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Abstract

This article presents modelling of vaporization and pyrolysis of a
single droplet of heavy fuel oil in a high ambient temperature field us-
ing the principle of continuous thermodynamics. Continuous thermo-
dynamics reduces the computational simulation load compared with
discrete thermodynamics, without compromising the quality of predic-
tion of the complex combustion behaviours of such multicomponent
complex fuels. Heavy fuel oil is represented by four fuel fractions and
each of these fractions is assigned a separate distribution function.
The prediction shows that in the modelling of heavy fuel oil, both
heating rate and composition are very important parameters in coke
formation. Coke formation can lead to engine degradation and in-
creased exhaust smoke. The developed model shows good agreement
with experimental results obtained by other researchers.

See http://anziamj.austms.org.au/ojs/index.php/ANZIAMI/article/view/369
for this article, (© Austral. Mathematical Soc. 2007. Published October 16, 2007. ISSN
1446-8735
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1 Introduction

The global shipping industry transports more than 85% of world trade and
primarily uses heavy fuel oil (HFO) to power its engines. Successful design of
ship engines for fuel efficiency and reduced emissions requires accurate mod-
elling of the fuel. The present model describes vaporization and pyrolysis of
a single droplet of HFO at high temperature and atmospheric pressure. The
gas phase is considered as quasi-steady and its properties are time varying.
The structural and composition chemistry of HFO is very complex, but the
continuous thermodynamics technique uses the multi distribution function,
which represents each fuel component with a simple Probably Density Func-
tion (PDF). This technique was originally developed by Tamim & Hallett [1]
for the fuel evaporation process. The continuous thermodynamics technique
also has potential to describe the multicomponent fuel spray model which was
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confirmed by Lippert et al. [2, 3]. Recently, Hallett & Clark [4] developed a
continuous thermodynamics model of biomass pyrolysis oil evaporation and
pyrolysis which shows good agreement with the experimental results.

1.1 Heavy fuel oil

Heavy fuel oil is produced by combining heavy residue from the crude oil
refining process with lighter hydrocarbons, sometimes called cutter stock.
The cutter stock is necessary to make the highly viscous residue useable as
a fuel. Heavy fuel oil consists of a large number of hydrocarbons having
huge molecular weight range and dissimilar structures [5], but the smallest
molecules, primarily from the cutter stock, are either paraffins, naphthalenes
or aromatics.

Chemical structure and molecular weight both are necessary to determine
the behaviour of heavy fuel oil during heating and pyrolysis. A complete
description of the chemical structure of molecules present in a heavy fuel
oil is impossible due to the large range of molecular weight, but it can be
described by different group contribution methods as mentioned by Baert [6].

When the molecular weight in HFO is below 500, the hydrocarbons are
pure. Most hydrocarbons with molecular weight above 500 contain a small
amount of O, N and S (heteroatoms), which give a polar character to the com-
pound. Aromaticity and polarity (number of heteroatoms) of the molecule
increase with the increase in molecular weight. These polar molecules can
be separated into two fractions, Asphaltene and Resin. With the increase in
molecular weight, the complexity of hydrocarbons increases.

As shown in Table 1, HFO is assumed to contain four different chemical
components: n-paraffins, naphthalene, aromatics and residue. Among these
four, the properties of n-paraffins, aromatics and naphthalene are known,
whereas the properties of the residue are not known experimentally. The
residual portion of the heavy fuel oil may contain higher molecular weight
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TABLE 1: Distribution function parameters for the composition of HFO

Components Mass Frac Dist Origin(y) Dist mean (6) Std Devn (o)

n-paraffins 0.2 160 340 43.69
Aromatics 0.1 160 300 45.75
Naphthalene 0.2 160 370 45.47
Residue 0.5 500 850 320.15

than used in the present study, because it mainly consists of asphaltene and
aromatics. However, the very heavy molecules will not evaporate, but will
thermally decompose into lighter compounds. The pyrolysis model accounts
for the very heavy hydrocarbons.

The mean molecular weight and mass mean molecular weight used in the
present study for heavy fuel oil are 488 and 597 respectively. In HFO, the
residue is considered to have large hydrocarbons and also have some polar
compounds, so it ignites very poorly but it produces coke and volatile gas
thorough pyrolysis. The pyrolysis model requires aromaticity of the compo-
nents that in this case has been taken as 0.4. Typical values of aromaticity
of non cracked vacuum residue found for various hydrocarbons are 0.5, 0.35
and 0.3 for asphaltenes, resins and non-polar aromatic respectively.

Figure 1 shows the molecular weight distribution of the pure hydrocar-
bons, ranging from 160 to 500kg/kmol. The second figure represents con-
tinuation of the molecular weight distribution beyond 500 to 1500 kg/kmol,
representing the residue. The distribution parameters are chosen such they
cover the range of molecular weight suggested by Baert [6].

1.2 Distribution function

The distribution function is any suitable function that describe the fluid
mixture accurately. Here, the I-distribution function (Schultz or Pearson
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type III function) has been chosen. It was used by many researchers |1,
2, 3,4, 7, 8 and has the ability to represent petroleum fractions. In the
present modelling, the component’s molecular weight has been chosen as the
characterizing variable. The I'-distribution is

The mean and variance of this function for the liquid phase are

Or; = arifr; +u; and o7, = agf7;. (2)

1.3 Vapour phase

In this article, the liquid droplet contains J hydrocarbon components with
initial temperature as Ty and it is abruptly exposed to surrounding tem-
perature T,,. Here, each hydrocarbon component has been assigned with
a separate distribution function fr;(/) along with two distribution parame-
ters; mean 6r; and variance O’%j. In continuous thermodynamics modelling,
these two distribution parameters are sufficient for accurate representation of
the composition of each hydrocarbon. Vapour is produced by evaporation.
Hence, the corresponding vapour phase distribution is fy;(). The distri-
bution variable (I) can be any physical property, but here it represents the
molecular weight of each hydrocarbon component. The molar concentrations
of species i of molecular weight I are f;(I). Therefore, the vapour and liquid
mole fraction of species ¢ are respectively given by Hallett & Clark [4] as

where yp; and xp; are the overall mole fraction of distribution j in vapour
and liquid phase respectively. The overall mole fraction of vapour phase yg;,
together with mole fraction of ambient air and pyrolysis volatile gases sum
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to unity, that is
J

> yrityatye=1. (4)

J=1

Now, substituting y; from equation (3) into the species diffusion equation
and integrating with /™ (where n = 0,1, 2) as a weighting function and dI as
an interval as described by Hallett & Clark [4], the transport equations of
each species in vapour phase are derived as follows:

Oyrj - 0 OYrj

2 % J _ ) 2 J

recv <_87‘ ) cD; o (7’ or ) y (5)
(yr;0;) ~ 0 Iyr;0;)

2 7Y _ ‘ 2 7Y

recv ( 5 ) cD; o <7“ ar ) (6)
Oyri)) 5 0 [ 20y

2 VA _ A 2 iV

rcv ( o cD; 7\ o . (7)

The above equations describe the transport of fuel vapour composition yg;,
distribution mean 6; and second central moment of the distribution ;. In
these three equations, ¢ is molar density, v* is average species velocity, and
Dj is average diffusivity. To avoid the complexity of modelling, molar densi-
ties and mole fractions are used in the above equations throughout instead
of mass. There are three D; arising from the above equations as mentioned
by Tamim & Hallett [1], but their values are almost indistinguishable [8].
Therefore, they are assumed identical. The molar flux leaving the droplet
surface with molar average velocity is represented by Hallett & Clark [4] as

cv*'r’ = NR?. (8)

Spherical symmetry has been assumed here and the boundary condition at
the droplet surface and ambient is

e At the droplet surface (r = R); yr; = Yrjr; Yrif = YrirOr; yrjp =
ijRwR and T'=Tg
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e At ambient (r = 00); Yrj = Yrjoo; Yri0 = Yrjcoloo; YPj¥ = Yrjcoloo
and T = T,

e It is assumed that ypjo = 0; hence, (yp;0) = (Yrj¥)eo = 0.

Here it is postulated that, from the beginning the residue in the liquid
phase contains high molecular weight and during evaporation it evaporates
very little, but it produces volatile gas and coke due to pyrolysis. Therefore,
the total molar flux N should include this volatile gas along with the fuel
vapour:

§ =N;/N and &= Ng/N. (9)
The total vaporizing molar flux of the droplet is
J
N=> Nj+N¢. (10)
j=1

The solution of equation (5) and (8) is [7]

D. s
N="L (1 +B;), where B;=Ztift=Iric (11)
R § — Yrjr
The above theory can be extended to include the effect of convection using
Sherwood number Sho at low mass transfer rates [4] as

cD;

The &;’s used in above equation may be found by equating equation (12) for
j=1land j =y,

YrjR — YFjco
= Y _ , 13
S = Yrint exp(2NR/cD; Sho) — 1 (13)

Here, equation (12) and (13) gives a set of simultaneous equation which must
be solved simultaneously to calculate the &;, N and Ng. Now, equation (5),
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(6) and (7) can be solved for the variation of yr;, yr;0; and yp;1; in space
(beyond the droplet surface) as

yri(r) =& — (& — Yrjoo) (1 + B;) ™7, (14)

yriti(r) = yrirbir — é(ijRejR — Yrjoaljo) (1 + Bj) 7% = 1], (15)
J

Yrii(r) = yrirYir — é(ijijR — Yrjootjoo) (1 + B;)' ™% — 1](16)

where Z =1+ % [(%) — 1] : (17)

The present model requires transport properties of both the liquid and
vapour phases. These transport properties are usually dependent on temper-
ature and concentration of the mixture. Therefore, these must be evaluated
at some reference temperature and concentration. Vapour phase properties
are calculated using the one third rule of reference state as described by
Hallett [8].

1.4 Liquid phase

This article assumes that mixing in the liquid phase is rapid enough to give
uniform temperature and composition throughout the evaporation and pyrol-
ysis processes. The liquid phase undergoes the following processes: 1) Pre-
ignition heating, 2) Evaporation, 3) Thermal decomposition, and 4) Poly-
merization.

Generally, droplets rise to temperature around 700 K during the evapo-
ration stage [9]. Pyrolysis is a process in which chemical changes of organic
compounds are caused by heating in the absence of oxygen. At sufficiently
high temperature, the molecules start decomposing into radicals. These
radicals can either decompose further or recombine through polymerization.
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Therefore, these reactions convert the higher molecules into low molecular
weight gases and high molecular weight coke residue [6]. The following py-
rolysis model is used in the present study.

1. Initially the mass of the fuel component is (my;), which converts to
volatile gas (mg;) through cracking and into polymer through poly-
merization (mp;).

2. Residue is initially present in the fuel.

3. Most of the pure hydrocarbons evaporate before thermal cracking oc-
curs.

4. The volatile products of cracking diffuse rapidly to the ambient atmo-
sphere.

5. The tendency to polymerization increases with aromaticity.

In the liquid phase, due to thermal cracking the molecular weight of fuel de-
creases, but only the non-aromatic part of the molecules produces volatiles
through cracking. This decomposition rate exponentially depends on tem-
perature [6].

Generally, heavy fuel oil polymerization starts at 840 K. Thermal decom-
position also takes place simultaneously with polymerization [10]. When
heavy fuel oil completely burns, it leaves the droplet with the skeleton of
the carbonaceous material, which is called a cenosphere. In the liquid phase,
polymerization results in a decrease of the number of monomers from the
fuel, but only the aromatic part of the monomers combines and produces
polymers. This polymerization rate depends exponentially on temperature
and is independent of molecular weight [6]. During the liquid phase py-
rolysis, polymer formation occurs continuously, but at the same time the
non-aromatic part of the polymer undergoes further cracking due to high
liquid temperature. Moreover, this polymerization rate shows dependence
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on temperature and aromaticity (AR). Hence, the combined rate of volatile
gas production by thermal cracking of liquid and cracking of the polymer for
a single fraction is given by Baert [6] as

dej
dt

= (mu; +mpj)[kie”/ R (1 — ARy)]. (18)
The rate of polymer formation through polymerization of a single fraction of
the liquid is

dmpj

dt

=mp; [kie /RT(1 = AR;)] + my; [(kae” /R + kse P/RTYAR]
(19)
where all Arrhenius law parameters are the same as those used by Baert [6].

A molar flux balance on the surface gives the change of composition of
the liquid phase during evaporation and pyrolysis. In this modelling, it has
been assumed that all components of the residual portion pyrolise at the
same rate, so no molecular weight change occurs due to pyrolysis. Hence,
following Hallett et al. [4, 7], the change in mean molecular weight of liquid
through evaporation and pyrolysis in terms of continuous thermodynamics is

diy, 3N 0jocyrioo — UirYrir(1 + Bj)
— 6 . J J J J J ) 20
dt %qR{M§+ B, (20)
An analogous equation is obtained for % as
dipr 3N VjocYFjoo — VirYrjr(1 + Bj)
_ . , 21
dt CL’jCLR ¢LJ€] + Bj ( )

Hence, the mass of a single fraction at any time is

Mmrj = Mpjt=0) — Mvj — Mgj — Mpj . (22)
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1.5 Vapour liquid equilibrium

To calculate the rate of diffusion of vapour to the ambient gas, it is first
necessary to find the mole fraction of each vapourised component at the
droplet surface. In the present study, the liquid is assumed an ideal solution
whose vapour phase can be approximated by an ideal gas mixture. The VLE
can be expressed in terms of continuous thermodynamics and Raoult’s law
as

YFjR = $F3R/ fri(I ( ) dI. (23)

The Clausius—Clapeyron equation is used to determine the vapour pressure
of a component at the droplet surface [1] as

P,(I) = Parpexp {(;T) (T — Tb(]))} , (24)

where Sy, is the entropy of vaporization and 7;,(I) the component’s boiling
point at atmospheric pressure. Now, substituting the distribution function
into the above equation and integrating with I™ as a weighting factor, vapour
phase mole fraction and other distribution parameters at the droplet surface
are obtained for a single component [1, 2, 8] are

Pary exp [(%) (Tr — ap — %‘bB)}

YrjR = 3 a5 ; (25)
P [1+( f‘”)b 5@}
Orj =7 + quj_bB ! T (26)
L+ [( RTr ) (%j*'Yj)}
Or;j —
et (82) e
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1.6 Energy equation—Droplet heating rate

The energy balance for a droplet of continuous mixture is given by assuming
quasi-steady vaporization [8] as

cv* or _ 2 0 <r268—z). (28)

Pt
Y or r2 Or

The vapour phase energy equation is solved to give heat transfer to the
droplet as

ANuo

. Nuol ln(l + BTH)
N 2RBry

2N
) (Too —Tg), where Bry = exp ( va> -1

(29)
In the above equation, Cyy is the specific heat of the vapour phase, which only
includes fuel vapour and pyrolysis volatile gas. Hence, the droplet heating
rate can be given for uniform liquid temperature as

dT'r 3

= - N .
dt CpLCLR<q hfg) (30)

Here, q is the conduction heat flux. Radiation heat transfer is neglected. By
substituting py, = c.0r , the equation (30) becomes

dTyr 0,A

Now, considering the decomposition enthalpy of the pyrolysis and including
the specific heat of coke, the change in droplet temperature (Tg) with time
is

dTr 0,A
= — Nhyy — Nghaec)- 32
dt (mLCpL+mPCpP) (q fg G'4d ) ( )
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2 Results and discussion

To illustrate the model, sample calculations are presented here for a single
droplet of HFO of 100 micron diameter. The initial temperature of a droplet
is 300 K and it is exposed to surrounding temperature 1200 K. The molecular
weight history of the pure hydrocarbon components of a single HFO droplet is
given in Figure 3. As the liquid droplet enters the hot ambient surrounding
it is heated and starts vaporizing into the surroundings. This evaporation
favours the fractional distillation of the light and more volatile hydrocarbons.
As a result of this, the mean molecular weight (6;) of the pure hydrocarbons
increases and the standard deviation (og;) decreases. This concurs with
experimental results given by Ikegami et al. [10], which show preferential
distillation like evaporation of the light components of a HFO droplet.

Figure 4 shows the history of the liquid temperature (Tg). The tem-
perature of the liquid steadily increases with droplet lifetime. The droplet
temperature does not reach a steady value as would be expected with a pure
compound. The temperature goes on increasing because of heat transfer and
because the effective boiling temperature increases due to fractional distilla-
tion. Once evaporation finishes, the droplet mass loss is due to evolution of
gas from thermal decomposition. The rate of mass loss by this mechanism
is initially less than that by evaporation, and the energy absorbed by the
endothermic thermal decomposition is less than the evaporation enthalpy of
the evaporating liquid. In the present model, enthalpy of decomposition is in-
cluded in the calculation of droplet energy. The predicted liquid temperature
history coincides with observations of Shyu et al. [11].

Figure 5 shows scaled droplet diameter squared with time. During the ini-
tial period of the droplet’s lifetime, the square of a droplet diameter decreases
very rapidly due to preferential evaporation of the most volatile components.
As the light components deplete from the liquid, the overall rate of vaporiza-
tion slows. As the droplet temperature continues to increase beyond about
0.04 seconds, pyrolysis of the liquid, producing gas, becomes significant. The
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FIGURE 3: Predicted composition history of 100 micron HFO droplet.
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FIGURE 6: Predicted mass history of 100 micron HFO droplet.

straight line d* law typical of single component liquids is not reproduced
for a heavy fuel oil droplet. Here, Figure 6 shows the mass of vapour from
evaporation, the mass of polymer and the mass of pyrolysis gas. Vapour
is produced only from the pure hydrocarbons. The gas and coke are only
formed from the residual portion. The amount of polymer at the end of
the droplet lifetime is less than the maximum during pyrolysis. The reason
for this is that formed polymer also decomposes at high temperature due to
thermal cracking and produces volatile gas.
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3 Conclusion

The model presented calculates the vaporisation and pyrolysis process of
heavy fuel oil using continuous thermodynamics. In multicomponent fuel
modelling, composition is simply represented by two parameters for each of
a number of classes of components, instead of thousands of property values
and mole fractions of the individual components, as required in conventional
discrete modelling methods. The present model demonstrates that contin-
uous thermodynamics combined with chemical kinetics has the ability to
model the evaporation and pyrolysis processes for such complex mixtures.

Acknowledgements: We acknowledge the important discussions with Prof
William Hallett from University of Ottawa and Luciano Mason here at Aus-
tralian Maritime College.

A Notation

Surface area of the droplet, m?
Activation energy, kJ/kmol
Radius of the droplet, m

Universal gas constant, kJ/kmol K
Droplet volume, m?

Radial coordinate beyond droplet surface, m
Time, s

Liquid phase mole fraction
Vapour phase mole fraction
Thermal conductivity, W/m K

®p Temperature dependence
Subscripts

A Air

>R Y S Py
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Fuel

Liquid

Pyrolysis Gas

Polymer

Vapour phase

Index for a fuel fraction (1 to 4)
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