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

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction precondition for successful modelling. In a series of papers
[11-19] an attempt was made to develop simplified models
The problem of droplet heating by convection and radi- for droplet heating; sophisticated underlying physics was de-
ation have been widely discussed in the literature [1-10]. scribed using relatively simple mathematical tools. Some of
However, the models widely used in most practical engi- these models, including those taking into account the effects
neering applications tend to be rather simple. This is due to of temperature gradient inside droplets, recirculation inside
the fact that droplet heating and evaporation have to be mod-them and their radiative heating, were implemented into nu-
elled alongside the effects of turbulence, combustion, droplet merical codes focused on simulating droplet heating [20,21].
break-up and related phenomena in realistic 3D enclosuresyn [20] the effect of recirculation was taken into account us-
Hence, finding a compromise between the complexity of the jq the so-called ‘effective thermal conductivity model’ [5],
models and their computational efficiency is the essential \here this effect was approximated by replacing the actual
liquid thermal conductivity by the effective thermal conduc-
mpondmg author. tivity (depending on the droplet’s Peclet number). The effect
E-mail address: s.sazhin@brighton.ac.uk (S.S. Sazhin). of finite thermal conductivity of droplets was taken into ac-

1290-0729/$ — see front mattét 2005 Elsevier SAS. All rights reserved.
doi:10.1016/j.ijthermalsci.2005.02.004



SS Sazhin et al. / International Journal of Thermal Sciences 44 (2005) 610-622 611

Nomenclature
a coefficient introduced in Eq. (6) ......... Th Greek symbols
A cross-sectionalarea..................... 2m coefficient introduced in Eq. (11)
Ayrq  coefficient in the Shell model u dynamic viscosity .................. Blm—2
b coefficient introduced in Eq. (6) v kinematic viscosity .................. fis 1
Spalding number 0 density............iiiii kg3
c specific heat capacity ............ .kg—l.K—l o surfacetension...................... L
Cp drag coefficients Subscripts
D binary diffusion coefficient........... frs 1 a air
f function introduced in Eq. (2) b boiling or bag
F function introduced in Eq. (3) cr critical
k thermal conductivity ............ wh1.K—1 d droplet
L specific heat of evaporation ........... kgt eff effective
Nu Nusselt number ext external
P efficiency factor of absorption F fuel vapour
or power spent on droplet heating............ W fs saturated fuel vapour
p PrESSUI . ettt Pa & gas
M mass
Pr Pra_ndtl number p constant pressure
R radius . . ..o m surface or stripping
Re Reynolds number T temperature
¢ Schmidt number 0 initial or non-evaporating
Sh Sherwood number 00 far from the droplet
t ime ... S Quperscripts
T temperature............oo i K
\% velocityvector ....................... mrl - average
We Weber number ~ normalized

count based on the analytical solution of the heat conductionuid was explicitly taken into account. As in [20], in both
equation inside droplets under the assumption that the con-models the contribution of thermal radiation was taken into
vection heat transfer coefficient does not change during theaccount based on the model for thermal radiation absorption
time step used in the numerical code. Two models of ther- suggested in [14]. Comparison between the calculations per-
mal radiation absorption in droplets were used. These wereformed using the ‘extended’ model and distributed radiation
the model suggested in [14], describing the distributed radia- absorption heat source and those based on the effective ther-
tion source and the simplified model, describing the integral mal conductivity model with the uniform distribution of the
absorption of thermal radiation, suggested in [11,15]. In the internal heat source showed exceptionally good agreement
latter case the uniform distribution of the radiation source between the results. This allowed the authors to recommend
was assumed. The predictions of both models turned out tousing the effective thermal conductivity model with uniform
be very close which allowed the authors of [20] to recom- radiation absorption for modelling of droplet heating and
mend the application of the simplified model. In this model evaporation. This conclusion is in agreement with the above-
the efficiency factor of absorption was approximateda§, mentioned results reported in [20], which were focused on
where Ry is the droplet radiugz andb are polynomials of  the effective thermal conductivity model only.
external temperature. It was shown that this code is more This paper is focused on further development of the
accurate and computer efficient when compared with the ap-model described in [20], its testing and application to mod-
proach to numerical modelling of droplet heating based on elling the processes of heating, evaporation, ignition and
the numerical solution of the heat conduction equation in- break-up of diesel fuel droplets. In contrast to the original
side droplets [22]. paper [20], the effect of droplets’ velocities, heating and
In [21] the ‘extended’ and effective thermal conductiv- evaporation on the surrounding gas is taken into account
ity models of droplet vaporization developed in [5] were (coupled solutions). The surrounding gas will be accelerated
generalized to take into account the contribution of ther- by movement of the droplets. Then the gas will cool with
mal radiation and the temperature dependence of liquid fuel accompanying heating and evaporation of droplets. The fuel
properties. In the ‘extended’ model the convection of lig- vapour will diffuse through the gas culminating in ignition



612 SS Sazhin et al. / International Journal of Thermal Sciences 44 (2005) 610-622

of the fuel vapour/air mixture. These effects are expected to equations. Our analysis will be based on Eq. (1)—the sim-

be accelerated significantly via droplet break-up [23]. The pler one.

model isimplemented into a zero-dimensional code in which ~ The effect of finite film thickness, and evaporation and

all values of the gas parameters (velocity, temperature, fuelheating of fuel vapour can be accounted for by modifying

vapour concentration etc) are assumed to be homogeneous.Nug to [5,9]:
Naturally, while the main focus of this paper is on the

1/2.1/3
effects produced by the temperature gradients in droplets,Ny = 2In@+ Br) [1+ 0_3Red/ Prd/ ] (3)
a number of important processes will be beyond its scope. T F(Br)
These include the effects of real gases [24], near critical andwhere
supercritical droplet heating [25,26], analysis of droplets’ In(1+ Br)
collisions and coalescence [27,28]. F(Br)= 1+ Bp)07——— "1/
The main equations and approximations used in this code Br
are described in Section 2. In Section 3 this code is testedp,. — cpp(Tg — 1)
against several available experimental data. Results of sen- Lef

sitivity studies of the effects of temperature gradient inside
droplets on droplet evaporation time, ignition delay and the
break-up process are discussed in Section 4. The main re
sults of the paper are summarised in Section 5.

is the Spalding temperature numbegs = L + %L, QL is
the power spent on droplet heating,r is the specific heat
‘capacity of fuel vapour], and7; are ambient gas temper-
ature, and droplet surface temperature respectiveiy,the
specific latent heat of evaporation.
] ) o Note some printing mistakes on pages 37 and 38 of [9]:
2. Basic equations and approximation ¢, should be replaced by,  in Eq. (2.56b)Sc3 andpPrl/3
are missing in the numerator and denominator respectively

A model for droplet heating, taking into account the tem- of Eq. (2.57):k/2 should be removed from the last formula
perature gradient inside it and the effect of thermal radiation, g page 37 and the second formula on page 38.
for fixed gas parameters have already been described in our - Egjllowing widely used practice (see, e.g., [2,4]) a simpli-

previous paper [20]. The focus of this section will be on the fied version of Eq. (3) will be used in our analysis:
new elements of the model, which take into account the ef- 21n(L+ Byy)
M

fects of droplets on gas. Nu

A number of correlations for the Nusselt numbu) of Bu
moving and evaporating droplets have been suggested. Thavhere B, is the Spalding mass number [5] (for the details
one for non-evaporating droplets, which is most widely used of its calculations see [16]). This is justified by the fact that
is presented as [29]: the focus of the paper is on the investigation of the effect of

124 1/3 temperature gradient inside droplets on evaporation, break-

Nup =2+ 0.6Re; “Pry @) up and ignition processes, and not on the most accurate

where Re; = 2R [Va — V| /ve and Pry = cpeiue/k, are modelling of these processes. The corrections introduced by

Reynolds and Prandtl numbers of the moving droplejs,  Ed. (3) are not expected to influence the coqclusions of this
andv, are droplet and gas velocitiag, andu, are gas kine- paper. Moreover they can, on some occasions, even mar-
matic and dynamic viscosities,, andk, are gas specific ginally decrease the accuracy of calculations of the mass
heat capacity at constant pressure and thermal conductivflow rate of evaporated fuel [30]. Heat removed from the

ity (the temperature dependence of these parameters is takefas is described by Eq. (1). Gas temperature was calculated
into account). Sometimes the coefficient 0.6 in Eq. (1) is re- from the equation:
placed by 0.552 [5]. dr, kg

[1+0.3Re/?Pri/°] @)

An alternative correlation foNup was suggested in the 75, = —Z”m . Z Nuo; Rai (Tg — Tsi) (5)
form [5]: 8Cpg
where is the total mass of gady; are droplets’ sur-
Nup = 1+ (1 + ResPr )3 f (Rey) ) g gady; p

face temperatures, subscriptedicate individual droplets,
where and summation is performed over all droplets. Gas mass and
droplets’ radii are updated at each time step to take into ac-
count droplet evaporation.

ReXO7" when 1< Re; < 400 Effects of recirculation inside droplets and the tempera-
ture gradient in them are taken into account as in [20]. It is
assumed that thermal radiation is absorbed in droplets ho-
mogeneously with the average absorption efficiency factor
defined as:

whenRe; <1
f(Req) =

Correlation (2) is believed to be more accurate than (1)
at Re; < 10 [5]. However, the difference between the pre-
dictions of these correlations for © Re; < 400 does not
exceed about 10%. This is well within the margins of errors
of experimental measurements of parameters used in thes@, = aRZ (6)
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wherea andb are polynomials of the external temperature droplet ‘bag’ break-up, and tangential stresses, leading to
Text [15]. droplet ‘stripping’ break-up [23]. In both cases, the reduc-
As mentioned in Introduction, more complex models tion of droplet radii is described by the equation:
which take into account the differential absorption of ther-
mal radiation in droplets [14] give only minor improvements dR;
in the accuracy of prediction a®, [20,21]. These can be  dr
safely ignored in most practical applications.
The mass vaporization rate from the droplet surface is de- WhereRax(s) are threshold radii of marginally stable droplets

scribed by the following equation [5]: with respect to bag (stripping) break-ups;) are the char-
acteristic times of the development of these break-ups [23]:

_ Ri=Rapes)) (13)

0 whenR; < Raps)
whenR; > Ryps)

Ip(s)

1y =271 pgDgRgShoIN(1+ Byy) )

_ — . : . 60 0.5062
where p, and D, are average gas density and binary dif- Rap = W Ras = W
fusion coefficient,Shy is the Sherwood number of non- PglVe d PgVe dl”Ve

evaporating droplets, approximated as [29]: o [deg } 12 13R;  [pa
b= , s =——— [ —
\%

Sho = 2h,, Ra/ Dy = 2+ 0.6ReY/ 2!/ ®) 20 s~ ValV by

oy is the surface tension coefficieni, is the average gas
density, calculated as the average mass density of the ambi-
ent airp, and the average fuel vapour dengity,. The latter

is calculated as

h,, is the mass transfer coefficientc; = u/ﬁg is the
Schmidt number. As in the case of heat transfer, approxi-
mation (8) gives the results close to those predicted by other
approximations [5,9]. The effect of thermal film thickness is
considered to be small [30]. Droplet swelling due to thermal pry = (PFoo + 20Fs)/3 (14)
expansion was taken into account. Kinetic effects on droplet
evaporation are ignored [16].

The droplet dynamics is described by the following equa-

PFoo IS the ambient fuel vapour densityy; is the saturated
fuel vapour density near the droplet surface.
The threshold valueR,;, and R, follow from the criteria

tion [5]: for bag and stripping break-ups given in [36,37]:
Na €005 vy g —velA ) 5 2
Mgy T T g Pettd T eI gl We= Pg|Vg = Val"Ra -6

whereA,; = nRg is the cross-sectional area of droplets,g 7

is the drag coefficient for non-evaporating droplets, depen
ing onRe;. A number of approximations faf pg have been We
suggested [33,34]. Our analysis will be based on the follow- ﬁ =
ing approximation [35]:

d- (bag break-up), and
0.5

(stripping break-up), wherék is the Weber number.
F§_4 (1+ %Ref/g) whenRe; < 1000 The contribution from catastrophic break-up has been ig-
Cpo= 06224 whenRe, > 1000 (10) nored. This is likely to occur at rather larifée (greater than
' d about 350 [31,32]), and is not expected to be observed for
The effect of evaporation is taken into account via replac- small droplets in diesel engines away from the immediate
ing Cpo by [5]: vicinity of the nozzle. An alternative equation for the evolu-
tion of droplet mass during the development of break-up has

Cpo
Cp= —ﬁ (11) been discussed in [32] (see his Eq. (3)). A detailed analysis
M of the latter equation and its comparison with our Eq. (13) is
where beyond the scope of this paper.
1 whenB,, < 0.78 _ The gradients of temperature and fuel vapour concentra-
=)0.75 whenB,, >0.78 tion in the gas phase are ignored. This has been introduced

with a view to the future implementation of the algorithm
The momentum transferred from gas to droplets has theinto a computational fluid dynamics (CFD) code, where
same value but the opposite sign to the momentum trans-this assumption refers to individual computational cells. The
ferred from droplets to gas. Gas velocity is calculated from number of droplets in the enclosure can be arbitrary, but the
the momentum conservation equation, which can be pre-direct interaction between droplets is not taken into account

sented in the form: at this stage. All transport coefficients for the gas phase were
d(mgvy) _ Z d(my;Vai) 12) calculated at average temperatures defined as [4]:
dr ,' dr T = (T, + 2T)/3 (15)

Two types of stresses acting on the moving droplets are The concentration of fuel vapour is assumed to be so small
taken into account. These are normal stresses, leading tdhat its effect on transport coefficients can be ignored. This
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effect could be taken into account as described in Appen- & Experimental data (473 K)
dix 3 of [38]. It was taken into account when calculating gas 1.0 4 O Experimental data (673 K)
density (as described above) and average specific heat ca- :gjzzizzz:z E;ETTCC;ZC:;)
pacity (following the same procedure as for the average gas 0.8 1
density). 2

The ignition of the fuel vapour/air mixture is described & 061
based on the Shell autoignition model in which the autoigni- = 04 -
tion process is reduced to the eight-step chain branching
reaction scheme [39]. We used the version of this model de- 0.2 -
veloped in [40,41] withA ¢4 in the range between 3 10°
and 6x 10°. 00 ' ' ' '

0 20 40 60 80 100

Fig. 1. The values o(Rd/Rdo)2 for evaporating tetradecane droplets ver-
sus time, as measured by Belardini et al. [45], and the results of calculations
based on the ITC (infinite thermal conductivity) and the ETC (effective
thermal conductivity) models implemented into the algorithm described in

3. Validation of the numerical algorithm

The only direct observations of temperature gradient in-

side large £; > 100 um) droplets are those reported in [42—
44], to the best of our knowledge. This is not directly rele-
vant to diesel engine environment as droplets are typically

Section 2. The ETC model takes into account the effect of temperature gra-
dient in droplets, while the ITC model does not take it into account. The
values of the initial gas temperatures 473 and 673 K are indicated near the
plots.

much smaller there. Also, the results reported by these au- ©
thors refer to instantaneous measurements and cannot beeferring to Fig. 3). The effect of thermal radiation generally

used for validating the model for droplet heating process de-
scribed above. In this section we will validate our model by

comparing the predicted time evolution of droplet radius and
the predicted ignition delay with experimental observations.
This seems to be the only feasible approach.

In the experiment conducted by Belardini et al. [45],
102 g of tetradecane was injected at a temperature of 300 K
and initial velocity of 6 ms~1 through a hole of 0.28 mm di-
ameter into a 100 cAichamber. The chamber was filled with

decreases with decreasing droplet radius [15].

Data forT,o = 673 K presented in Fig. 1 was used in [22]
to validate various models for droplet heating. The compari-
son was between: a model which includes the effect of finite
thermal conductivity inside droplets (but not recirculation)
combined with the effect of droplet swelling; and a model
which did not take into account the effect of swelling. As
expected, the prediction of the first model was practically
indistinguishable from that shown in Fig. 1. Ignoring the ef-

air at 1 bar, and the initial temperatures were in the range fect of swelling, however, led to visibly poorer agreement
from 473 to 673 K. The evolution of droplet diameter during between experimental data and the prediction of the model.
the evaporation process was measured starting with droplet  The experimental data reported in [46] were obtained for
diameter equal to 72 pm. The results of measurements werea suspended-heptane droplets in nitrogen atmosphere at
presented in the form of a plot ¢Ry/Ra0)? versus timer pressures in the range between 0.1 and 1 MPa and temper-
and are shown in Fig. 1. In the same figure, the time evo- atures in the range between 400 and 800 K. Droplet initial
lution of this variable, predicted by the algorithm described radii varied from 0.3 to 0.35 mm. The experiments were per-
in Section 2, is presented. The calculations were performedformed under microgravity conditions. The experimentally
using the effective thermal conductivity model (hereafter re- observed values @R,/ R.0)? versus for pressure 0.1 MPa,
ferred to as ETC model), and infinite thermal conductivity initial gas temperatures 471, 555, 648, 741 K, and the initial
model (hereafter referred to as ITC model). The physical droplet radii equal to 0.3 mm, are shown in Fig. 2. Also,
properties of tetradecane, used in the calculations, are giverthe results of calculations based on ETC and ITM models
in Appendix A. for the same values of parameters are shown. The physical
As follows from Fig. 1, the results of calculations for both  properties of:-heptane used in calculations are given in Ap-
ITC and ETC models show reasonable agreement with thependix A.
measurements for both temperatures 473 and 673 K. In fact  As follows from Fig. 2, both ITC and ETC models show
the predictions of the ETC and ITC models are practically good agreement with experimental data. Fgg = 471 K
indistinguishable. This difference would have been observedand 7,0 = 555 K the predictions of the models practically
for the surface temperatures at the initial stage of heating, butcoincide. At higher temperatures, however, the predictions
this is not translated into the time evolution of droplet radius. of the ETC model are in marginally better agreement with
The plots of(R;/R40)? versus are non-linear functions of experimental data, compared with the ITC model, as ex-
time after the completion of the heat-up period, in contrast pected. At lower initial gas temperatures, droplets evapo-
to the prediction of the/?-law (this is particularly clearly  rate more slowly and the temperature inside droplets has
seen for the curve referring @ = 673 K). This is attributed  sufficient time to become almost homogeneous. Hence, the
to the effect of thermal radiation which was not taken into closeness of evaporation times predicted by the ETC and
account when deriving this law (cf. the following discussion ITC models. Stronger effect of droplet finite thermal conduc-
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s Exprimental data
—— Calculations (ETC model)
— Calculations (ITC model)

a  Experimental data 1
= Calculations (ETC model)
— Calculations (ITC model) 0.8

04 0.4 4
0.2
0.2 4 471K
0 T T T
0 ‘ ' 0 1 2 3 4
0 1 {ins 2 3 t ins
Fig. 2. The values ofRy/ R 0)? for evaporating:-heptane droplets versus Fig. 4. The same as in Fig. 2 but for the initial gas pressure of 0.5 MPa.
time for the initial pressure of 0.1 MPa, as measured by Nomura et al. [46],
and the results of calculations based on the ITC and the ETC models imple- 1.2
mented into the algorithm described in Section 2. The values of the initial s Experimental data
gas temperatures 471, 555, 647 and 741 K are indicated near the plots. 1 -y
= Calculations (ETC model)
350 0.8 1 — Calculations (ITC model)
340 | = Calculations (ETC model) Sf 0.6 1
741 K — Calculations (ITC model) 5
0.4
v 330
- 648 K 466 K
= 0.2 1
& 320 -
0 T T
310 0 tins 6
300 Fig. 5. The same as in Fig. 2 but for the initial gas pressure of 1 MPa.
0 1 . 2 3
!/ Ins

time. These maxima are related to the contribution of ther-
Fig. 3. The plots offy versus time for the same values of parameters as in mal radiation. This result agrees with that reported in [21].
Fig. 2, calculated using the ITC and the ETC models implemented into the The detailed physical explanation of this phenomenon is
algorithm described in Section 2. given in [21]. In the absence of radiation the droplet sur-

face temperature is expected to increase asymptotically to
tivity on the evolution of their size shown in Fig. 2, compared the wet bulb temperature. Note that temperatures shown in
with Fig. 1, is related to much larger droplets studied in [46] this figure are well below the-heptane boiling temperature
compared with [45]. 371.4K.

Plots of droplets surface temperatuiigsversust for the The plots similar to those shown in Fig. 2 but for pres-
same parameters as in Fig. 2 are shown in Fig. 3. As fol- sures 0.5 MPa and 1 MPa, and various initial gas temper-
lows from this figure, the ETC model predicts much quicker atures are shown in Figs. 4 and 5. As follows from these
rise of surface temperature compared with the ITC model figures, the ETC model predicts marginally more accurate
at the initial stage. This is related to the fact that the heat results compared with the ITC one, similarly to the case of
reaching the surface of the droplet is spent on heating thelower pressure (see Fig. 2). The corresponding plotg;of
whole droplet in the ITC model, and on the heating of a rel- versus have the properties similar to those shown in Fig. 3
atively thin layer near the droplet surface in the ETC model. for pressure 0.1 MPa.

Then the surface temperature predicted by the ETC model The experimental data discussed so far is relevant to un-
becomes lower than the one predicted by the ITC model. derstanding heating and evaporation processes—it does not
This is related to the fact that the increased surface temper-give us much information about the influence of droplets on
ature predicted by the ETC model will lead to a decrease gas. In what follows, we compare experimental data on the
in the amount of heat supplied to the droplet. Eventually, total ignition delay times reported in [47] and the predic-
the surface temperatures predicted by both models becomeion of the models. In the experiment described in this paper,
practically indistinguishable, as in the case considered ear-n-heptane droplets with the initial radii of 0.35 mm were sus-
lier. Note that both ITC and ETC models predict the maximal pended in air at pressure 0.5 MPa. The droplets’ diameters
values of droplet surface temperature at certain moments ofwere measured withig-0.05 mm. A furnace able to gener-
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T s Experimental data is replaced by the ITC model for the same set of parame-

z . — Calculations (ETC model) ters theh Fhe agreement between the predicted and observed

= 300 + — Caleulations (ITC model) total ignition delays become much worse iy > 650 K

g (see Fig. 6). This shows that the effects of temperature gra-

g 200 dient inside droplets influence significantly the total ignition

3 delay and need to be taken into account when modelling

8 this phenomenon. The rapid increase of the ignition delay

E 100 1 with decrease of’,g in the range 600-650 K is not repro-

8 duced well by either model. This could be related to the fact
0 ‘ ‘ . . , ‘ ‘ that both models do not take into account the heat losses
600 700 300 900 1000 from the combustion chamber. In the case of short total ig-

TinK nition delays at large initial gas temperatures, these effects
of heat loss can be ignored, but they need to be taken into

Fig. 6. The values of the total ignition delay time for evaporatidgeptane account in the case of relatively long total ignition delays

droplets versus initial gas temperature, as measured by Tanabe et al. [47], :
and the results of calculations based on the ITC and the ETC models im- at low gas temperatures (Cf' the results reported n [40])'

plemented into the algorithm described in Section 2. The version of the The analysis of this effect is beyond the scope of this pa-
Shell autoignition model described in [40,41] was used with the coefficient PEr.

Apg=3x 108. The ratio of the volumes of air and liquid droplet was

taken equal to 193 = 6967871 to provide the equivalence ratio 0.5 for

Tg0="600K- 4. Application to a monodisper se spray

ate almost uniform gas temperature (from room temperature
to 1100 K) was constructed and used for this experiment.
The igniting droplets were observed by a Michelson interfer-

ometer so that the time dependent temperature distribution
around the droplets could be estimated. Interferometric im-
ages were stored on an 8 mm video tape with a frame rate

of 50 s~ and were analysed by computer image processing.d d d the * . diesel fuel. the ch teristi
The experiment was performed under microgravity condi- “°¢€¢ane, and the average diesel 1€l Ine characlerisics

tions by using a 110 m drop tower. This enabled the authors of which were takes from various sources (see Appendix A).

to observe spherically symmetrical phenomenon, that could The r?%’era”dVOLLJme <|3f IHJEthed lllqwr? fuel t\:vasf ta||<en eq.ual
be compared with the one-dimensional theoretical analy- to 1 mnv, and the volume of air where the fuel was in-

sis [47]. jected was taken equal to 883 rimn this case, provided
The volume of air used in the experiment was not speci-

that the fuel is injected at room temperatuf@ & 300 K)

fied, but it can be assumed that this volume was rather large.iNt0 @ at temperature of 880 K and pressure of 3 MPa,
Hence, we took lean ignition limit when the equivalence ra- @nd when all the fuel has evaporated without combusting,

tio equal to 0.5 for the initial gas temperatufg = 600 K the fuel vapour/air mixture is expected to become close to

[41]. This corresponds to the case when the radius of air is stoichiometric. More precisely, the equivalence ratiofer
equal to 19.1 radii of droplets. This volume could be identi- dodecane in these conditions was calculated as 0.98, while
fied with the so-called ‘cooling zone’ [48,49]. The observed for diesel fuel it was calculated as 1.01. This calculation took
total ignition delay times (physical + chemical ignition de- into account the relevant physical properties including tem-
lays) versus initial gas temperatures are shown in Fig. 6. In Perature dependence of the liquid fuel density. The liquid
the same figure the total ignition delay times predicted by fuel physical properties were calculated based on average
the ETC and ITC models are shown. The calculations were droplet temperature df ;. Their initial velocities were taken
based on the Shell model withy4 = 3 x 106. in the range from 0 to 100 s L. Droplet initial diameters

As follows from Fig. 6, the influence of the temperature Were taken equal to 5, 20 and 50 um. The initial gas pressure
gradient in droplets on the total ignition delay is noticeably and temperature were taken in the ranges from 1 to 5.5 MPa
greater than its influence on droplet evaporation time dis- and from 700 to 1200 K, respectively. In this case the equiv-
cussed earlier. This is related to the fact that the chemicalalence ratios of the mixture of evaporated fuel and air are
part of the total ignition delay is a strongly non-linear func- expected to change accordingly, and are shown in Figs. 7(a),
tion of gas temperature in the vicinity of droplets determined (b). External temperatures, responsible for radiative heating
by Eq. (15). As shown earlier (see Fig. 3), the droplet surface of droplets, were taken in the range from 880 to 2500 K. The
temperature strongly depends on the temperature gradient irflammability equivalence ratio of fuel was taken in the range
droplets, especially at the initial stages of heating. Hence, from 0.5 to 5 [41]. The autoignition process was modelled
this temperature gradient cannot be ignored when calculat-based on the version of the Shell model described in [40,
ing the total ignition delay of fuel droplets. If the ETC model  41] with the constanti /4 in the range between3 10° and

This section will focus on the investigation of the effects
of temperature gradient inside droplets and recirculation in
them on droplet velocity, break-up, heating and evaporation,
and the ignition of fuel vapour/air mixture in a monodisperse
spray. The algorithm described in Section 2, and validated in
Section 3 will be used. The fuel was approximatedrby
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Py in MPa Fig. 8. Plots oflvy — Vg|/IVaol (Vg0 is the initial droplet velocity) versus

. . . time for |v,4o| = 10, 50, 100 and 200 wl (a), and plots of the droplet
Fig. 7. The values of the equivalence ratio versus gas temperature for var- tface temperatuf versus time fofvo| = 0, 10, 50 and 100 rs—L (b)
ious gas pressures (a), and the values of the equivalence ratio versus ga%u peraturs u 401 =%, 24 )

pressure for various gas temperatures (b). 13rofliquid n-dodecane was nall cases/yo = 0. The initial gas temperature is equal to 880K, initial gas
injected into 883 mr ' pressure is equal to 3 MPa, andlodecane droplet with initial temperature

and radius equal to 300 K and 10 pum, respectively are taken. The ETC
model is used and the effect of thermal radiation is ignored.
6 x 10°. The autoignition process was assumed to be com-
pleted when the fuel vapour/air temperature reached 1100 K.radiation, in all cases the droplet surface temperature asymp-
To illustrate the effect of initial droplet velocities on the totically approach the wet bulb temperature. All the above
time evolution of the relative droplet velocities and their sur- mentioned properties of the curves shown in Fig. 8 can be
face temperatures we consider the case when the initial gasbserved for the initial values of droplet diameters equal to
temperature is equal to 880 K, initial gas pressure equal to5 and 50 um and other values of the initial gas temperature
3 MPa, andn-dodecane droplet initial temperature and ra- and pressure.
dius equal to 300 K and 10 pm, respectively. The ETC model  The following analysis is focused on the calculation of
is used and the effect of thermal radiation is ignored (this ef- the droplet evaporation time. We assume that gas tempera-
fect is illustrated in Fig. 3). In Fig. 8(a) the plots of relative ture and pressure are equal to 880 K and 3 MPa, respectively,
droplet velocitiesvy — V,|/|Vaol (Vao is the initial droplet and considen-dodecane droplets with diameters 5, 20, and
velocity) versus time fofv,o| = 10, 50, 100 and 200 & 1, 50 um, moving with initial velocities 0 (stationary droplets),
are presented. The initial gas velocity is assumed equal t010, 50, and 100 rs~1. These are typical parameter val-
zero. As follows from this figure, the rate of decrease of the ues for diesel engines [41]. Also, we consider the values of
relative velocity increases with increasingo|. As a result, external temperatures in the range from 880 K (gas temper-
regardless of the values of the initial velocities, the veloci- ature) to 2500 K (maximal temperature of remote flames in
ties of all droplets approach to the gas velocity. The plots of the engine [41]). It was shown that the effect of temperature
the droplet surface temperatufeversus time fofv,g| =0, gradient inside droplets and recirculation in them generally
10, 50 and 100 rs~! are presented in Fig. 8(b). As follows leads to a slight increase in evaporation time: less than 1.7,
from this figure, the rate of increase of this temperature in- 1.9 and 3% for droplet initial diameters 5, 20, and 50 pum,
creases with increasing droplet initial velocity. This would respectively. A similar analysis of these droplets evapora-
be expected as the convective heat transfer coefficient in-tion without the contribution of radiation, but for initial gas
creases with increasing Re and the initial droplet velocities temperatures in the range (700-1200 K) has shown that the
(see Eg. (1)). Also, as expected in the absence of thermaleffect of temperature gradient inside these droplets and re-
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Fig. 9. The values of the evaporation time versus initial gas temperature 6
calculated based on the ITC and the ETC models implemented into the
algorithm described in Section 2. Bag and stripping droplet break-ups were 5 b

taken into account. The initial droplet diameter and velocity are taken equal
to 50 um and 50 rs~1, respectively. Symbols indicate the values of gas
temperature for which the evaporation times were calculated.

— Normalized #,
,,,,,, Normalized ¢,

circulation in them generally leads to the corresponding in-
creases of evaporation time by less than 2.5, 3.5 and 5%,
respectively. A similar analysis but for fixed gas tempera-
ture without radiation but for initial pressures in the range
(1-5.5) MPa led to the corresponding increases of evapo-
ration time less than 1.9, 2.1 and 4%. Hence, this effect of
the temperature gradient inside droplets on their evaporation
time can certainly be ignored in most applications. Analysis Fig. 10. Values of Ry = Ryp(To)/Ryp(Ts = 300 K),
of diesel fuel droplets led to an essentially similar conclu- g, = r,, (7y)/Rys(Ty = 300 K) (), 7 = 1,(Ty)/1,(Ts = 300 K),
sion. ty =15 (Ts)/ts(Ty = 300 K) (b) versus droplet surface temperature.

Fig. 9 illustrates the effect of a ETC model on droplet
evaporation time at various initial gas temperatures in the t,(T%) \/T
presence of break-up. The initial droplet diameter and veloc- 7, = > = )
ity are assumed equal to 50 um and 5&Th, respectively. tp(T; =300K) | oy (Ts =300 K)
If the conditions for both bag and stripping break-up are sat- _ 1 (Ty) T, + 2T,
isfied simultaneously, then if, < ¢; then it is assumed that & = 1-(T, =300 K) =T 1600
only bag break-up takes place and vice versa. Symbols in S 8
the figure indicate the values of gas temperature for which e plots ofRyp, Rys, 7, andi, versusT; for n-dodecane
calculations of the evaporat_ion tirr_1e were performed. are shown in Figs. 10(a), (b). As can be seen from Fig. 10(a),

As one can see from Fig. 9, in the presence of break- poih &, and R, decrease rather rapidly with increasifig
up the ETC model predicts noticeably shorter evaporation majnly due to the fact that surface tension decreases with in-
times when compared with the ITC model, especially at ¢reasingr;. Since the ETC model predicts more rapid initial
high initial gas temperatures. This result can be related t0 jncrease off, compared with the ITC model, one can expect
rather strong dependence of the surface tension coefficientnat the break-up process is predicted by the ETC model for
on droplet surface temperatufg, which is translated into 5 wider range of droplet radii, compared with the predic-
the corresponding dependenceRfy(;) ands, on Ty. Re-  tjgn of the ITC model. Hence the evaporation of droplets, as
membering Eq. (13), ignoring the temperature dependencepredicted by the ETC model, is expected to be more rapid
of pq and assuming that, andv, are constant, we can find  when compared with the predictions of the ITC model. This
the following expressions for the ratios: is consistent with the results shown in Fig. 9.
As follows from Fig. 10(b), the increase af with in-

Normalized 7 ,
W
1

BER T T

300 400 500 600 700
T,inK

Rap = _ Rap@y) creasingdl is rather weak and can be ignored in most practi-
Rap(T; =300 K) cal application. The increase gfwith increasingl; is also
— oy (Ty) % Tg + 2T weak at lowT; (T, < 400 K), but#, increases rather rapidly
os(Ty =300K) T, +600 with T, at T, > 400 K. This increase of, alone would lead
5o Ry (Ty) ~y to a slow down of the bag pregk-up as predict_eq by the ETC
ds = Rys (T, = 300 K) = Rap model. In the case shown in Fig. 9, the intensification of the
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5. Conclusion
2 0.5 1 —=—Calculations (ETC model) _ _ -
E ) A zero-dimensional code taking into account the temper-
g —— Calculations (ITC model) . L. . .
g 044 ature gradient inside droplets, the coupling between liquid
= and gas phases and describing the autoignition process based
037 on the Shell autoignition model has been developed. This
g 02 | code was used to study the effects of temperature gradient
£ ’ inside fuel droplets on droplet evaporation, break-up and
= 0.1 - the ignition of fuel vapour/air mixture. The predictions of
' the code are validated against experimental data published
0.0 ‘ ‘ ‘ ‘ ' by Belardini et al. [45], Nomura et al. [46], and Tanabe

830 920 960 1000 1040 1080 et al. [47]. In the absence of break-up, the influence of tem-
TeoinK perature gradient on droplet evaporation in realistic diesel
. " . 20

Fig. 11. The plots of the total ignition delay versIisin the presence of the engine conditions is generally small (1-3%). In the presenpe
break-up for the same droplets as used in Fig. 8, calculated based on the ITCQf t'he break-up process, how'evgr', the temperatgre gradient
and the ETC models implemented into the algorithm described in Section 2. inside droplets can lead to a significant decrease in the evap-

Symbols indicate the values of gas temperature for which the ignition delay oration time under the same conditions. This is attributed

times were calculated. to the fact that the effect of the temperature gradient in-
side droplets leads to a substantial increase in droplet surface

break-up process due to the reductiorkRgf and R;; seems temperature at the initial stages of its heating. This increase,

to dominate the slow down due to increaseyadndz,. Sim- in turn, leads to a decrease in droplet surface tension and
ilar results were obtained for diesel fuel. a decrease in the threshold radii at which break-up occurs,

The plots of the total ignition delay vers@sin the pres- assuming that bag and stripping break-ups are the domi-
ence of break-up for the same droplets as used in Fig. 9,nant mechanisms of droplet break-up. Even in the absence of
are shown in Fig. 11. The Shell model withy4 = 3 x 100 break-up, the effect of temperature gradient inside droplets

was used. As can be seen from this figure, the ignition de- leads to a noticeable (up to about 20%) decrease of the total
lay decreases with increasirfy. The effect of temperature  ignition delay time (comprising the physical and chemical
gradient inside droplets and recirculation in them on the to- ignition delays). In the presence of break-up, this effect is
tal ignition delay is consistent with the predictions of Fig. 6. €nhanced substantially, leading to more than halving of the
As in Fig. 9, symbols indicate the values of initial gas tem- total ignition delay. This reduction of the total ignition de-
perature for which the calculations were performed. Iay time is understood to be due to the combined effect of

Strong influence of the temperature gradient inside drop- the influence of increased droplet surface temperature on
lets on droplet break-up, evaporation and the ignition of the chemical ignition delay, and the influence of this tem-
evaporated fuel/air mixture, allows us to recommend that Perature on droplet evaporation (in the presence of break-up
this effect is taken into account in computational fluid dy- Processes). Itis recommended that the effects of temperature
namics codes designed to model fluid dynamics, heat trans-gradient inside droplets are taken into account in compu-
fer and combustion processes in internal combustion en-fational fluid dynamics codes describing droplet break-up
gines. So far this effect has been almost universally ignored, @nd evaporation processes, and the ignition of the evaporated
with the only exception of this, to the best of our knowledge, fuel/air mixture.
being paper [22].

It should be mentioned that the zero-dimensional analysis Acknowledgement
presented in this paper has well known limitations in predict-
ing the actually observed total ignition delay of fuel droplets. ~ The authors are grateful to the EPSRC (grant
At least a one-dimensional analysis of the gas phase wouldGR/R82920/01) for the financial support of this project.
be required to describe adequately the fuel vapour diffu-
sion around droplets. This would ultimately control the ig- Appendix A
nition process of the fuel vapour/air mixture (see [47] and
[50-54]). Nevertheless we see the importance of the currentA.1. Physical properties of tetradecane
work in the following directions. Firstly, it can be consid-
ered as the first step and motivation to continue the started
work of introducing the temperature gradient in modelling
of droplet evaporation and break-up for appropriate condi- L = 4.7999679442« 10° — 447.9967923F
Fions. Secondly the m'odel describgd ip the paper is prgsented +1.07728098262 — 8.441506435% 10373
in a form suitable for implementation into multidimensional 54 8.5
CFD codes, where the individual computational cells are as- +2.907585478< 107°T" — 4.3509615486< 10°°T
sumed to be free from spatial inhomogeneities. +2.1527777826< 10 1176

Using data presented in [55], the latent heat of evapora-
tion in Jkg~! was approximated as:
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whenT < T = 693 K (critical temperature) and zero oth- p; = —94103+ 19.96181" — 0.086120512

erwise [56]. 4.3 7.4
Using data presented in [55], the specific heat capacity of +1.579494< 10777 — 1.089345< 107°T
liquid in J-kg~1-K~1 is approximated as: whenT < 538K, and

¢ =14535010887x exp(0.0014122933017) o1 = 4.195281x 107 — 2.360524x 10°T

The specific heat capacity of vapour at constant pressure is 2 3
approximated as [56]: +4427316r“ — 0.276792T0

_ 3.9 whenT > 538 K. Using data presented in [55], the thermal
¢pr =—1.7787319+ 6.456417T — 3.2454867x 107°T conductivity of liquid in Wm~1.K~1 is approximated as:

— 773 —11+4
+4.5752023< 107777 + 8.510382x 1077 k; = 0.25844890110- 4.5549450549« 10~4T

The saturated vapour pressure is assumed to be equal to
s = 10° x 107-1379-174088/(7-10543) | =2

whenT < Tg, and zero otherwise.

whenT < Tgr, and zero otherwise [56]. Using data presented A3. Physical properties of n-dodecane

in [55], the density of liquid is approximated as

915017 0.36649F"  4.68132x 10-472 Latent heat of evaporation inkly~* [60]:
o= —0. —4. X

— _ 2 3
and the thermal conductivity of liquid in Wh—1.K~1 is ap- L =32903762+ 1883027 — 10996447 + 0.02105&

proximated as — 1.44737x 107°1%
k; = 0.16243019148 1.155127143% 10°*T whenT < T = 659 K (critical temperature) [56], and zero
4 otherwise.
— 7.6492882118<10°°T Using data presented in [55], the specific heat capacity
+5.973193473% 101073 of liquid in Jkg~1-K~1 is approximated asy = 80342 +
, 5.076I' — 0.00221'> + 1.673x 10-°7T3. The specific heat
whenT < Tqr, and zero otherwise. capacity of vapour at constant pressure is approximated as
[59]:

A.2. Physical properties of n-heptane
cpr = 38063+ 4.1372T +2.004x 107472

—1.8009x 10873 4 7.7875% 101074
—1.0152x 10 137°

Latent heat of evaporation inky~! is approximated
as [57]:

1038
L=3178x 103( T =T )

Ter — T The saturated vapour pressure is assumed to be equal to

whereTg, = 54017 KandT, = 3714 K [56], whenT < Ty, ps = 6894757 x EX[{1212767— 374384/(T — 93'022)]
and zero otherwise. Using data presented in [55], the specific

heat capacity of liquid in-kg—1-K~1 is approximated as: whenT < T, and zero otherwise. The density of liquid is
approximated as [58]
¢ = 1305845044066- 126.509528256%

+0.527961384863B% — 0.0009457386295647
+6.36985342261& 10~ 'T4

o1 = 110498 — 1.9277T + 0.00341172
—3.2851x 107673

The thermal conductivity of liquidi-dodecane and liquid
Sdiesel fuel in Wm~1.K—1 was used in the table form (see
[56, Table 1)).

cpr = 7993401062+ 0.344826394Z The surface tension is approximated as [59]:

2 s 3 T 0.121
+0.0128554864T2 — 1664890863x 10T o 0.0528(1 _ _>
+ 6446826474x 10-1174 “

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

The saturated vapour pressure is assumed to be equalto  A.4. Physical properties of diesel fuel

_ .02677-125834/(T —53.85) Nj.r—2
ps =10 x 10° N-m In this section a compilation of physical properties of a
whenT < Tgr, and zero otherwise [56]. Using data presented ‘typical’ diesel fuel is given. These are expected to differ
in [55], the density of liquid is approximated as slightly from any particular diesel fuel.
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Table 1 1000x exp[8.5872101- 25915232/(T — 43)]
— . v whenT < 380 K
m -
K] : [Wlf | ] — 1000 exp[14.060729— 4436099/(T — 43)]
iesel fue n-dodecane when 380< T < 500 K
o P oo ps = | 1000x exp[12.93692— 39225184/(T — 43)]
270 Q151 Q146 when 500< 7 < 620 K
280 0149 0143 1000x exp16.209535- 5810817/(T — 43)]
%0 0145 0139 when 620< T = Ter K
310 0143 0136 0 whenT > Ter K
320 Q141 Q134 The density of liquid is approximated as [58]:= 840/[1+
330 139 132 0.00061T — 288)]. The thermal conductivity of liquid in
340 Q137 Q0130 11 .
350 0135 0128 W-m~+-K™* is presented in Table 1 [56]
360 Q133 Q126 The surface tension is approximated as [59]:
370 0131 0123 0121
380 Q129 Q121 0.059( 1 T\~
390 Q127 119 Os =4 T T,
400 Q125 Q117
410 Q123 Q115
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