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Abstract
This work presents an interactive application for teaching spray dynamics in engineering
degrees. The model is based on spray momentum conservation, and can be used to
evaluate both fuel-air mixing characteristics in inert condition as well as diffusion flame
performance once combustion takes place. During a dedicated computer-lab session,
the students perform parametric studies regarding the influence of the nozzle outlet
diameter, the combustion chamber density and the spray cone opening angle on the
mixing process, characterized by the maximum stoichiometric length. Later on, the
effect of the combustion reaction on the mixing field is evaluated. The results are
analyzed taking as a reference the theoretical development made by Spalding and
Schlichting for diffusion gas jets. The outcomes of several years using this technique are
reported.
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1. Introduction
Combustion is a topic of interest for engineering students due to its application of many
different fields, such as domestic heating, electric power plants and propulsion systems.
Since most of these combustion processes are based on hydrocarbon fuels, they are one
of the most significant sources for carbon dioxide emissions, contributing to greenhouse
effect and global warming [1]. Additionally, other harmful pollutants such as particulate
matter or nitric oxides are generated as side products of the combustion processes [2–
4]. Although part of the energy currently generated by combustion processes will be
displaced for alternative energy sources (especially in power plants and ground
transportation), it is well established that combustion-based applications will still have
a very significant share of the total energy generation in the upcoming decades [5]. At
the same time, future combustion systems will face more stringent emissions
requirements in order to minimize their environmental effects [6]. Considering this
scenario, Combustion fundamentals subject is included in the academic curriculum of
both Aerospace and Mechanical Engineering degrees in Universitat Politècnica de
València (Spain) [7].
Nevertheless, it has to be noted that combustion processes are often complex. On the
one hand, chemical mechanisms for standard petroleum-based fuels include hundreds
of species and thousands of reactions [8]. On the other hand, many different physical
phenomena including atomization, evaporation, heat and mass transport and
turbulence play a significant role combustion development [9,10]. Often, the teaching
approach consist of analyzing academic cases, so that the students can understand the
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main physical drivers for the different kinds of combustion processes through relatively
simple equations and calculations.
Taking this into account, it is a good option to complement the knowledge gained from
these academic studies with other experiences based on real engineering problems. In
this sense, the best approach would be to perform a series of experiments on different
combustion system hardware. However, this is not always possible due to economical
and practical constraints: such facilities are usually expensive to both build and operate,
and the experimental tools required for a deep analysis of combustion (as, for instance,
optical diagnostics [11–13]) are too sophisticated and time consuming to be developed
on a teaching environment.
The other alternative consists of using computer-aided learning tools. Properly
designed, these tools facilitate the students to obtain close to real-world experiences
with much lower consumption of time and resources. In fact, a similar approach is used
by the industry in the combustion system pre-design phase in order to save time and
costs. From teaching perspective, it is known that these tools can help the students not
only to learn faster but to retain this knowledge for longer time [14]. Perumal and
Ganesan [15] concluded that modeling-based learning is useful to comprehend complex
fluid-dynamic processes. Regueiro et al. [16] showed that the students appreciated
computer-aided learning due to its “learning-by-doing” capabilities. Gutierrez-Romero
et al. [17] stated that such experiences are perceived by the students as “closer to
industry” compared to traditional work in the classroom. Burke et al. [18] also provided
evidence that modeling tools can help the students to gain more deep understanding of
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complex phenomena and interactions (in their case, engine calibration), with particular
advantages for foreign students.
In the case of the current study, a computer-aided learning strategy is applied for
teaching diffusion flame fundamentals during practical sessions in a computer lab.
Diffusion flames are used in many industrial and propulsion applications. While they
have disadvantages in terms of emissions (mostly particulate matter) compared to fully
premixed flames, their higher stability and controllability make them suitable for cases
where wide load control is needed. In the methodology proposed, the simple analytical
solution provided by Spalding [19] and Schilichting [20] for laminar isodense gas jets is
complemented with a one-dimensional spray model based on momentum conservation
equation [21,22]. The students use this model to perform different parametric studies
to comprehend the effects of nozzle diameter, combustion chamber density and spray
cone opening angle on fuel-air mixing characteristics. Finally, they analyze the
differences in the mixing field for non-reacting (inert) and reacting conditions.
As far as the paper structure is concerned, the paper is divided in 5 section. Section 2
provides the details of the developed 1D spray model tool used, including the main
physical equations as well as the graphical interface available for the students. Section
3 describes the work that the students perform, detailing the methodology used for the
practical session and its objectives as well as the parametric studies proposed. Section
4 summarizes the main results obtained by the students giving examples from their
reports, complemented with a statistical review of their performance and satisfaction
surveys regarding the methodology used. Finally, the main conclusions from the
research are summarized in Section 5.
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2. 1D mixing model description
This section describes the bases of the combustion tool used in the practical sessions, as
well as the methodological approach followed.
2.1. Governing equations and assumptions
In this section, an overview of the model will be given. A more detailed description of
the model can be found in [21,22].
The spray is assumed to be injected into a quiescent chamber, which is large enough so
that the fuel injection does not modify air conditions far away from the nozzle. A uniform
velocity profile is assumed at the nozzle exit. The fuel stream exchanges momentum
with the ambient air and sets it in motion, inducing air entrainment into the spray
region, which enlarges with the axial distance. In the model, it is assumed that the rate
of this radial enlargement of the spray is constant, and defined by a certain spray cone
angle or spreading angle θ. This parameter is generally a function of the internal nozzle
flow characteristics and the chamber air density [23], being hard to estimate in a simple
one-dimensional model, so it has been defined as an input parameter for the code.
Together with the nozzle diameter d0, the spray angle defines the virtual origin of the
spray. All these conditions are summarized in Figure 1.
The spray domain is discretized with a constant axial spacing Δx, defining a control
volume with a truncated-cone shape where momentum conservation equation is
solved. At every time step, the spray tip penetration s is defined as the farthest control
volume from the virtual origin location where the inlet velocity is different from zero
and outlet velocity is zero.
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Figure 1: Model description and boundary conditions
The following hypotheses are made:
•

All the flow conditions are symmetric to the spray axis. This implies that there
are no convective streams in the air such as swirl or tumble motion, since the
chamber is assumed to be quiescent.

•

A fully developed turbulent flow is assumed, which means that the main solved
variables (velocity and mixture fraction) have self-similar radial distribution
profiles. In the present approach, a radial Gaussian or exponential profile is
assumed, so that:
1/𝑆𝑆𝑆𝑆

𝑢𝑢(𝑥𝑥, 𝑟𝑟)
𝑓𝑓(𝑥𝑥, 𝑟𝑟)
=�
�
𝑓𝑓𝑐𝑐𝑐𝑐 (𝑥𝑥)
𝑢𝑢𝑐𝑐𝑐𝑐 (𝑥𝑥)

𝑟𝑟 2
= 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝑘𝑘 � � �
𝑥𝑥

(1)

where ucl(x) and fcl(x) are the values on the spray axis or centerline for the axial velocity
and the mixture fraction, respectively, k is a shape constant, and Sc is the turbulent
Schmidt number.
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•

The spray cone angle is defined as the location where the axial velocity reaches
1% of the value at the spray axis. This imposes the condition for the calculation
of the shape constant k as:

𝑘𝑘 =

•

𝑙𝑙𝑙𝑙(1/𝜁𝜁)
𝑡𝑡𝑡𝑡𝑡𝑡2 (θ/2)

(2)

The turbulent Lewis number is assumed to be equal to 1. Consequently, the local
enthalpy can be directly calculated as a direct function of the mixture fraction
and the characteristic enthalpies of fuel and air streams:
ℎ(𝑥𝑥, 𝑟𝑟, 𝑡𝑡) = ℎ𝑎𝑎,∞ + 𝑓𝑓(𝑥𝑥, 𝑟𝑟, 𝑡𝑡)�ℎ𝑓𝑓,0 − ℎ𝑎𝑎,∞ � (3)

where f(x, r, t) is the local mixture fraction value and hf,0 and ha,∞ are the enthalpy of
pure fuel (at the nozzle outlet conditions) and pure air (far away from the nozzle),
respectively. Thus, the mixture enthalpy is calculated as a weighted average of the fuel
and air streams, and energy conservation equation does not need to be solved.
•

The pressure is assumed to be constant all over the spray, which is consistent
with the assumption that the chamber volume is assumed to be significantly
larger than the spray volume.

•

A locally homogeneous flow is assumed, i.e., local equilibrium exists both in
thermal and velocity conditions. This allows for the consideration of the spray as
a single-fluid jet.

The following expressions show the mass and momentum conservation equations
solved on each cell or control volume:
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𝐼𝐼(𝑥𝑥𝑖𝑖 , 𝑡𝑡) − 𝐼𝐼(𝑥𝑥𝑖𝑖+1 , 𝑡𝑡) =

𝑑𝑑
� ρ𝑢𝑢𝑢𝑢𝑢𝑢 (4)
𝑑𝑑𝑑𝑑

𝑀𝑀𝑓𝑓 (𝑥𝑥𝑖𝑖 , 𝑡𝑡) − 𝑀𝑀𝑓𝑓 (𝑥𝑥𝑖𝑖+1 , 𝑡𝑡) =

𝑑𝑑
� ρ𝑓𝑓𝑓𝑓𝑓𝑓 (5)
𝑑𝑑𝑑𝑑

I and Mf are the axial momentum (related to local axial velocity, u) and the mixture
fraction (related to local mixture fraction, f) fluxes, respectively. i would represent the
inlet section of a certain control volume, while i+1 would represent the outlet surface.
Thus, the left hand terms accounts for the variation of each of these fluxes across the
control volume at a certain time step. The right-hand-side terms represent the temporal
variation of the integral over the whole cell, which quantifies the process of
accumulation or de-accumulation of momentum and fuel within a cell. Introducing the
radial profiles previously seen in equation [1], the conservation equations can be
expressed only in terms of ucl and fcl, which can be solved starting from the nozzle exit,
where the injection conditions are known (ucl=u0 and fcl=1).
Nevertheless, in order to solve these equations it is necessary to define the value of the
local density, which is included in the integral terms. This is achieved by means of the
so-called state relationships. Such relationships define the local composition,
temperature and density inside the spray as a function of the mixture fraction. For this
purpose, ideal adiabatic-mixing processes of pure fuel [nozzle conditions, subscripted as
(f, 0)] and pure air [subscripted as (a, ∞)] are assumed, similarly as it was previously
stated for the local enthalpy (equation [3]). The calculation of the state relationships is
independent of the solution of the flow conservation equations.
Figure 2 summarizes the model calculation structure. The green boxes show the main
boundary conditions or input variables needed for the model, including ambient
8
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thermodynamic properties, the spray cone angle and the mass flow rate and momentum
flux at the nozzle exit. The red boxes show the different equations that are solved inside
the model. The conservation equations are solved at each cell to obtain ucl and fcl, from
which u and f can be obtained at any other location using the radial distribution profiles.
Eventually, once f is obtained at any location, the local temperature, density, and
composition can also be calculated from the state relationships.

Figure 2: Overview of model inputs and outputs

2.2. Graphical interface
The previously described model is programmed into C++ code with a user-friendly
graphical interface, meant to guide the students through the case setup process. This
interface is divided in 4 main windows: “General”, “Morphology”, “Injection Rate” and
“Mixing laws”. The objective for this division is to guide the students on what aspects
they are affecting when changing a specific parameter or software option.
Figure 3 shows the “General” window. Here, the students can select if the case study is
done on steady-state or transient conditions. The selection by default is steady state,
9
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which implies that the nozzle outlet mass flow and momentum flux are constant.
Additionally, the user can select the path where the simulation results will be stored.

Figure 3: “General” window in the graphical interface
Figure 4 shows the “Morphology” window. Three main parameters can be varied:
-

Velocity fraction for spray boundary: it represents the value of the local velocity
divided by the axial velocity that would be encountered in the maximum spray
radius, defined by the cone opening angle. The value by default is 0.01 (i.e. 1
percent of the axial velocity).

-

Turbulent Schmidt number, represents the ratio between momentum and mass
diffusivity in turbulent conditions. The value by default is 1.

-

Spray cone opening angle. As previously described, it is assumed that the spray
widens at a constant rate defined by this angle. This value depends mostly on
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the nozzle geometrical characteristics and the density ratio between fuel and
combustion chamber, and is typically determined through experimental
correlations. In the case of the practical session, it will be one of the parameters
varied by the students.
Apart from these three parameters, the user can select four different mathematical
definitions for the radial velocity/mixture fraction profiles. As previously stated, in the
current work Gaussian or exponential profile described by equation [1] is used, which is
the option selected by default. All these parameters are related to the way in which the
results of the one-dimensional calculations on the spray axis are extended to the radial
direction.

Figure 4: “Morphology” window in the graphical interface
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In the “Injection rate” window (Figure 5) the user introduces the boundary conditions at
the nozzle outlet. When the “direct input” option is selected, the user introduces directly
the values of mass flow rate and momentum flux, together with the nozzle outlet
diameter. This is the option that will be used for the practical session currently
described. Additionally, there is the possibility to derive the momentum flux from a
certain pressure difference across the nozzle and a velocity coefficient using the
“derived input” option [24].

Figure 5: “Injection rate” window in the graphical interface
Finally, the main boundary conditions inside the combustion chamber are defined in the
“Mixing law” window. Three main option can be selected:
-

Isothermal (Figure 6). In this case, the simulation is performed in inert (nonreacting) conditions, and assuming that the fuel temperature is the same as the
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gas temperature in the combustion chamber. In this case, only three physical
parameters need to be defined: the combustion chamber density, the fuel
density and the stoichiometric mass fraction, which depends on the fuel
formulation used.

Figure 6: “Mixing law” window in the graphical interface for the isothermal calculation

-

Inert/reacting gas jet (Figure 7). In this case, the temperature between fuel and
combustion chamber can be different, but the fuel is considered to exit the
nozzle in gas phase (so evaporation is neglected). In this case, apart from the
combustion chamber density, it is necessary to introduce its pressure. The
simulation can be done in either inert or reacting conditions through a binary
13
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parameter called “Reactivity parameter” or fLOL. In order to compute reacting
simulation, it is necessary to define the composition inside the combustion
chamber gas. In this case, only nitrogen and oxygen are assumed as air
constituents, but it is possible to manually introduce their mass fractions. Finally,
the fuel temperature is also input to account for its enthalpy.

Figure 7: “Mixing law” window in the graphical interface for the inert/reacting gas jet
calculation

-

Inert/reacting spray. This simulation is equal to the one previously described for
the gas jet, but under the assumption that the fuel is injected in liquid phase, so
the evaporation process is calculated.
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3. Teaching methodology
In this section, the methodology used during the practical session is described.
3.1. Previous knowledge and teaching objectives
Before the software is introduced to the students, two standard classroom sessions with
a total duration of four hours have been devoted to the description and analysis of
gaseous diffusive flames. During these sessions, the theoretical solution provided by
Spalding and Schilchting for describing the fuel-air mixing process in laminar and inert
conditions is described. The maximum length of the stoichiometric surface is introduced
as an estimator for the flame length. Once this theoretical model is fully described, the
effects of turbulence on the mixing process are introduced and quantified thanks to the
introduction of the turbulent viscosity. Finally, the similarities and differences between
the stoichiometric length in inert conditions and the flame length are discussed.
However, when arriving to the end of these standard classroom sessions there are
certain lacks in the students’ technical knowledge. First, while most diffusive flames in
realistic applications are performed with liquid fuel (due to its higher energy density),
only gaseous fuel flames are described. In this sense, the software introduced in the
current contribution represents a nice link since it is based on the same equations
described for gaseous flames, but corrected to solve the dynamics of flames with liquid
fuels. This allows to demonstrate that the contents described in the classroom sessions,
which may seem oversimplified and may lead to a lack of motivation for the students,
are useful to describe real-life conditions, improving their engagement.
Additionally, during the classroom session only one practical problem has been solved,
but the sensitivities of the different operating parameters to the fuel-air mixing process
15
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and flame length are not provided since making the calculations by hand is time
consuming. Therefore, the usage of the previously described software is aimed at
providing the students’ with these sensitivities.
In summary, the main objectives covered during the computer session focused in the
one-dimensional model are:
-

Complement the theoretical examples seen in the standard classroom sessions
for gaseous jets with more realistic applications with liquid fuels.

-

Provide order of magnitude and sensitivities to the main operating parameters
for liquid sprays.

-

Improve the students’ engagement and motivation.

3.2. Computer session organization
The practical sessions are performed in reduced groups, ranging from 15 to 20 students.
The total duration of the session is 2.5 hours. Each practical session is divided in three
parts:
a) Theoretical introduction (30 minutes). First, a brief explanation about the 1dimensional model is provided by the teacher. This explanation includes the
main assumptions used to simplify the mass and momentum conservation
equations, with particular emphasis of the self-similarity assumption of the
Gaussian velocity and mixture fraction radial profiles (as explained in section
2.1). Additionally, an example of validation of the code against experimental data
coming from optical diagnostics applied to diesel inert and reacting sprays is
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provided, aimed at proving the students that the tool accurately models the
spray structure in realistic engine conditions.
b) Tool tutorial (15 minutes). Again, this part is done by the teacher. The objective
is to describe the different configuration windows available in the software,
highlighting the parameters that will be explored by the students in the rest of
the session. Additionally, the structure output data files is detailed.
c) Parametric studies and analysis (105 minutes). In groups of 2-3 students, a
guided report including different parametric variations is performed. The data
analysis is guided in this report through a series of questions aimed at improving
the understanding of the student about the physical phenomena behind the
results obtained.

3.3. Report structure and parametric studies justification
The report filled out by the students is divided on three different subsections:
a) Reference case analysis. The students are asked to perform a baseline
simulation with typical engine-like conditions:
Table 1: baseline case conditions
Condition

Spray cone
angle [º]

d0 [mm]

∆P [bar]

ρf [kg/m3]

ρa [kg/m3]

fst [-]

Reference

20

0.150

800

830

30

1/15

This case is computed using the isothermal calculation mode. It can be noticed
immediately that the nozzle outlet mass flow rate and spray momentum are not
provided. Instead, the students are expected to estimate these conditions from the
17
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pressure drop across the nozzle, the outlet diameter and the fuel density. The
equations to do so can be easily derived from Bernoulli’s equation:
𝐼𝐼𝑜𝑜 = 𝜌𝜌𝑓𝑓 𝐴𝐴𝑜𝑜 𝑢𝑢𝑜𝑜2 =
𝑀𝑀𝑜𝑜 = 𝜌𝜌𝑓𝑓 𝐴𝐴𝑜𝑜 𝑢𝑢𝑜𝑜 =

𝜋𝜋 2
𝑑𝑑 2∆𝑃𝑃 (6)
4 𝑜𝑜

𝜋𝜋 2
𝑑𝑑 �2∆𝑃𝑃𝜌𝜌𝑓𝑓 (7)
4 𝑜𝑜

Once the simulation is performed, the students are asked to plot the following
mixing-related quantities against the axial position:
-

Velocity at the centerline divided by outlet velocity (ucl/uo).

-

Mixture fraction at the centerline (fcl).

-

Total spray radius and stoichiometric surface radius.

-

Total mass flow (M).

From these results, they are asked to check the following aspects and explain why they
appear:
-

The total radius always increases with the axial position while the stoichiometric
radius becomes zero at a certain distance.

-

The velocity ratio (ucl/uo) and the mixture fraction are equal.

-

The total mass flow increases linearly with the axial position.

The main objective for this reference case is to show the students that the same trends
described during the classroom sessions are achieved in the software results, confirming
that the analogy between gaseous jet and liquid sprays is valid.
b) Parametric studies. Once the baseline case is fully analyzed, the students
perform the following parametric variations (all in isothermal calculation mode),
18
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having to analyze if these parameters have a positive or negative effect on the
fuel-air mixing process. The particular cases to be run are summarized in Table
2.
Table 2: parametric study
Condition

Spray cone
angle [º]

d0 [mm]

∆P [bar]

ρf [kg/m3]

ρa [kg/m3]

fst [-]

2

20

0.125

800

830

30

1/15

3

20

0.175

800

830

30

1/15

6

20

0.150

800

830

20

1/15

7

20

0.150

800

830

40

1/15

8

15

0.150

800

830

30

1/15

9

25

0.150

800

830

30

1/15

As it can be seen, the variation with respect to the baseline case is highlighted.
Looking at Table 2, for the inert sprays the following parameters are covered in the
parametric studies:
-

Nozzle outlet diameter. The objective is to show that the air entrainment for
turbulent jets is inversely proportional to the diameter, so stoichiometric length
is enlarged. Additionally, since the injection velocity is maintained constant, the
total mass flow introduced also increases. This is equivalent to what happens in
diesel fuel injectors.

-

Air density. In this case, the change of air density is inducing a similar effect as
the previous parameter, since it represents a change in the equivalent diameter,
which is the parameter driving the gas jet behavior. The combination of this
study together with the previous one should help the students’ to arrive to this
conclusion.
19
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-

Spray cone angle. This parameter introduces one of the main differences
between gas and liquid sprays that need to be taken into account for real-life
applications. While in turbulent gaseous jets the spray angle is independent from
the operating conditions, in a liquid spray this angle is a consequence of complex
physical phenomena involved, such as primary and secondary atomization and
fuel evaporation, which do depend on the operating conditions. Therefore, the
spray angle is a critical parameter for understanding a real spray behavior.

c) Inert vs. reacting comparison. Finally, the independent effect of reacting flow is
studied by performing two equal simulations in the inert/reactive gas jet mode.
The boundary conditions for these simulations are the following:
Table 3: inert vs. reacting simulation
Condition

Spray cone
angle [º]

d0 [mm]

∆P [bar]

10

20º

0.150

800

830

11

20º

0.150

800

830

ρf [kg/m3] ρa [kg/m3]

P[bar]

fLOL[-]

30

50

0 (inert)

30

50

1 (reactive)

Again, the following questions are proposed:
-

What is the effect of combustion on the velocity distribution and the air
entrainment?

-

Is combustion beneficial or detrimental for the fuel-air mixing process?

In this case, the main objective is for the students to confirm the expansion induced by
the combustion process due to the local density change produced by the higher
temperatures achieved.
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4. Results
4.1. Sample report answers from students
In this section, some excerpts from students reports are reported in order to overview
the detail of the analysis achieved thanks to the methodology proposed.
a) Reference case analysis. The following charts and comments are obtained from
one of the students reports:

Figure 8: Extract from students report regarding the reference case analysis
“The axial evolution of the mixture fraction is equal to the one of the velocity ratio
between centerline and outlet section. This is due to the fact that Schmidt number is
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imposed to 1. As expected, both decrease with the axial distance as air is entrained into
the jet”.
“In a first step, we observe that both velocity and mixture fraction in the centerline are
constant. This is partially related to the fact that the origin of the reference system is
not at the nozzle outlet, but in an inside point where the spray radius would become
zero. Additionally, at the centerline the first steps outside the nozzle are not affected
yet by air entrainment.”
“It can be seen that the total spray radius always increases with the axial distance
because the spray cone angle is assumed to be constant on the simulations. On the
contrary, the stoichiometric surface radius reaches a maximum and then decreases
until arriving to zero. After this point, the high amount of entrained air results in the
fact that equivalence ratio is always lower than one. The linear increase of the total
mass flow is a consequence of the entrained air and the constant spray angle.”
b) Parametric studies:
-

Diameter effect (cases 1-2-3)
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Figure 9: Extract from students report regarding the outlet diameter influence
“The trends observed in the charts can be explain making an analogy with the
Spalding/Schlichting solution, even if it is derived for laminar isodense sprays (which is
not the case of study). In this solution, the radial position for a given mixture fraction is
defined as:

(8)

It is possible to look for the maximum radius by calculating the derivative of this radius
in the axial direction and making it equal to zero:
23
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(9)

(10)
So it can be seen that increasing the outlet diameter results in an increase of the radius
for any given mixture fraction, for instance the stoichiometric one, as seen in the
previous graphs. Therefore, increasing the outlet diameter results in a lower mixing
rate”
-

Air density effect (cases 1-6-7):

Figure 10: Extract from students report regarding the air density influence
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“In this case, the spray encounters a denser ambient, lowering its penetration due to
aerodynamic effects and producing a shorter stoichiometric length. The air mass flow
entrained is higher due to the fact that the air is denser, so similar volume entrainment
results in higher mass. Overall, it can be seen that higher air density induces faster
mixing.”
-

Spray cone angle effect (cases 1-8-9)

Figure 11: Extract from students report regarding the spray cone angle influence
“On a turbulent spray, increasing the cone angle is equivalent to an increase of the
turbulent viscosity, so it means that momentum transfer is enhanced and turbulent
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Reynolds reduced. This is translated in higher entrained air (better mixing) and a
subsequent reduction of the stoichiometric length.”
c) Inert vs. reacting comparison

Figure 12: Extract from students report for the inert vs. reacting comparison
“From the graphs, it can be seen that combustion development inhibits air entrainment,
which is perceivable by the lower total mass flow and the slower decay of velocity and
mixture fraction. This can be due to effect of heat release lowering the local density, and
hence the mixing rate”.
As it can be seen in the extracts from the students’ reports, the main objectives that
were previously claimed for the different studies proposed are well fulfilled. This can be
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seen as a first confirmation of the suitability of the methodology introduced to improve
their learning process and achieving the teaching objectives established.
4.2. Assessment results
After the computer session is completed for the different groups of students, a specific
test is made to better evaluate its impact on the students learning process. Figure 13
shows a historical view of the marks (in a scale 0-10) achieved by the Aerospace
Engineering students on the practical session since academic year 2013/14, where the
degree was implemented. During all these years the same methodology proposed in the
current paper was applied. The blue line represents the average mark, which is plotted
together with the standard deviation as error bars. As it can be seen, the average mark
is very high, over 9/10 in all cases, which confirms the high level of learning achieved by
the students during the practical session. Indeed, the minimum mark achieved is also
represented in the orange line, showing all values over 7.5/10.

Figure 13: Historical marks achieved by the students
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It has to be considered that the total average mark for the subject, including all different
assessment performed along the semester, is on 6.6/10 average. Considering this, it can
be concluded that the learning performance achieved thanks to the methodology
described in the current paper is significantly over the one achieved by other
conventional methodologies, highlighting the positive impact of its introduction.

4.3. Student opinion
At the end of the practical session, a satisfaction survey is provided to the students. Their
responses are filled out anonymously and treated in a statistical manner. This survey has
the following structure:
1. Global assessment of the practical session
2. The contents:
2.1. Are interesting.
2.2. Are related with the theoretical contents of the subject
2.3. Apply the theoretical contents of the subject
3. The professor:
3.1. Masters the subject
3.2. Explains clearly
3.3. Started and finished the session on time
4. The resources:
4.1. Are appropriate for the session development
4.2. Are enough
4.3. The room is comfortable
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5. The information regarding location and schedule:
5.1. Is enough
5.2. Was available sufficiently in advance
From the point of view of this paper, only the answers to questions 1, 2.1, 2.2 and 2.3
will be considered, since they are the ones related to the teaching methodology
proposed. In this case, the scale for the responses is 0-5. This information is available in
Figure 14. Looking at this figure, it is appreciable how the students’ satisfaction is very
high, always over 4.5/5. Therefore, not only the methodology is useful from a teachinglearning process perspective, but it is also well received by the students’.

Q2.1

Q2.2

Q2.3

Students opinion

5.0

Q1

4.8
4.6
4.4
4.2
4.0
2013

2014

2015

2016

2017

Academic year

2018

2019

Figure 14: Historical evolution of students’ opinion based on satisfaction surveys
5. Conclusions
In the current work, a computer-aided learning methodology is proposed for teaching
diffusion flame fundamentals for Aerospace and Mechanical Engineering students. For
29

Author version. Comput Appl Eng Educ. 2019;27:1202–1216.

this purpose, a one-dimensional spray model, previously developed for research
purposes, has been adapted and coded in C++. Using this tool, the students are proposed
to identify and analyze the effects of some critical parameters, such as the nozzle outlet
diameter, the ambient density and the spray cone opening angle on the fuel-air mixing
process on inert conditions. Additionally, the students perform also an analysis of the
spray structure change once combustion takes place. This allows to complement the
simple Spalding and Schlichting solution for laminar isodense gas jets developed during
the standard classroom sessions.
From the students’ report, it can be observed that the level of comprehension achieved
by the combination of the theoretical work previously developed in the classroom and
the use of the spray model is very high. The students are able to identify not only the
main trends regarding the mixing field, but to analyze in a proper way the root causes
for the behavior observed. This is translated in the very high marks achieved by the
students on the assessment of the session, which in average is always over 9/10.
Additionally, the students appreciation of the methodology is also high, as it can be seen
for the average students satisfaction survey results, always over 4.5/5.
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Nomenclature
A

Area

d

Diameter

f

Mixture fraction

fLOL

Binary flag to activate reacting calculation

h

Specific enthalpy

I

Momentum flux

i

Index for discretization step

K

Constant for Gaussian radial profile

P

Pressure

r

Radial position

S

Spray maximum penetration

Sc

Schmidt number

t

Simulation time

T

Temperature

u

Velocity

V

Volume

x

Axial position

Greek symbols
ΔP

Pressure difference across the nozzle
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ζ

Non-dimensional velocity, ζ =

θ

Spray cone opening angle

ρ

𝑢𝑢(𝑥𝑥, 𝑟𝑟)
�𝑢𝑢 (𝑥𝑥)
𝑐𝑐𝑐𝑐

Density

Subscripts
0

Standard conditions

∞

Ambient conditions

a

Air (in the combustion chamber)

cl

Centerline (spray axis)

f

Fuel

o

Nozzle outlet

st

Stoichiometric
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