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HIGHLIGHTS

Radiation model is based on two sub-models: spray model and soot model.

The spray model estimates a penetration very similar to the experimental values.
Soot Yield concept combines the soot formation and oxidation processes.

Higher radiant fraction value is obtained when the oxygen molar fraction is reduced.

The radiant fraction shows values from 0.11% to 0.43% respect to the total fuel energy.
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ABSTRACT

This paper describes a radiation model for diesel sprays that can predict the heat losses
based on spray characteristics to the spray plume due to radiation. The model is based on
three sub-models: spray model, soot model and radiation model. The spray model is a
one-dimensional model that simulates the axial and radial distribution of a fuel spray for
each instant. The soot model is a one-dimensional tool, which is based on formation and
oxidation processes calculating the axial and radial soot concentration profile for each
instant. The output results of the two sub-models are used as input information for the
radiation model, which obtains the radiation heat transfer values for a diesel flame. The
experimental measurements used to adjust the different constants and to validate the sub-
models were performed in a high-pressure high-temperature vessel using three different
optical techniques: Schlieren, to obtain spray penetration, Diffused Back-Illumination
technique (DBI) for the soot concentration and the 2-color method for calculating the soot
temperature and concentration. The radiant fraction shows values from 0.11% to 0.43%

with respect to the total energy of the fuel depending on the operating condition. Taking
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into account the different assumptions taken for modeling the spray radiation, these
results are consistent with those obtained in the literature, in which the radiation was

characterized under similar conditions.

1. INTRODUCTION

Radiation heat transfer plays an important role in the heat transfer in direct-injection (DI)
diesel engines, being a significant component of the efficiency losses in modern designs.
Rough estimates of the heat transfer in the combustion chamber for the whole engine
cycle show that radiation varies from 0.5-1 % [1] up to 5-10 % [2] of the total fuel energy
depending on soot conditions (concentration and temperature). This value differs
significantly depending on the geometry of the combustion chamber, fuel used, operating

conditions, etc.

The main source of thermal radiation are soot particles, which emit radiation over the
entire wavelength spectrum. It is worthy to note that radiation is also emitted by CO2 and
H20 molecules but it is concentrate in a narrow spectral bands and its magnitude is
assumed to be much smaller than that of soot particles [3]. Soot formation is a complex
process comprising several physical and chemical phenomena, some of which occur
simultaneously, and depends largely on local conditions. Computational models typically
include processes such as precursor formation, particle inception, surface growth and
particle oxidation. These models have typically been developed for use with CFD diesel
engine models, but with a lower simulation cost. Regarding its use, soot emissions have
been analyzed in different studies: for varying the injection timing [4], different oxygen
concentrations in the intake air [5], adding post injection event [6] , etc. Deep knowledge

of the processes that include soot particles is important for two main reasons: on the one



66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

hand, soot emissions are limited by strict pollutant regulations. On the other hand, soot

particles are mainly responsible for the total radiation heat transfer in diesel engines [7].

The main objective of this investigation is to develop a soot radiation model that it is able
to predict the radiation heat losses. This study is based on the distribution of soot inside
the flame, as well as understanding the processes that affect the radiation heat losses. For
that, three sub-models have been used: spray model, which includes all the fundamental
knowledge about combusting diesel sprays, a soot model, including both the formation
and oxidation processes, and a radiation model. The radiation model simulates the
temporal evolution of the spectral intensity, and consequently, the total soot radiation

losses from the simulated soot concentration results.

2. EXPERIMETAL DATABASE

Throughout this study, experimental results previously published in [8] have been used
to calibrate the different constants for each model. Post-processing has been adapted to
compare with the simulated results in the different models. Next, the experimental facility

used for the experimental measurements and the test conditions are described.

2.1. Experimental set-up: High pressure and high temperature vessel

The high pressure and high temperature (HPHT) vessel is an experimental facility, that
allows to replicate engine like thermodynamic conditions to a diesel engine at the instant
of injection (Figure 1). The vessel is classified as a constant-pressure flow (CPF) facility
[9] as the conditions are reached by a continuous flow of high-pressure high temperature
gas through the vessel. The vessel is equipped with three large optical accesses (128 mm
in diameter) arranged in an orthogonal manner so that there is a full vision of the spray
plume. The mechanical limits of the vessel are 15 MPa of gas pressure and 1000 K of gas

temperature, and it is possible to obtain nearly quiescent and steady thermodynamic
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conditions in the vessel. A common rail injection system allows changing the fuel

injection pressure and the duration of injection.

Figure 1. High pressure and high temperature vessel [9]

The pressurized gas is supplied to the vessel by two volumetric compressors working in
parallel, providing a continuous feed of 70 Nm®/h. The vessel can work in open or closed
loop to test spray evolution either in a standard air atmosphere or in gas mixtures with

different O2 concentrations.

To heat the air, two electrical heaters of 15 kW each are placed upstream the vessel. A
secondary 2.5 kW heater is placed at the bottom of the chamber to help maintain the
temperature. Additionally, a 3 kW heating liner is placed in the periphery of the vessel to

minimize the heat losses from the ambient air.

2.2. Previous experimental results

The test matrix is conformed of six operating conditions from a previous study [8]. These
operating conditions are based on ECN-Spray A reference conditions, using n-dodecane
as fuel. The injection pressure was swept (500, 1000 and 1500 bar) as well as the O molar
fraction (15 and 21%) keeping the density constant at 22.8 kg/m® and the bulk gas

temperature at 900 K.



108
109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

Temperature Density  Injection pressure  Molar fraction
[K] [kg/m?] [bar] 02 [%0]

900 22.8 500/ 1000 / 1500 15/21

Table 1. Operating conditions

A single-hole piezoelectric injector was used with a nominal diameter nozzle of 90 um.

The energizing time (ET) of the injector was set at 2 ms for all conditions, which results

in a 3.5 ms hydraulic duration. Each measurement consisted on 10 repetitions in order to

reduce the experimental measurement uncertainties.

The operating conditions were measured by three different optical techniques:

Schileren optical technique [10]: a conventional Schlieren single-pass
arrangement was employed to detect the complete spray boundaries at high
temperature and high pressure conditions. Schlieren imaging technigue enables to
detect gradients in the refractive index of a transparent medium. The technique
relies on the deviation of a light beam produced when light passes through non-
homogeneous fluids. For this study, this optical technique has been used to obtain
spray penetration.

Diffused Back-Illumination technique (DBI) [11]: as an extinction-based
diagnostic, the soot volume fraction is related to the amount of light that has been
absorbed or scattered by the soot cloud. For this work, the temporal and spatial
soot concentration (KL) are obtained by DBI technique to compare with the
modelled soot concentration results.

2-color method (2C) [12]: it is an optical thermometry technique that makes use
of the presence of soot within a flame. It is particularly useful for diesel
combustion studies due to the fact that soot incandescence dominates the flame
radiation emission during most of the heat release period. In this sense, flame

images recorded by means of conventional visualization techniques in the visible
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spectrum are basically soot radiation images. In this work, the 2-color method was

used to calculate the soot temperature and concentration.

3. METHODOLOGY

The structure of the complete radiation model is shown in Figure 2. Three sub-models,
which are directly connected to each other, compose the whole model. The spray model
(named DICOM) is a one-dimensional model that simulates the axial and radial
distribution of a fuel spray for each instant. This model needs input variables such as the
temporal evolution of the ambient pressure, ambient density, injection rate and the spray
angle that is necessary to calibrate with experimental data. For this, the experimental
results of spray penetration in both inert and reactive environment measured with the

Schlieren technique will be used to adjust the spray angle parameter (Section 4.3).

Once the spray model has been calibrated, these spray model results have been used as
input variables for the soot model and thus, axial and radial profiles of soot mass fraction
have been obtained for each instant. As in the spray model, in the soot model the optimal
values for two constants (Ksoot and To) need to be adjusted from experimental results of
soot concentration (Section 5.2). These experimental results have been measured with the
Diffused Back-Illumination technique (DBI). In the next step, the temporal evolution of
the spectral intensity has been obtained from the simulated soot concentration results
together with the spatial temperature distribution calculated also in the spray model
(Section 6.3). Finally, the simulated spectral intensity is integrated for the whole
wavelengths spectrum and the radiation heat losses are obtained. As in two previous
models, the simulated radiation has been compared with experimental values from the 2-

Color method.
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Figure 2. Overall model structure

4. SPRAY MODEL

Currently, there are several computational models capable of analyze and characterize the
internal diesel spray structure in an injection/combustion process with temporal and
spatial resolution. The set of computational tools ranges from complex models (known as
3D CFD) to more simplified models in which certain assumptions are made. In this work
a one-dimensional model has been selected, which adapts perfectly to requirements of the

analysis and has a short calculation time.

4.1. Spray model description

The spray model is a one-dimensional model capable of simulating the temporal and
radial evolution of a fuel spray for inert (evaporative or non-evaporative) and reactive
conditions, as well as for steady and transient conditions. This model has been developed
by the CMT - Motores Térmicos group of the Universidad Politécnica de Valencia. This

model is described in more detail in previous works [13][14].

The model approaches the analysis of a fuel spray injected through a single hole inside a
closed volume, where the process of air/fuel mixing and the combustion processes are
reproduced. The spray evolution is considered free of any spatial restriction and the closed

volume is considered wide enough so that the air conditions remain constant.
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The model requires certain experimental data such as the temporal evolution of the
ambient pressure, the ambient density and the injection rate, injector properties (orifice
number, diameter, spray angle) and fuel. As output values, the model generates
comprehensive results, which describe the air/fuel mixture process with axial and
temporal resolution. These results are used as input values in the soot and radiation

models.

4.2. Spray model calibration under inert conditions. Spray Angle

As mentioned in section 3, the only unknown input of the model is the spray angle;
therefore, it needs to be determined by adjusting the results of the modelled vapor

penetration to the experimental Spray-A results, defined in table 1.

To validate the model and to determine the adequate spray angle for a given set of
conditions, a series of calculations were made at small angle increments (1°); then, the
deviation from the experimental curves was determined, and based on that, the value for
the angle was chosen. Figure 3 shows the experimental vapor penetration for the Spray-
A standard conditions and the curves for three different spray angles as predicted by the
model. It can be seen that a wider angle (24°) tends to under-predict the penetration, while
a narrower angle (22° may seem more appropriate at the beginning of the spray, but at
the end, it overestimates the penetration values with respect to the experimental case. In
this case, the best match between experimental and simulation data was achieved at spray

angle of 23°.
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Figure 3. Experimental and modelled vapor penetration for the three spray angles and different injection
pressures tested under inert conditions

Figure 4 shows the temporal evolution of the difference (in absolute values) between the
experimental and modelled vapor penetration for the three spray angles tested and for the
three different injection pressures. In addition, it has been found in the literature [15][16]
that the spray angle depends mainly on ambient density and the injection pressure. In this
investigation only the injection pressure has been varied. Although there are differences
depending on the injection pressure, they are small to choose a different spray angle
depending on the injection pressure. Therefore, the angle selected was 23° since it

presented a good balance between the near and far regions of the spray from the nozzle.
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Figure 4. Difference between experimental and modelled vapor penetration for the three spray angles
and different injection pressures tested under reactive conditions

4.3. Spray model validation under reacting conditions

To determine the most suitable angle for the operating conditions measured, the model

has calculated the vapor penetration under reactive conditions with the selected angle in
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inert conditions (23°). The results obtained have been compared with the experimental

values for determining the most adequate spray angle.

Prior to the comparison, it is necessary to describe the methodology used to obtain the
experimental spray penetration from the images. The technique used to obtain spray
penetration was Diffused Back-Illumination technique (DBI). Each image corresponds to
a spatial distribution of the DBI signal (KL) every 100 us. The DBI signal distribution is
shown at the top image of Figure 5. To acquire the spray penetration, the DBI signal
values along the central axis have been plotted (bottom image of Figure 5), taking as
center line, an imaginary axis that comes from the center of the nozzle. For each image,
the furthest location on the axis where the DBI signal exceeds a threshold is defined as
the flame penetration. In this way, a temporal evolution of the flame penetration is

represented from the experimental images.

[ \ \ \ \ [ |
0 100 200 300 400 500 600 700 800
Pixel [-]

Figure 5. Top) Spray image obtained from the Diffused Back-Illumination technique and bottom) the soot
concentration profile in the centerline.

Figure 6 shows the temporal evolution of the experimental spray penetration (solid line)

and modelled (dashed line) for the six operating conditions analyzed. It should be noted
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that there is a field of view limitation caused by the optical access of the vessel. Therefore,
the maximum penetration able to be captured in the experimental measurements was 86
mm. As shown in Figure 6, the temporal evolution of the flame penetration is split in two
stages. First, one is the transient stage, in which the flame penetration increases
progressively, where the modelled and experimental results show small differences (at
least until the distance of 86 mm).The second is the steady stage where the flame
penetration maintains a quasi-constant value (the flame front is stabilized). This phase
can only be observed in 21% oxygen results due to the above-mentioned limitation in
optical access. For lower oxygen concentration, stabilized flame penetration extends to
approximately 110 mm [17]. The flame penetration in the steady zone presents slight
differences (around 5 mm), which is due to a deviation from the acceptable experimental
values. Thus it is possible to conclude that, at least for the whole conditions used in this

study, the most suitable spray angle is 23°.

— — - Exp

Mod_23°

PW =500 bar ; X,, =21 % le =1000 bar ; X,, =21 % ] F’mJ = 1500 bar ; X, =21 %

— T — 77T — 77T
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Time after Sol [ms] Time after Sol [ms] Time after Sol [ms]

Figure 6. Experimental and modelled spray penetration under reactive conditions for the six conditions

tested.
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5. SOOT MODEL

In this section a one-dimensional soot model is presented. This model considers both soot
formation and oxidation processes. The model uses the calculated results in the one-
dimensional spray model as input variables, thus obtaining axial and radial soot
concentration profiles for each instant in a diesel flame. In a first section, the model will
be described along with the equations. Then, the necessary constants will be adjusted

from the experimental results. Finally, the model will be validated with experimental data.

5.1.Soot model description

The soot model is based on Monin's study [19]. In this work, a parameter was proposed
to model the soot formation process easily. The parameter was referred to as “soot yield”
(SY) and is defined as the ratio between the mass fraction of fuel transformed into soot

(Ysoot) and the mass fraction of unburned available fuel at that location (Yt _nb):

(1) SY — Ysoot
Yinp

It is important to define non-burned fuel mass fraction parameter for each instant and
flame location. This mass includes all the mass coming from the unburned fuel that is
available in that location with no distinction of its state (original fuel, cracked fuel, partly
oxidized fuel or soot). This parameter is an input value to the soot model from the spray

model (mixing/combustion).

Later, Lopez et al. [20] proposed a correlation for the SY:

1

2) SY = Ko - max (0_5 _ 0) “t,. - exp (TFZ:me) . p22

)
FrioL
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where Froov is the fuel-air equivalence ratio at the lift-off length, t: is the residence time
inside the flame, Triame is the flame temperature, p is the ambient density and Ksoot and To

are constant and their values have been fitting from experimental values (section 5.2).

e As many other researchers have observed [5][21] the soot formation process is

mainly controlled by the fuel-air equivalence ratio at the lift-off length. Usually,
a fuel-air equivalence ratio (Frro.) of 2 is the limit to define whether soot is
produced (FrLoL higher than 2) or not (FrLoL lower than 2) in a combusting diesel
spray. For this reason, the soot yield is assumed to be different from this value.
Finally, the FrioL is an input variable to the soot model calculated by the spray
model (mixing/combustion).

The soot formation also depends on the residence time of the fuel inside the fuel-
rich region of the reacting spray. The residence time parameter is defined as
t—tLoL, Where t is the instant under study and tLoL stands for the time at which the
considered fuel reaches the lift-off length. The SY is proportional to t.. As it is
well known, an increase in temperature at the lift-off length implies an
improvement in soot formation. Monin [19] assumed that this parameter affects
exponentially the rate of soot formation process: exp (To/Triame), Where To is a
constant obtained from comparison with experimental results.

Finally, Pickett found that the soot formation process is also affected by the
ambient pressure (or, for a given temperature, by density) [21]. Based on the data
published in his work, the corresponding function is the following: p?2, which also

should affect the soot yield.

Once the factors, the SY parameter depends on, are defined from the product of equations
(1) and (2) the mass fraction of soot, Yseot, Can be obtained. Nevertheless, both two and

both most common soot measuring techniques (DBI and two-color method) provide a
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value for Xsoot (volume fraction). Consequently, the conversion from one magnitude to

the other is required. This conversion can be done as follows:

_ Pa
(3) Xsoot = Ysoot '
Psoot

where psoot IS the density of the soot particles and pa is the density at the point under
consideration (local density). The soot particle density does not have a universal value.
However, some authors take a value of approximately 1800 kg/m? as a representative
value [22]. For the local density estimation, the local temperature and the mean pressure

are considered, assuming standard air for the constant in the equation of state.

Up to now, the soot model is able to predict the evolution of Xsoot at the spray centerline.
As soot radiation takes place at any region where temperature is sufficiently high, the
value of the soot volume fraction at any other point of the spray section is needed. There
is not much information available in the literature about the shape of the Xsoot radial
profile. For this model, a Gaussian profile has been chosen to simulate the flame section,

similar to mixture fraction profiles as in [24], which follows the following equation:

@ Jsot— op |46 ()]

Xsoot,CL RFlame

where r is the radial coordinate and Rriame the flame radius at the section under

consideration.

5.2. Adjustment methodology. Soot model validation

This section describes the calibration of the model constants, Ksoot and To, and the soot
model validation. For both objectives, experimental results of the soot concentration from

the Diffused Back-Illumination technique (DBI) were used.
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The flow chart in Figure 7 describes the methodology used to calibrate the constants Ksoot
and To is shown. These two parameters have been found by searching the lowest error
when comparing the experimental and the modelled soot concentration at each axial and

radial position. This procedure was divided into several steps:

e First, an initial value is assigned to each constant. With them, the parameter SY is
calculated. As described in section 5.1, a soot molar fraction value (Xsoot) IS
obtained for each flame axial and radial position. Next, the soot concentration
values (KL) is calculated from the information of the soot model and compared
with the experimental values provided by the DBI method. The conversion of Xsoot
to KL is based on the Beer-Lambert equation, which evaluates the light

attenuation [18]:

(5) IL— exp(—KL) =t

- =
where lo is the incident light intensity, | is the attenuated light intensity and z, the

transmissivity. If it is considered that the flame is divided radially into n elements

with the same thickness, the equation (5) can be rewritten as follows:

(6) ~ = exp(-KL) = 1= T, 7;

- =
where 7; represents the transmissivity of each portion of the spray. According to

Musculus [18], the transmissivity is related to the soot volume fraction in the

following way:

O exp(iamtne)

where g is a constant equal to 6.3 pm™, 1 is the wavelength in um and a = 1.22-

0.245-In (A), with 2 in um and dr is the thickness for each element. If equations
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(6) and (7) are considered together, and it is taken into account that the product of
an exponential is the exponential of an addition, it can be seen that KL can be

related to the local conditions in the following way:

+L/2
KL = f;a ’ f—L//Z Xsoot(r) ~dr

To finish this first step, the difference (¢) of the modelled and experimental soot
concentrations for each axial and radial position is calculated.

The second stage consists of performing the same previous procedure until
reaching the sum of the differences, but in this case varying the values of both
constants. In particular, both constants were varied £ 20% of their initial value.
This indicates that the first step is repeated with all possible combinations of the
constants, that is, four times.

Finally, the constant combination with lower value is chosen from the five error
results (initial + 4 combinations). This pair of constants are considered as initial
values and the whole procedure is repeated, so that finally a matrix with five
accumulated errors corresponding to five constant pairs is obtained again. This
step is repeated until the minimum error is achieved twice times consecutively by

the same constants Ksoot and To.
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Figure 7. Experimental methodology used to fit/adjust the soot model constants (Ksoot and To).

Considering the six operating conditions described in the test plan section, the values
obtained for the constants Kseet and To are 11.25-10* and 4687.5 K, respectively. Figure
8 shows the axial evolution of the experimental and modelled soot concentration along
the flame centerline at a given instant. The model adjusts the start and end of the flame
precisely. Qualitatively, the modelled results show good agreement with experimental
data (KL decreases when the injection pressure increases and/or the oxygen concentration
increases). Therefore, it is concluded that the soot model is correctly calibrated respect to

the experimental data.
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Figure 8. Experimental and modelled soot concentration for six operating conditions.

6. RADIATION MODEL

This section presents the radiation model and the methodology to validate the model. For

that, the spectral intensity of the radiation (lseot) has been calculated and compared to the

experimental values measured by the 2-color method. Then, the total radiation emitted by

the soot is calculated.

To begin with, these are the different assumptions taken for modeling the spray radiation:

The spray/wall interaction will not be considered. Consequently, a free spray is
considered.

The swirl existing in the combustion chamber does not modify the spray
geometry, which remains axisymmetric.

The radiation is diffuse and it radiates in the same way in all directions.

6.1. Model description

The radiation intensity is the main output variable of the radiation model (as shown in

Figure 2) and this has been used as a basis to validate the present radiation model. The
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radiation intensity in the radial direction has been calculated as explained by Payri et

al.[25].

Figure 9 presents the modelled combustion temperature and soot distribution for a
particular axial position. The temperature distribution has been obtained from the spray
model, as a function of the equivalence ratio distribution at each radial and axial position.
Three different zones can be observed in the temperature distribution: 1) the flame limits
are the stoichiometric surface, where the maximum temperatures are reached; in this
location the fuel diffused from the inner part of the flame reacts with oxygen from the
outer part. 2) the inner zone, which corresponds to the rich side of the flame; this region
consists of partially oxidized fuel, combustion products and soot. 3) the outer part, which
is the lean side of the flame; in this region fresh air and combustion products are present.
In terms of soot concentration, a linear distribution has been considered in which it is
assumed that the soot particles are only present in the inner part of the flame, as they are

totally oxidized by the OH present on the reaction zone [26].

The flame is divided radially into discrete flame elements with their corresponding values
of temperature and soot concentration. To analyze the radiation propagation inside the

flame, both emission and absorption processes have been considered.
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Figure 9. Scheme radiation propagation through of the diesel spray [25]

Considering the temperature and soot distributions, the radiation propagation process

inside the flame is based on the following:

e Radiation is propagated along lines parallel to the flame main symmetry plane.
e The spatial distribution of the local gas temperature is assumed to be equal to the
soot temperature. In this case, the spray model calculates the flame temperature.

e Soot is assumed to be completely oxidized at the flame stoichiometric surface.

The radiation path is divided into n elements with the same thickness. Each element i has
its temperature T; and optical thickness KLi. So, considering the proposed soot

distributions it can be stated that:
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(9) KL = ¥i-,(KL);
As indicated in the description of the 2-color method [12], the radiation emitted by each

element can be calculated as:

(10) Lsoor,i (A Ty, KLy) = &3ilpary
where ¢ indicates soot spectral emissivity and Iy corresponds to a blackbody spectral
intensity. The radiation received by the sensor (which is located on either flame limits) at
each wavelength is the addition of the lseoti Of each flame element. Considering the
attenuation factor between elements, the total soot radiation intensity for each wavelength

can be calculated as:

(11) Isooti A, Ti, KL) = Yieq[enidpary - [eiv (1 — an )]
where for an element j the absorption (ox ) is defined by the spectral absorptivity (e4,)

as stated by Kirchhoff’s law:

(12) Qi = &)

6.2. Spectral intensity

The purpose of this section is to evaluate the soot spectral intensity (as an output
parameter of the radiation model) versus the experimental results from the 2-color

method.

Figure 10 shows the axial evolution of the experimental and modelled soot spectral
intensity along the centerline for the six operating conditions. The soot spectral intensity
has been calculated for two wavelengths, A = 550 and 650 nm. For simplicity, only the
results for A = 550 nm are shown. In general, both modelled and experimental soot

spectral intensity values decrease when the injection pressure increases and/or the oxygen
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mass fraction increases. By comparing each graph individually, it can be established that
the model provides a good accuracy during the onset of the flame. If the flame length is
divided into two parts, in the first one, the model sub-predicts the soot spectral intensity
values. This phase is estimated up to 60-70 mm from the injector. From this, the trend

changes and the model over-predicts the results respect to the experimental results.
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Figure 10. Experimental and modelled soot spectral intensity along the spray centerline for the six

operating conditions.
6.3. Total radiation

The next step in the validation of the radiation model is the calculation of the total
radiation emitted by soot particles. Based on the soot spectral intensity, the total radiation
was obtained from the integration of the spectral intensity for a particular range of

wavelengths using equation (13):

(13) Qraa = © [ [, [, &rlppdA dA dt
where t represents the exposure time in which the optical system is registering flame

luminosity, and A is the flame area obtained by equation (14):
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(14) A, = 2mr fx dx
where r is the flame radius, which is determined from a temporal image of the flame, and

dx is the axial width.

Figure 11 represents the temporal evolution of the experimental and modelled total
radiation for the six operating conditions studied. For the six cases analyzed, the model
predicts total radiation values similar to the experimental. Considering the simplifications
and assumptions of each model, the results shown in Figure 11 can be considered as

acceptable results.
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Figure 11. The temporal evolution of the experimental and modelled total radiation for the six operating
conditions studied.

Finally, to better quantify the total radiation, the radiant fraction has been calculated. The

radiant fraction (Xrag) emitted by soot is defined as the fraction of the total chemical

energy released during injection that is lost due to radiation heat transfer. This term is

expressed by equation (15):

(15) Xraa = Craa
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where ms represents the mass of fuel injected and Qunv is the lower heating value of

dodecane (44.2 MJ/Kg).

Figure 12 shows the results of the radiant fraction emitted by soot for the different
operating conditions analyzed. Particularly, the sub-figure on the left shows the values of
radiant fraction modifying the injection pressure at oxygen molar fraction of 15% and,
the figure on the right, at oxygen molar fraction of 21%. Considering the results obtained
from soot concentration and spectral intensity in previous figures, the trends of radiant
fraction are expected. Thus, a reduction of injection pressure and/or oxygen molar
fraction implies a higher radiant fraction value. In addition, as in the previous graph of
the total radiation, the modelled radiant fraction values are slightly lower than the
experimental ones. Finally, the modelled radiant fraction values are between 0.11 and
0.43% respect to the total fuel energy. Comparing them with the results obtained from the
radiant fraction in [5], the modelled values are in the same order of magnitude.
Considering that the operating conditions are similar, the modelled results are coherent
with those obtained in [5]. This makes the radiation model a completely suitable tool to

predict and study the radiation heat transfer.
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Figure 12. Experimental and modelled radiant fraction modifying injection pressure and oxygen molar

fraction.
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7. CONCLUSION

In this study, a radiation model for diesel spray has been developed. This model is able

to predict the radiation from spray plume. The model is based on three sub-models: a

spray model, which analyzes and characterizes the internal spray structure in terms of

mixing and combustion process with temporal and spatial resolution. A soot model, based

on soot formation and oxidation processes. The cohesion of these two sub-models is used

to obtain the input values to the third model, the radiation model from which the radiation

heat transfer values for a diesel flame are obtained. The main contributions of this paper

are:

The one-dimensional spray model has been adjusted for the only unknown
variable: the spray angle. For the cases analyzed here, the most suitable spray
angle has been found to be 23° comparing the penetration results in inert
conditions. Regarding the validation of the model, penetration values have been
used in reactive conditions. The model estimates a penetration very similar to the
experimental values, both in the transient and quasi-steady phases.

The soot model is based mainly on the “soot yield” concept, which combines the
soot formation and oxidation processes depending on the time and location. This
model has been calibrated by means of two unknown constants: Kset and To. The
values of the constants are 11.25-10* and 4687.5 K, respectively. These constants
have been obtained from an experimental methodology, where the soot
concentrations are compared with the experimental values measured by Diffused
Back-Illumination technique (DBI). The model predicts accurately the start and
end of the flame. Although in qualitative terms, the model accurately predicts the

experimental values. Depending on the axial position, the model sub-predicts or
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over-predicts the experimental values. In general terms, the soot model matches
correctly with the experimental values.

Finally, a methodology developed by Payri was used for the radiation model [25].
The methodology has considered both emission and absorption processes for
analyzing the radiation heat transfer inside the flame. From the soot concentration
estimated with the soot model and the soot temperature calculated from the spray
model, the modelled spectral intensity has been calculated. For the operating
conditions used in this study, the radiation model calculates radiant spectral
intensity values very similar to the experimental ones. Considering the
simplifications and assumptions of each model, it can be accepted as acceptable
results. The fraction of radiation shows values from 0.11% to 0.43% respect to the
total fuel energy depending on the operating condition. Considering the
differences in the operating conditions, these results are consistent with those
obtained in [5], in which the radiation was characterized under simplified
conditions. It is interesting to note that to determine the fraction of radiation, it is
only necessary to have the temporal evolution of the ambient pressure, the
ambient density and the injection rate, injector properties (orifice number,
diameter, spray angle) and properties of the fuel in addition to the boundary
conditions in which the operating conditions are tested. These experimental data

can be obtained quite easily.
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