-linear fun
tion of gas temperature in the vicinity of droplets determin
by Eq. (15). As shown earlier (see Fig. 3), the droplet surf
temperature strongly depends on the temperature gradie
droplets, especially at the initial stages of heating. Hen
this temperature gradient cannot be ignored when calc

ing the total ignition delay of fuel droplets. If the ETC model
,

.

is replaced by the ITC model for the same set of para
ters then the agreement between the predicted and obs
total ignition delays become much worse forTg0 > 650 K
(see Fig. 6). This shows that the effects of temperature
dient inside droplets influence significantly the total igniti
delay and need to be taken into account when mode
this phenomenon. The rapid increase of the ignition de
with decrease ofTg0 in the range 600–650 K is not repr
duced well by either model. This could be related to the
that both models do not take into account the heat lo
from the combustion chamber. In the case of short tota
nition delays at large initial gas temperatures, these eff
of heat loss can be ignored, but they need to be taken
account in the case of relatively long total ignition dela
at low gas temperatures (cf. the results reported in [4
The analysis of this effect is beyond the scope of this
per.

4. Application to a monodisperse spray

This section will focus on the investigation of the effe
of temperature gradient inside droplets and recirculatio
them on droplet velocity, break-up, heating and evaporat
and the ignition of fuel vapour/air mixture in a monodispe
spray. The algorithm described in Section 2, and validate
Section 3 will be used. The fuel was approximated byn-
dodecane, and the ‘average’ diesel fuel, the characteri
of which were takes from various sources (see Appendix

The overall volume of injected liquid fuel was taken eq
to 1 mm3, and the volume of air where the fuel was i
jected was taken equal to 883 mm3. In this case, provided
that the fuel is injected at room temperature (Td = 300 K)
into air at temperature of 880 K and pressure of 3 M
and when all the fuel has evaporated without combust
the fuel vapour/air mixture is expected to become clos
stoichiometric. More precisely, the equivalence ratio forn-
dodecane in these conditions was calculated as 0.98, w
for diesel fuel it was calculated as 1.01. This calculation t
into account the relevant physical properties including te
perature dependence of the liquid fuel density. The liq
fuel physical properties were calculated based on ave
droplet temperature ofT d . Their initial velocities were taken
in the range from 0 to 100 m·s−1. Droplet initial diameters
were taken equal to 5, 20 and 50 µm. The initial gas pres
and temperature were taken in the ranges from 1 to 5.5
and from 700 to 1200 K, respectively. In this case the eq
alence ratios of the mixture of evaporated fuel and air
expected to change accordingly, and are shown in Figs.
(b). External temperatures, responsible for radiative hea
of droplets, were taken in the range from 880 to 2500 K. T
flammability equivalence ratio of fuel was taken in the ran
from 0.5 to 5 [41]. The autoignition process was model
based on the version of the Shell model described in

41] with the constantAf 4 in the range between 3× 106 and
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Fig. 7. The values of the equivalence ratio versus gas temperature fo
ious gas pressures (a), and the values of the equivalence ratio vers
pressure for various gas temperatures (b). 1 mm3 of liquid n-dodecane was
injected into 883 mm3.

6 × 106. The autoignition process was assumed to be c
pleted when the fuel vapour/air temperature reached 110

To illustrate the effect of initial droplet velocities on th
time evolution of the relative droplet velocities and their s
face temperatures we consider the case when the initia
temperature is equal to 880 K, initial gas pressure equ
3 MPa, andn-dodecane droplet initial temperature and
dius equal to 300 K and 10 µm, respectively. The ETC mo
is used and the effect of thermal radiation is ignored (this
fect is illustrated in Fig. 3). In Fig. 8(a) the plots of relati
droplet velocities|vd − vg|/|vd0| (vd0 is the initial droplet
velocity) versus time for|vd0| = 10, 50, 100 and 200 m·s−1,
are presented. The initial gas velocity is assumed equ
zero. As follows from this figure, the rate of decrease of
relative velocity increases with increasing|vd0|. As a result,
regardless of the values of the initial velocities, the velo
ties of all droplets approach to the gas velocity. The plot
the droplet surface temperatureTs versus time for|vd0| = 0,
10, 50 and 100 m·s−1 are presented in Fig. 8(b). As follow
from this figure, the rate of increase of this temperature
creases with increasing droplet initial velocity. This wou
be expected as the convective heat transfer coefficien
creases with increasing Re and the initial droplet veloci

(see Eq. (1)). Also, as expected in the absence of therma
s

Fig. 8. Plots of|vd − vg |/|vd0| (vd0 is the initial droplet velocity) versus
time for |vd0| = 10, 50, 100 and 200 m·s−1 (a), and plots of the drople
surface temperatureTs versus time for|vd0| = 0, 10, 50 and 100 m·s−1 (b).
In all casesvg0 = 0. The initial gas temperature is equal to 880 K, initial g
pressure is equal to 3 MPa, andn-dodecane droplet with initial temperatu
and radius equal to 300 K and 10 µm, respectively are taken. The
model is used and the effect of thermal radiation is ignored.

radiation, in all cases the droplet surface temperature asy
totically approach the wet bulb temperature. All the ab
mentioned properties of the curves shown in Fig. 8 can
observed for the initial values of droplet diameters equa
5 and 50 µm and other values of the initial gas tempera
and pressure.

The following analysis is focused on the calculation
the droplet evaporation time. We assume that gas temp
ture and pressure are equal to 880 K and 3 MPa, respect
and considern-dodecane droplets with diameters 5, 20, a
50 µm, moving with initial velocities 0 (stationary droplet
10, 50, and 100 m·s−1. These are typical parameter va
ues for diesel engines [41]. Also, we consider the value
external temperatures in the range from 880 K (gas tem
ature) to 2500 K (maximal temperature of remote flame
the engine [41]). It was shown that the effect of tempera
gradient inside droplets and recirculation in them gener
leads to a slight increase in evaporation time: less than
1.9 and 3% for droplet initial diameters 5, 20, and 50 µ
respectively. A similar analysis of these droplets evapo
tion without the contribution of radiation, but for initial ga
temperatures in the range (700–1200 K) has shown tha

leffect of temperature gradient inside these droplets and re-
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Fig. 9. The values of the evaporation time versus initial gas tempera
calculated based on the ITC and the ETC models implemented into
algorithm described in Section 2. Bag and stripping droplet break-ups
taken into account. The initial droplet diameter and velocity are taken e
to 50 µm and 50 m·s−1, respectively. Symbols indicate the values of g
temperature for which the evaporation times were calculated.

circulation in them generally leads to the corresponding
creases of evaporation time by less than 2.5, 3.5 and
respectively. A similar analysis but for fixed gas tempe
ture without radiation but for initial pressures in the ran
(1–5.5) MPa led to the corresponding increases of eva
ration time less than 1.9, 2.1 and 4%. Hence, this effec
the temperature gradient inside droplets on their evapora
time can certainly be ignored in most applications. Analy
of diesel fuel droplets led to an essentially similar conc
sion.

Fig. 9 illustrates the effect of a ETC model on drop
evaporation time at various initial gas temperatures in
presence of break-up. The initial droplet diameter and ve
ity are assumed equal to 50 µm and 50 m·s−1, respectively.
If the conditions for both bag and stripping break-up are
isfied simultaneously, then iftb < ts then it is assumed tha
only bag break-up takes place and vice versa. Symbo
the figure indicate the values of gas temperature for wh
calculations of the evaporation time were performed.

As one can see from Fig. 9, in the presence of bre
up the ETC model predicts noticeably shorter evapora
times when compared with the ITC model, especially
high initial gas temperatures. This result can be relate
rather strong dependence of the surface tension coeffi
on droplet surface temperatureTs , which is translated into
the corresponding dependence ofRdb(s) and tb on Ts . Re-
membering Eq. (13), ignoring the temperature depende
of ρd and assuming thatvg andvd are constant, we can fin
the following expressions for the ratios:

R̃db ≡ Rdb(Ts)

Rdb(Ts = 300 K)

= σs(Ts)

σs(Ts = 300 K)
× Tg + 2Ts

Tg + 600

Rds(Ts) 2
R̃ds ≡
Rds(Ts = 300 K)

= R̃db
,

t

Fig. 10. Values of R̃db ≡ Rdb(Ts)/Rdb(Ts = 300 K),
R̃ds ≡ Rds(Ts)/Rds(Ts = 300 K) (a), t̃b ≡ tb(Ts)/tb(Ts = 300 K),
t̃s ≡ ts (Ts )/ts (Ts = 300 K) (b) versus droplet surface temperature.

t̃b ≡ tb(Ts)

tb(Ts = 300 K)
=

√
σs(Ts)

σs(Ts = 300 K)

t̃s ≡ ts(Ts)

ts(Ts = 300 K)
=

√
Tg + 2Ts

Tg + 600

The plots ofR̃db, R̃ds , t̃b andt̃s versusTs for n-dodecane
are shown in Figs. 10(a), (b). As can be seen from Fig. 10
bothR̃db andR̃ds decrease rather rapidly with increasingTs ,
mainly due to the fact that surface tension decreases wit
creasingTs . Since the ETC model predicts more rapid init
increase ofTs compared with the ITC model, one can exp
that the break-up process is predicted by the ETC mode
a wider range of droplet radii, compared with the pred
tion of the ITC model. Hence the evaporation of droplets
predicted by the ETC model, is expected to be more ra
when compared with the predictions of the ITC model. T
is consistent with the results shown in Fig. 9.

As follows from Fig. 10(b), the increase oft̃s with in-
creasingTs is rather weak and can be ignored in most pra
cal application. The increase oft̃b with increasingTs is also
weak at lowTs (Ts < 400 K), butt̃b increases rather rapidl
with Ts at Ts > 400 K. This increase of̃tb alone would lead
to a slow down of the bag break-up as predicted by the E

model. In the case shown in Fig. 9, the intensification of the
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Fig. 11. The plots of the total ignition delay versusTs in the presence of the
break-up for the same droplets as used in Fig. 8, calculated based on th
and the ETC models implemented into the algorithm described in Secti
Symbols indicate the values of gas temperature for which the ignition d
times were calculated.

break-up process due to the reduction ofR̃db andR̃ds seems
to dominate the slow down due to increase oft̃b andt̃s . Sim-
ilar results were obtained for diesel fuel.

The plots of the total ignition delay versusTs in the pres-
ence of break-up for the same droplets as used in Fig
are shown in Fig. 11. The Shell model withAf 4 = 3 × 106

was used. As can be seen from this figure, the ignition
lay decreases with increasingTg . The effect of temperatur
gradient inside droplets and recirculation in them on the
tal ignition delay is consistent with the predictions of Fig.
As in Fig. 9, symbols indicate the values of initial gas te
perature for which the calculations were performed.

Strong influence of the temperature gradient inside d
lets on droplet break-up, evaporation and the ignition
evaporated fuel/air mixture, allows us to recommend
this effect is taken into account in computational fluid d
namics codes designed to model fluid dynamics, heat tr
fer and combustion processes in internal combustion
gines. So far this effect has been almost universally igno
with the only exception of this, to the best of our knowled
being paper [22].

It should be mentioned that the zero-dimensional anal
presented in this paper has well known limitations in pred
ing the actually observed total ignition delay of fuel drople
At least a one-dimensional analysis of the gas phase w
be required to describe adequately the fuel vapour d
sion around droplets. This would ultimately control the
nition process of the fuel vapour/air mixture (see [47] a
[50–54]). Nevertheless we see the importance of the cur
work in the following directions. Firstly, it can be consi
ered as the first step and motivation to continue the sta
work of introducing the temperature gradient in modell
of droplet evaporation and break-up for appropriate co
tions. Secondly the model described in the paper is prese
in a form suitable for implementation into multidimension
CFD codes, where the individual computational cells are

sumed to be free from spatial inhomogeneities.
-

5. Conclusion

A zero-dimensional code taking into account the temp
ature gradient inside droplets, the coupling between liq
and gas phases and describing the autoignition process
on the Shell autoignition model has been developed. T
code was used to study the effects of temperature gra
inside fuel droplets on droplet evaporation, break-up
the ignition of fuel vapour/air mixture. The predictions
the code are validated against experimental data publi
by Belardini et al. [45], Nomura et al. [46], and Tana
et al. [47]. In the absence of break-up, the influence of t
perature gradient on droplet evaporation in realistic die
engine conditions is generally small (1–3%). In the prese
of the break-up process, however, the temperature gra
inside droplets can lead to a significant decrease in the e
oration time under the same conditions. This is attribu
to the fact that the effect of the temperature gradient
side droplets leads to a substantial increase in droplet su
temperature at the initial stages of its heating. This incre
in turn, leads to a decrease in droplet surface tension
a decrease in the threshold radii at which break-up occ
assuming that bag and stripping break-ups are the d
nant mechanisms of droplet break-up. Even in the absen
break-up, the effect of temperature gradient inside drop
leads to a noticeable (up to about 20%) decrease of the
ignition delay time (comprising the physical and chemi
ignition delays). In the presence of break-up, this effec
enhanced substantially, leading to more than halving of
total ignition delay. This reduction of the total ignition d
lay time is understood to be due to the combined effec
the influence of increased droplet surface temperature
the chemical ignition delay, and the influence of this te
perature on droplet evaporation (in the presence of brea
processes). It is recommended that the effects of temper
gradient inside droplets are taken into account in com
tational fluid dynamics codes describing droplet break
and evaporation processes, and the ignition of the evapo
fuel/air mixture.
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Appendix A

A.1. Physical properties of tetradecane

Using data presented in [55], the latent heat of evap
tion in J·kg−1 was approximated as:

L = 4.7999679442× 105 − 447.99679239T

+ 1.0772809826T 2 − 8.4415064357× 10−3T 3

+ 2.907585478× 10−5T 4 − 4.3509615486× 10−8T 5
+ 2.1527777826× 10−11T 6
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whenT < Tcr = 693 K (critical temperature) and zero ot
erwise [56].

Using data presented in [55], the specific heat capacit
liquid in J·kg−1·K−1 is approximated as:

cl = 1453.5010887× exp(0.0014122933017T )

The specific heat capacity of vapour at constant pressu
approximated as [56]:

cpF = −1.7787319+ 6.4564177T − 3.2454867× 10−3T 2

+ 4.5752023× 10−7T 3 + 8.510382× 10−11T 4

The saturated vapour pressure is assumed to be equal t

ps = 105 × 104.1379−1740.88/(T −105.43) N·m−2

whenT < Tcr, and zero otherwise [56]. Using data presen
in [55], the density of liquid is approximated as

ρl = 915.017− 0.366493T − 4.68132× 10−4T 2

and the thermal conductivity of liquid in W·m−1·K−1 is ap-
proximated as

kl = 0.16243019148+ 1.1551271437× 10−4T

− 7.6492882118× 10−7T 2

+ 5.9731934732× 10−10T 3

whenT < Tcr, and zero otherwise.

A.2. Physical properties of n-heptane

Latent heat of evaporation in J·kg−1 is approximated
as [57]:

L = 317.8× 103
(

Tcr − T

Tcr − Tb

)0.38

whereTcr = 540.17 K andTb = 371.4 K [56], whenT < Tcr,
and zero otherwise. Using data presented in [55], the spe
heat capacity of liquid in J·kg−1·K−1 is approximated as:

cl = 13058.45044066− 126.5095282565T

+ 0.5279613848638T 2 − 0.0009457386295687T 3

+ 6.369853422618× 10−7T 4

The specific heat capacity of vapour at constant pressu
approximated as [56]:

cpF = 799.3401062+ 0.3448263942T

+ 0.01285548641T 2 − 1664.890863× 10−8T 3

+ 644.6826474× 10−11T 4

The saturated vapour pressure is assumed to be equal t

ps = 105 × 104.02677−1258.34/(T −53.85) N·m−2

whenT < Tcr, and zero otherwise [56]. Using data presen

in [55], the density of liquid is approximated as
ρl = −941.03+ 19.96181T − 0.08612051T 2

+ 1.579494× 10−4T 3 − 1.089345× 10−7T 4

whenT � 538 K, and

ρl = 4.195281× 107 − 2.360524× 105T

+ 442.7316T 2 − 0.2767921T 3

whenT > 538 K. Using data presented in [55], the therm
conductivity of liquid in W·m−1·K−1 is approximated as:

kl = 0.25844890110− 4.5549450549× 10−4T

whenT < Tcr, and zero otherwise.

A.3. Physical properties of n-dodecane

Latent heat of evaporation in J·kg−1 [60]:

L = 329037.62+ 1883.02T − 10.99644T 2 + 0.021056T 3

− 1.44737× 10−5T 4

whenT < Tcr = 659 K (critical temperature) [56], and ze
otherwise.

Using data presented in [55], the specific heat capa
of liquid in J·kg−1·K−1 is approximated as:cl = 803.42+
5.076T − 0.00221T 2 + 1.673× 10−6T 3. The specific hea
capacity of vapour at constant pressure is approximate
[59]:

cpF = 380.63+ 4.1372T + 2.004× 10−4T 2

− 1.8009× 10−6T 3 + 7.7875× 10−10T 4

− 1.0152× 10−13T 5

The saturated vapour pressure is assumed to be equal t

ps = 6894.757× exp
[
12.12767− 3743.84/(T − 93.022)

]
whenT < Tcr, and zero otherwise. The density of liquid
approximated as [58]

ρl = 1104.98− 1.9277T + 0.003411T 2

− 3.2851× 10−6T 3

The thermal conductivity of liquidn-dodecane and liquid
diesel fuel in W·m−1·K−1 was used in the table form (se
[56, Table 1]).

The surface tension is approximated as [59]:

σs = 0.0528

(
1− T

Tcr

)0.121

A.4. Physical properties of diesel fuel

In this section a compilation of physical properties o
‘typical’ diesel fuel is given. These are expected to dif

slightly from any particular diesel fuel.
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Table 1

T [K] kl [W·m−1·K−1]

diesel fuel n-dodecane

250 0.156 0.150
260 0.153 0.148
270 0.151 0.146
280 0.149 0.143
290 0.147 0.141
300 0.145 0.139
310 0.143 0.136
320 0.141 0.134
330 0.139 0.132
340 0.137 0.130
350 0.135 0.128
360 0.133 0.126
370 0.131 0.123
380 0.129 0.121
390 0.127 0.119
400 0.125 0.117
410 0.123 0.115
420 0.121 0.112
430 0.119 0.110
440 0.117 0.108
450 0.115 0.106
460 0.113 0.103
470 0.111 0.101
480 0.109 0.098
490 0.107 0.096
500 0.104 0.093
510 0.102 0.091
520 0.100 0.088
530 0.098 0.086
540 0.096 0.083
550 0.094 0.080
560 0.091 0.077
570 0.089 0.073
580 0.086 0.070
590 0.084 0.066
600 0.081 0.062
610 0.078 0.058
620 0.076 0.053
630 0.073 0.047
640 0.069 0.040
650 0.066 0.030
660 0.062 0
670 0.059 0
680 0.054 0
690 0.049 0
700 0.043 0
710 0.036 0
720 0.025 0
730 0 0

Latent heat of evaporation in J·kg−1 [57]:

L = 254× 103
(

Tcr − T

Tcr − Tb

)0.38

whereTcr = 725.9 K andTb = 536.4 K, whenT < Tcr, and
zero otherwise.

The specific heat capacity of liquid in J·kg−1·K−1 is ap-
proximated as [59]:cl = 264+ 6.33T − 0.00296T 2. The
specific heat capacity of vapour at constant pressure is
proximated as equal to that ofn-dodecane [59]. The satu

rated vapour pressure is assumed to be equal to [57]:
-

ps =



1000× exp
[
8.5872101− 2591.5232/(T − 43)

]
whenT < 380 K

1000× exp
[
14.060729− 4436.099/(T − 43)

]
when 380� T < 500 K

1000× exp
[
12.93692− 3922.5184/(T − 43)

]
when 500� T < 620 K

1000× exp
[
16.209535− 5810.817/(T − 43)

]
when 620� T < Tcr K

0 whenT � Tcr K

The density of liquid is approximated as [58]:ρl = 840/[1+
0.00067(T − 288)]. The thermal conductivity of liquid in
W·m−1·K−1 is presented in Table 1 [56]

The surface tension is approximated as [59]:

σs = 0.059

(
1− T

Tcr

)0.121
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