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Abstract

The last decades have emphasized the requirement for alter-
native energy sources, particularly in the transport sector,
where combustible liquid fuels are expected to dominate in the
foreseeable future. In such applications, the fuel must be effi-
ciently atomized, evaporated, and mixed with the combustion
air before it reaches the flame front, in order to meet the latest
pollutant emission standards.

Hence, this paper investigates the utilization of nine differ-
ent fossil and renewable liquid fuels. The domain of the analy-
sis is a lean premixed prevaporized burner equipped with an
air blast atomizer and a mixing tube. Analytical calculations
are performed to determine the evaporation process after the
atomization; then the evaporation time is compared to the resi-
dence time of the droplets in the mixing tube. The effect of pre-
heating both the fuel and the combustion air is also examined
to determine proper combustion conditions even for the low
volatile crude vegetable oils.
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1 Introduction

In the 20" century, a major achievement of combustion
research was to develop highly efficient combustion systems
[1]. Furthermore, fossil fuels have to be replaced with renewa-
bles, in order to reach sustainable economy. The challenge of
the 21% century is to find the best ratio of crop usage between
food and biofuel [2]. Due to the lack of viable alternative solu-
tion, combustible liquid fuels seems to dominate the transpor-
tation sector particularly in the foreseeable future [3].

Globally, standards force the oil companies to add fatty
acid methyl esters (FAMEs) to the diesel fuel. In the European
Union, the EN 590 diesel oil standard allows maximum 7%
FAME content by volume. It is fulfilled especially by adding
rapeseed methyl ester (RME). In parallel, transesterified soy-
bean oil is the typical diesel oil additive in the US. The scope of
the current paper is to compare the atomization and evaporation
characteristics of popular renewable liquid fuels with fossil
ones. These are ethanol, n-heptane, diesel oil (according to EN
590), RME, and the following crude vegetable oils: jatropha,
palm, rapeseed, soybean, and sunflower.

To date, the attention is focused on the possibilities of direct
utilization of crude vegetable oils in our current heat engines.
Furthermore, setting development goals is of primary impor-
tance. Therefore, the aim of the present paper is to evaluate
the interchangeability of diesel oil to crude vegetable oils in
an atmospheric burner. However, there are high-pressure appli-
cations, (e.g., gas turbines, internal combustion engines, high-
pressure furnaces) the most crucial part of their operation is the
startup process [4]. Therefore, the atmospheric back pressure
is used at the burner tip. It is out of the question that the most
likely advancement towards clean combustion is to increase the
ratio of renewables in the utilized fuel [3]. Despite that, the
worst-case scenario is to be investigated from combustion point
of view, namely, utilizing pure renewable fuels. Of course, by
blending, the situation is always better [5].

Historically, the air blast atomizer was developed by Lefebvre
[6], which is capable of operating even at full load and idle fuel
flow rates (i.e. this ratio is 50:1 in aero propulsion gas turbines).
Furthermore, the mentioned class of atomizers is widely used in
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other fields, such as metallurgy for powder production [7], paint-
ing, and coating technologies [8]. A previous study has revealed
that the pollutant emissions have a minimum at the critical atom-
izing pressure ratio [9]. Consequently, it was chosen as an upper
limit of the current investigation. Hence, the flow field can be
handled in an easier way, while it is free from shock waves.

Following the atomization, the droplets travel towards the
flame front, evaporate and mix with the combustion air in an
ideal case. If only a mentioned process is inadequate, the flame
can become uneven, and the appearing hot spots decrease the
maintenance intervals and increase the emission of nitrogen
oxides. Furthermore, the worst possible consequent event is the
combustion instability or even engine failure [10-12].

To overcome such problems, the lean premixed prevapor-
ized (LPP) burners were developed, which configuration is
investigated in this paper. It features a mixing tube, where the
combustion air and the evaporated fuel can mix.

2 The investigated burner

Figure 1 shows the investigated LPP burner with the dimen-
sions of the mixing tube that is of primary interest in the present
paper. The combustion air enters the mixing tube through four
radial bores and fifteen 45° slots. The velocity of the combus-
tion air is more than a magnitude lower than that of the atom-
izing free jet. Therefore, the effect of the former is neglected in
the present investigation.

The atomizing air enters the mixing tube through an annulus
with 0.8 mm inner and 1.4 mm outer diameter. At the axis, the
0.4 mm diameter fuel jet enters. Due to the velocity difference
between the two streams, the atomizing air breaks up the fuel
jet into small droplets.

Atomizing air

Combustion air

WA,
O =

Fig. 1 Schematical drawing of the LPP burner

Two further assumptions are made in order to simplify the
calculation method. First, there is one-way coupling between
the atomizing and the fuel jet. Second, the droplets are trave-
ling at the axis. Hence, the problem becomes one dimensional.
By the mentioned assumptions, the residence time of the spray
is certainly underestimated. Therefore, the presented method is
conservative. More details about the experiments related to this
burner can be found in the literature (see, e.g., [9,13]).

In order to determine the accurate mass flow rate of the
atomizing air at a given atomizing gauge pressure, a measure-
ment was carried out. The configuration consisted a pressure

regulator, which was connected to the high-pressure air system
of the laboratory, then a variable area flowmeter (3-30 liter/min-
ute measurement range, 4% accuracy class according to VDI/
VDE 3513), and a pressure transducer (Siemens SITRANS P
serie Z, model no.: 7MF1563-5BE00, measurement range: 0-4
bar, absolute). Figure 2 shows the results with a fitted power
law curve, including the combined expanded uncertainties. The
error bars of the pressure measurement is omitted, due to the
high accuracy of the pressure transducer (0.25% of full scale,
which is 1000 kPa here).

y = 1,7266x05501
R? = 0,9964

0 Measurement

Adiabatic
expansion

mass flow rate of atomizing air
[kg/h]
o

0 1 2 3 4

atomizing gauge pressure [bar]

Fig. 2 SMD of different fuel types at various atomizing gauge pressures

Then the obtained results were compared to the adiabatic
expansion of the atomizing air. Nonetheless, there is no signifi-
cant difference between them, the equation of the fitted curve
is used for further calculations. The difference in the mass flow
rate is observable between the trends above 2 bar atomizing
gauge pressure. This phenomenon can be explained by the non-
adiabatic process in the reality, i.e., the heat transfer between
the environment and the jet increases by the increasing tem-
perature difference between them.

3 Theoretical background

In order to characterize a spray, the Sauter Mean Diameter
(SMD or D,,) is the most widely used property. Rayleigh was the
first, who described the droplet formation from a free liquid jet in
1878 [14]. To date, there is even no analytical solution to deter-
mine the SMD for practical atomizers accurately. Therefore,
various semi-empirical formulas were developed for specific
atomizer types [15]. The widely recognized formula for air blast
atomizers was published by Rizk and Lefebvre in 1984 [16]:

0.4 1 0.4
SMD = d,| 0.48] —= (1+ j
P1Urod10 ALR

2 0.5
+0.15) —* [1+ ! j
G509y ALR

However, Eq. (1) was developed for U, ; of 10-120 m/s, uti-
lizing kerosene, gas oil, and blended oils, it was turned out by

Phase Doppler Anemometry (PDA) analysis of the investigated
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burner that the predicted SMD fits fairly to the measurement data
even out of the original range of availability. The PDA measure-
ment results will be published later on. Consequently, this for-
mula is used as an input for calculating the droplet evaporation.
After the atomizing air exits the annulus, shown in Fig. 1, it
forms a free jet. The decay of its velocity along the axis is dif-
ferent from that of a circular free jet. The following formula was
suggested by Zawadzki et al. for a similar annulus configura-
tion, which was found to be valid for subsonic conditions [17]:

2

Due to the constant/x nature of Eq. (2), the velocity charac-

U,(x)=6U,,d,,/x

teristics were consequently overridden by U, , until the expres-
sion became equal to the initial value (i.e.x =6 d,,). However,
Eq. (2) was fit to a special measurement configuration, it shows
excellent agreement with general free jet theories while the
length of the core of a conventional axisymmetric free jet is
typically 5-6 d, , [18].

In order to simplify the equations of droplet evaporation, the
following assumptions has to be made [15]:

1. The droplet is spherical.

2. The fuel is a pure liquid having a well-defined boiling

point.
3. Radiation heat transfer is negligible.
4. Lewis number is of unity.

These conditions are fulfilled in the practice, except the
case of highly luminous or very low-pressure flames. The for-
mer one indicates high soot content, which is the precursor of
higher CO emission than it is allowed by the standards. The lat-
ter one is simply not typical in everyday combustion systems.

The lifetime of a droplet can be divided into two stages: the
heat-up period, which is followed by the steady state evapo-
ration. During the heat-up phase, significant evaporation can
occur, based on the fuel properties. Hence, the droplet is smaller
when the steady-state evaporation begins. The sum of the two
phases is the total time required for evaporation. According to
Driscoll [19], the D? law will be used, while it overestimates

the evaporation time. Therefore, the results tend even more to
the conservative way.

D(f - D/fu,e = 2'huthu (3)
2
Dhu,e = A’sttsf (4)

D, is assumed to be equal to the previously calculated SMD.
Therefore an average-sized droplet will be investigated. The
evaporation constant and the heat-up time are:

A =8k, In(1+B,)/c,.p, (5)

{ o= Cp,Lchp,CD:u,e (Ts,sz B TS,O)
" 12k.In(1+B,,)L(B,/B, ~1)

(6)

Hence, D,, can be determined by substituting Eqgs. (5) and
(6) to (3). The only difference from the calculation point of
view between the steady-state and heat-up period is B, is equal
to B,. Therefore, A is calculated with Eq. (5) in order to get 7 .

Here, the curious reader is redirected to Lefebvre [15] for
further details of the theoretical background of evaporation cal-
culation. The material properties of Egs. (5) and (6) are integral
mean values. Otherwise, they are initial values having a 0 sub-
script. Assuming that the droplets are traveling alone — rather
than in a dense cluster with strong cross effects — is a fair esti-
mation of the reality [15].

The chemical structure of the investigated vegetable oils
is a glycerin, which connects to three fatty acids. The overall
probability of a fatty acid type in their molecule is shown in
Table 1. In the second column, the number of carbon atoms and
the number of unsaturated bonds are shown. If the probability
of a fatty acid in a vegetable oil is about the measurement error,
it is marked with ‘not relevant’ (NR).

However, the weather and the climate have a notable impact on
the molecular composition. Therefore, typical ranges were shown
in Table 1. Consequently, the physical properties of the crude
vegetable oils also vary. Therefore, the authors mainly focus on
qualitative rather than a quantitative evaluation of the results.

Table 1 The probability of different fatty acids in the molecular structure of the investigated vegetable oils [20]

Fatty acids Structure Rapeseed Sunflower Palm Soybean Jatropha
Lauric 12:0 NR 0-0.5 0.13-0.23 NR 0.31
Myristic 14:0 <0.1 0-0.2 0.85-0.91 <0.1 0.1
Palmitic 16:0 3-4.7 3.5-6.7 36.75-40 11.2 13.4-14.2
Stearic 18:0 1-2 1.3-5.9 2.49 2.9 5.44-7
Oleic 18:1 62.5-65.3 14-43 43-49.8 252 43.1-45.79
Linoleic 18:2 19.2-22 44-74 11-12.26 55.4 32.27-344
Linolenic 18:3 8-9 0-0.8 0.1-0.54 5.0 0.2
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The required physical properties for SMD calculation of the
investigated crude vegetable oils of Table 1 at 20 °C along with
the other fuels are shown in Table 2 [20-26].

Table 2 Physical properties of the investigated fuels for SMD calculation

Fuel 6 [N/m] w*10° [kg/ms]  p [kg/m?] LHV [MJ/kg]
Ethanol 0.0227 1.2 789 26.8
n-Heptane ~ 0.0209 0.414 684 44.6

Diesel 0.025 2.5 835 43

RME 0.0314 6.7 893 37.1
Jatropha 0.031 50 879 38

Palm 0.0332 106 890 37

Rapeseed 0.0338 70 920 37

Soybean 0.0338 60 920 37.8
Sunflower 0.0337 49 919 37.8

In practical devices, the combustion power demand is given
rather than the fuel flow rate. Consequently, SMD calculations
were carried out keeping 15 kW of firing power, which comes
from the previous experimental studies [9,13].

Evaporation of diesel oil and n-heptane droplets rely on the
extensive data by Lefebvre [15]. The physical properties of etha-
nol are also well-known. Therefore, the required data is gathered
from high-quality web databases [27-30]. Typically, the required
properties for evaporation as a function of the temperature of
the remaining fuels are quite rare in the literature according to
the best knowledge of the authors. Therefore, only rapeseed and
soybean oil were investigated from evaporation point of view,
using the following data [25,31-35] power law, and Arrhenius.

4 Results and discussion

Figure 3 shows the SMD characteristics of the investigated
fuels at 20 °C and under atmospheric pressure. Ethanol is omit-
ted, while its trend is exactly overlapped that of diesel oil. Based
on the calculation, three groups can be clearly identified. Palm
oil has the highest SMD at all atomization pressures, while it is
solid at room temperature and atmospheric pressure, envisag-
ing an outstandingly high viscosity. It is not a surprise that the
other crude vegetable oils have similar atomization characteris-
tics, while their chemical structure and atomization properties
are quite similar, shown previously in Table 1 and 2. The fossil
fuels along with the ethanol and the RME are already proven in
our heat engines. Consequently, they show the most favorable
atomization characteristics among the investigated fuels.

400
350 4
Diesel
300
Jatropha
E 250
= n-Heptane
E 200
- Palm
» 150
Rapeseed
100
------- RME
50
......... Soybean
0
0 0,25 0,5 0,75 1 Sunflower

Atomizing gauge pressure [bar]

Fig. 3 SMD of different fuel types at various atomizing gauge pressures

Having a low SMD does not necessarily results in complete
evaporation in the mixing tube. Volatility is also of importance,
which usually grows with the length of the carbon chain. The
temperature of combustion air was set to a constant value of
700 K, also based on the previous measurement series [9,13].

Table 3 contains the atomization and evaporation character-
istics of the investigated fuels at 700 °C and atomization gauge
pressure of 0.818 bar (critical pressure ratio, hence maximum
investigated value), 0.333 bar (between the limits of the inves-
tigation by atomizing air exit velocity), and 0.053 bar (mini-
mum investigated value). Hence, the SMD is fully determined
for each fuel type. The ratio of the heat-up period to the total
time of evaporation (f, +¢ ) depends only on the material prop-
erties in this situation. Consequently, the lower values corre-
spond to the more volatile fuels. The residence time of a single
droplet is estimated as 5.39, 8.03, and 20.17 ms, respective to
the mentioned three atomization gauge pressures.

Figure 4 shows the ratio of residence time and evaporation
time of diesel oil, ethanol, n-heptane, soybean oil, and rapeseed
oil in a logarithmic scale.

_ 1o

P

£

E 1 Diesel

'§ ------- Ethanol

g‘ 0,1 n-Heptane
e

g Rapeseed
2 001 Soybean
& 0 0.5 1

Atomizing gauge pressure [bar]

Fig. 4 Ratio of residence and evaporation time for different fuels, 7 =21 °C,
T, =700K
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Table 3 Atomization and evaporation characteristics at different gauge
pressures and 700 K combustion air temperature

Fuel Pue [bar] SMD [pm] ¢, [ms] ¢, +¢ [ms] ./ttt

0.818 14.70 0.46 0.98 0.471

Diesel 0.333 22.34 1.06 225 0.471
0.053 59.53 7.54 16.01 0.471

0.818 14.00 0.14 1.61 0.086

Ethanol 0.333 22.13 0.35 4.02 0.086
0.053 62.48 2.76 32.04 0.086

0.818 10.68 0.12 0.62 0.191

n-Heptane ~ 0.333 16.67 0.29 1.50 0.191
0.053 46.11 2.20 11.48 0.191

0.818 86.68 29.75 43.46 0.684

Rapeseed 0.333 117.16 54.35 79.40 0.684
0.053 25470 256.84 375.25 0.684

0.818 75.58 19.86 32.68 0.608

Soybean 0.333 102.43 36.47 60.02 0.608
0.053 224.07  174.52 287.22 0.608

Here, unity means that a fuel droplet requires the 75.5 mm
long mixing tube to evaporate completely. Ratios above one
mean that the droplet is fully evaporated before it reaches the
burner tip. Diesel oil and n-heptane fulfill this condition at all
atomization pressures. However, droplets of ethanol under 0.11
bar atomization gauge pressure, soybean oil, and rapeseed oil
are present even at the burner tip. Therefore, utilization of the
crude vegetable oils at room temperature can result in incom-
plete combustion.

To avoid the adverse effect of present droplets at the flame
front there are two options. One is to increase the fuel tempera-
ture by preheating. Hence, the viscosity drops, and it results in
a smaller SMD. Therefore, the evaporation time is also reduced,
shown in Fig. 5. At lower temperatures rapeseed oil is less vola-
tile than soybean oil. By increasing the temperature (hence T,
increases), the gap between them closes, but it is found to be
always present. At 140 °C droplet temperature, rapeseed and
soybean oils catch up to the diesel oil, which is shown for com-
parison reasons. Consequently, adequate preheating can result
in favorable combustion properties of such vegetable oils.

The second method is to increase the combustion air inlet
temperature, which can be achieved, e.g., by using an internal
heat exchanger in gas turbines. Due to the typical operation
parameters, the latter method is limited to small scale units.

10 Diesel, 21°C

------------- Rapeseed, 21°C

T Soybean, 21°C

qé — - — - Rapeseed, 40°C

é 1 Soybean, 40°C

§ ————— Rapeseed, 70°C

§' Soybean, 70°C

3

§ o1 — — — Rapeseed, 100°C

2 Soybean, 100°C

E ——————— Rapeseed, 140°C

Soybean, 140°C
0,01
0 0,5 1

Atomizing gauge pressure [bar]

Fig. 5 Ratio of residence and evaporation time for rapeseed and
soybean oils with fuel preheating
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— - — - Rapeseed, 500K
Soybean, 500 K

- - - = Rapeseed, 700 K
Soybean, 700 K

------------- Rapeseed, 1200 K
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_______ — ------- Rapeseed, 2000 K

Soybean, 2000 K

0,1

0,01

Residence/evaporation time [-]

0,001
0 0,5 1

Atomizing gauge pressure [bar]

Fig. 6 Ratio of residence and evaporation time for rapeseed and soybean oils

with combustion air preheating

Similarly to Fig. 5, there is also a gap between the trends of
soybean and rapeseed oil in Fig. 6 which closes by increasing
the combustion air temperature. Interestingly, at 1200 K the
trends overlap each other. At 2000 K the rapeseed oil outper-
forms the soybean oil. However, combustion air preheating is
an effective tool to increase the ratio of residence and evapora-
tion time, but fuel preheating in the range of the current analy-
sis was found to work better. Furthermore, 2000 K lies 500 K
beyond of the melting point of typical structural steels. There-
fore, an advanced cooling system and more expensive materi-
als are required in such environment. In practice, the energy
demand of fuel preheating is negligible compared to combus-
tion air preheating. However, fuel temperature of 140 °C is
usually high for plastic fuel pipes, but metal pipes can easily
withstand that environment.
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5 Conclusions

An analytical investigation was carried out on the atomiza-
tion and evaporation characteristics of different liquid fossil
(n-heptane, diesel oil) and renewable fuels (ethanol, rapeseed
methyl ester (RME), and the following crude vegetable oils:
palm, rapeseed, soybean, and sunflower). A lean premixed
prevaporized (LPP) atmospheric burner equipped with an air
blast atomizer was the calculation domain. The following prac-
tical aspects of the operation were considered: keeping the fir-
ing power at constant (i.e. 15 kW in this case), modifying the
atomization gauge pressure, preheating the low volatile fuels,
and increasing the temperature of the combustion air in the
mixing tube. The following conclusions were derived:

1. Air blast atomization of RME, diesel oil, n-heptane,
and ethanol resulted in similar Sauter mean diameters
(SMDs). The crude vegetable oils are separate from them,
showing much larger average droplet sizes, compared to
the above-mentioned fuels. Due to the similar molecular
structure of the vegetable oils, their atomization charac-
teristics are very close to each other, except the highly
viscous palm oil. Therefore, it showed the largest SMD
among all fuels.

2. The ratio of residence to evaporation time showed that
by utilizing crude vegetable oils (i.e. rapeseed and soy-
bean oils here), at least, one magnitude longer residence
time would be necessary compared to the trends of fossil
fuels and ethanol. Therefore, using vegetable oils as fuel
at room temperature can lead to incomplete combustion.

3. The higher fuel temperature results in smaller droplets,
hence, rapeseed and soybean oil performs similarly at
140 °C than diesel oil at 21 °C. However, preheating the
combustion air also increases the ratio of residence and
evaporation time, the environment of 2000 K is still not
enough for complete evaporation of rapeseed and soy-
bean oils in the present configuration.

Application of the presented calculation method can give a
fair evaporation estimation for combustion engineers to design
our current heat engines to run on even crude vegetable oils.
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Nomenclature

ALR [-] air-to-liquid mass ratio

B, [-] mass transfer number

B, [-] thermal transfer number

c, [J/kgK] specific heat at constant pressure
d [m] hydraulic diameter of a free jet
D [m] diameter of a droplet

k [W/mK] thermal conductivity

L [J/kg] latent heat of vaporization

LHV [MJ/kg] lower heating value

Pue [bar]  atomizing gauge pressure

SMD [um]  Sauter Mean Diameter

t [s] time

T [K] temperature

U [m/s]  velocity

A [m?/s] evaporation constant

v [kg/ms] dynamic viscosity

p [kg/m?] density

c [N/m] surface tension
Subscripts

0 initial value

A atomizing air

C combustion air

e value at the end of the period

L liquid

hu heat-up period

R relative

s at the drop surface

st steady-state evaporation period
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