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Abstract. Liquid bipropellant propulsion systems are widely used in launch rockets for their high thrust and specific
impulse, increased operational and storage safety, and improved combustion control compared to solid propellant
systems. In recent years, studies on green propulsion have become increasingly common due to the advantages it offers,
such as lower pollutant emissions, low toxicity, reduced environmental impact, higher operational safety, lower
propellant storage and handling costs, improved safety, and energy independence. Green propellants are cleaner and
more sustainable compared to traditional chemical propellants. This work presents a numerical study of a 5 kN liquid
rocket engine combustion chamber, which uses Ethanol and LOX as propellants. For the simulations, a one-dimensional,
reactive, multiphase, and steady-state mathematical model of combustion in a combustion chamber was used. The model
considers that the chemical reaction is faster than droplet vaporization, so that the propellant vapors mix and react
instantaneously. The model also accounts for combustion at subcritical pressures, non-uniform fuel and oxidizer droplet
size distributions, droplet preheating, heat losses from gas to chamber walls and droplets, different droplet and gas
velocities, as well as the effect of deformation on droplet drag. Discrete portions of droplets with characteristic mean
diameters are considered to represent the Rosin-Rammler distribution function, thus allowing the estimation of the
vaporization length of a bipropellant spray under various conditions. The combustion products include 5 main species
(CO2, CO, H20, Hy, and O,) and 3 secondary species (H, OH, and O). The obtained results allow evaluating the influence
of pressure, propellant temperatures, equivalence ratio, number of propellant droplet portions, and Rosin-Rammler
parameters on the complete vaporization distance. Theoretical values of vaporization distance and temperatures were
determined and compared to data from the European project PERSEUS.
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1. INTRODUCTION

Rocket propulsion forms the fundamental basis of space exploration, sustaining the ambitious journey of human
beings to comprehend the mysteries of the cosmos. Among the various propulsion mechanisms, liquid bipropellant
systems are the most commonly used in launch rockets due to their high thrust generation, improved safety, and better
combustion control compared to their solid propellant counterparts. Combustion chambers of liquid propellant rockets
are essential components in converting propellant into high-pressure and high-temperature gases, generating thrust.

Liquid Propellant Rocket Engines (LPREs) can be classified into monopropellants, using a single propellant, or
bipropellants, employing a propellant pair (fuel and oxidizer). The choice of the fuel-oxidizer pair and its mixture ratio is
crucial to ensure sufficient energy is provided to achieve high exhaust velocity and obtain the necessary thrust, thus
ensuring the success of a space mission.

In recent years, there has been a significant shift in propellant choices, with a growing preference for green propulsion
(Gohardani et al., 2014). This change is driven by the advantages offered by green propellants, which include reduced
pollutant emissions, low toxicity, lower environmental impact, improved operational safety, decreased storage and
handling costs of propellants, and the potential for achieving energy independence. These benefits make green propellants
a cleaner and more sustainable option compared to traditional chemical propellants. Among them, the combination of
ethanol with liquid oxygen (Ethanol/LOX) has emerged as a promising alternative.
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NASA has been using non-toxic and cryogenic propellant blends, such as LOX/Ethanol and LOX/LCHy,, in spacecraft
reaction control systems (RCS), as they offer higher performance, ease of handling, and compatibility with propellants
that can be produced in situ on the Moon or Mars (Cardiff et al., 2014; Klem et al., 2017).

Hurlbert et al. (2008) developed and tested a cryogenic RCS. Multiple system-level tests were conducted using
multiple thrusters with cryogenic propellants in a simulated space environment. They conducted over 1600 tests with
LOX/Ethanol and 733 tests with LOX/LCHe.. Their results highlighted the challenges encountered in managing cryogenic
fluids and engine performance.

Gottmann et al. (2015) emphasized the importance of adopting green propellant pairs as substitutes for highly toxic
hydrazines, highlighting Ethanol/LOX as a viable alternative due to its low toxicity and availability.

Sakaki et al. (2015) studied and tested thrust modulation in liquid rocket engines for various space missions, such as
planetary descent, hazard avoidance, and orbital maneuvers. They observed the difficulty in maintaining combustion
stability at low thrust levels due to inadequate atomization and mixing. In their findings, several solutions were proposed,
including the incorporation of variable-area injectors and pintle injectors. The authors emphasized the need for further
investigation into spray and flame structure using high-speed imaging techniques for an Ethanol/LOX combustor
employing a pintle injector.

Sakaki et al. (2016) analyzed the influence of propellant injection systems on the performance of liquid propellant
rocket engines, with a focus on the pintle type injector. They highlighted its simplicity, power control capability, and
combustion stability. In their tests with pintle type injectors using Ethanol and LOX, they compared the performance of
a rectangular combustor and an axi-symmetric combustor.

Delpy and Oswald (2017) conducted cold flow tests on the MLE5K-S1a engine that utilizes Ethanol/LOX as
propellants. They obtained higher than expected discharge coefficient values of 6% for ethanol and 2% for liquid oxygen
in cold flow conditions.

Da Silva Mota et al. (2018) developed a 7.5 kN (L75) Ethanol/LOX thruster at the Institute of Aeronautics and Space
(IAE). The L75 engine was developed by IAE in partnership with the German Aerospace Center (DLR) for use in the
third stage of the Brazilian Satellite Launch Vehicle, VLS-1. The objective was to replace the last two solid stages of the
rocket with a single stage using Ethanol and LOX. Brazil does not yet have a complete cryogenic engine, although L5,
L15, and L75 use LOX as the oxidizer (Gontijo et al., 2020).

Mayer et al. (2018) demonstrated that green fuels have a reduced environmental impact compared to traditional fossil
fuels such as gasoline and diesel. The application and development of green propellants have increased in recent decades
due to the pursuit of cost reduction, decreased storage and operational risks, environmental impact mitigation, and
reduction of harm to human health. An increasing number of projects, such as the Green Advanced Space Propulsion
(GRASP) (Scharlemann, 2011) and the Green Propellant Infusion Mission (GPIM) (McLean, 2013), are emerging, paving
the way for further research related to green propulsion.

This work aims to analyze the behavior of an Ethanol/LOX spray in the combustion chamber of a 5 kN liquid rocket
engine using a one-dimensional numerical model. The model was developed and validated by Salvador (2004) and
considers a one-dimensional, steady, reactive, and multiphase flow in a combustion chamber. It assumes that chemical
reactions occur more rapidly than droplet vaporization, so the combustion process is controlled by vaporization. The
model also takes into account non-uniform distributions of fuel and oxidizer droplets at the chamber inlet, preheating of
the droplets, convective and radiative heat losses from the gas to the chamber walls and droplets, different velocities of
the droplets and gas, as well as the effect of droplet deformation on drag.

The main feature of this model is its ability to determine an appropriate number of droplet parcels to represent the
Rosin-Rammler distribution functions used to describe the fuel and oxidizer spray droplet size distributions in the
combustion chamber, thus allowing an estimation of the complete vaporization distance of a bipropellant spray under
various conditions. The studied combustion products include eight species, five major species: CO,, CO, H,0, Hy, O,
and three secondary species: H, OH, and O.

The results of this work provide important insights into the influence of pressure, temperature, equivalence ratio,
droplet size distribution, convective and radiative heat losses, propellant vaporization rate, as well as Rosin-Rammler
parameters on the complete evaporation distance. The model also considers variable thermodynamic properties, such as
pressure- and temperature-dependent droplet vaporization enthalpies. This increases the accuracy of the model compared
to other models, even at supercritical pressures.

The software was written in MATLAB 6.5 with a simple and versatile interface that can be used for any combination
of liquid propellants with known thermodynamic and transport properties.

2. METHODOLOGY
2.1 Mathematical Model
Figure 1 depicts a schematic of the reactive process within a bipropellant combustion chamber. The model considers

the injection of spherical droplet sprays through an injector plate into the combustion chamber, containing multiple droplet
parcels. Each parcel includes droplets within a known diameter range entering the combustion chamber. It is assumed
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that all diameter ranges have equal width. For example, a cloud of sprays with droplet diameters ranging from 0 to 140
um can be represented by 4 ranges or parcels as follows: 0-35, 35-70, 70-105, 105-140 pm.

To simplify the analysis, each parcel is characterized by a representative mean diameter (SMD). The procedure to
obtain the representative SMD of a droplet parcel is described in Salvador (2004). The size distribution of fuel and oxidizer
droplets in the spray is described by Rosin-Rammler distribution functions, whose parameters can be obtained
experimentally and vary with the type of injector. A maximum droplet diameter, Dmax, is calculated for the different
Rosin-Rammler distributions of the fuel and oxidizer, above which the volume percentage of propellant is less than 0.1%.
In other words, droplets with a diameter larger than Dmax are not considered.

Injection Plate Heat losses
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Figure 1. One-dimensional model of a bipropellant combustion chamber.

In a simplified term, the operation takes place by injecting the propellants into the chamber in the form of liquid jets,
which immediately transform into sprays containing small droplets that are heated by the hot gas in the chamber, expand,
and vaporize as they are transported by the flow. The fuel and oxidizer vapors mix and burn, resulting in the formation
of new products that change the local composition. This process continues until all the mass of the liquid propellants is
converted into products. The pressure is assumed to be uniform, but the gas temperature varies along the chamber due to
changes in the equivalence ratio of the mixture. Initially, the gases and droplets have different velocities, but as the
droplets vaporize, the gas-droplet relative velocity tends to zero.

It is assumed that 10% of the total fuel and oxidizer are injected in the form of gases to create a gas flow near the
injection plate, corresponding to recirculating flows in real systems. Several factors, such as gas recirculation, high gas
velocities, injection configuration, chamber geometry, liquid jet impact, and flow with different phase velocities, generate
intense turbulent mixing, making droplet vaporization rates a controlling factor. The model also considers transient
vaporization, following the methodology presented by Lefebvre and McDonell (2017).

Since turbulent mixing and combustion are fast compared to vaporization, the gas composition is calculated in each
section assuming pressure and temperature equilibrium, but considering heat transfer through convection and radiation
from the gas mixture to the chamber walls and droplets. Heat losses through conduction to the environment, through the
chamber wall, are also considered.

Droplet vaporization during the transient phase can be significant and depends on the thermodynamic properties of
the gas mixture. Borman and Ragland (1998) showed that significant vaporization occurs during droplet preheating. The
thermal expansion of the droplet is considered during the heating phase until the droplet reaches an equilibrium
temperature or wet-bulb temperature, at which point the droplet diameter begins to continuously decrease.

2.2 Rosin-Rammler Distribution Function

There are several empirical relationships to characterize the droplet size distribution in a cloud of droplets or spray.
The Rosin-Rammler distribution function is the most commonly used due to its simplicity (Lefebvre, 1989), with only
two parameters to be determined, g and Da,. It allows extrapolation of experimental data to very small droplet diameters
that are difficult to measure. The Rosin-Rammler function is expressed in terms of the cumulative volume fraction, Q:

Q=1-exp[ -I'(1-Ya) * (D/D,,)' | ®

where Q is the volume fraction of the spray containing droplets with diameters smaller than D, and g and D3, are constants.
The parameter g measures the uniformity of the spray, where an increase in g results in a more uniform spray, and if q is
infinite, then all droplets have the same diameter. According to Lefebvre, in most sprays, g ranges between 1.5 and 4. On
the other hand, the parameter D3, represents the Sauter Mean Diameter (SMD), and T is the gamma function.
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Figure 2 shows the influence of the number of droplet parcels on the Rosin-Rammler distribution, with Dz, = 30 pm
and g = 2, using Ethanol and LOX, for N = 4 and 12 parcels. Salvador (2004) found that a higher number of parcels,
representing the diameter distribution, leads to more accurate results as there is a better distribution of analyzed droplet
diameters. However, it should be considered that an increase in the number of parcels also increases the computation
time.
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Figure 2. Rosin-Rammler distribution function for D3, = 30 um and g = 2 (a) N = 4 parcels; (b) N = 12 parcels.

In Figure 2.a, for example, the droplet size distribution is shown for a total of 4 parcels. It can be observed that 47%
of the total spray volume is composed of droplets with diameters ranging from 35-70 um. For the parcel with the smallest
volume, around 2%, the droplets are distributed between 105-140 pm. In this case, since 4 parcels of equal volume were
considered, the representative diameters for each volume are, respectively: 27, 54, 85, and 117 pm. In other words, the
27 um droplet represents all the droplets ranging from 1 to 35 pum, and so on for the other parcels.

In Figure 2.b, which represents the case of 12 parcels of droplets distributed in the spray, it can be concluded that a
higher number of parcels leads to greater accuracy in the droplet size distribution and a smoother curve compared to, for
instance, a distribution with 4 parcels. It can be noted that the two largest volumes, 18% and 19%, are represented by
droplets between 24-36 um and 37-48 um, respectively. It is also observed that droplets above 108 um have a volume of
less than 2% and can often be disregarded in numerical calculations. Salvador (2004) showed in their results that
considering more than 12 parcels already provided reasonably accurate results.

2.3 Conservation Equations

Mass and energy balances in control volumes provide a system of ordinary differential equations that can be
numerically integrated, given the initial conditions. The mass balance is given by,

dm, dm dm
g + F.l + Ox, |

dx dx dx @

where the subscripts "F" and "Ox" designate the fuel and oxidizer, respectively, and the subscripts "g" and "I" designate
the phases present in the chamber, gas and liquid, respectively. Therefore, mg, mg;, and moy, are the mass flow rates of
the gas, fuel, and liquid oxidizer, respectively.

The energy balance equation results,

dT dQCOnV era
d_xgz_(ai +We +W°X+dx’p+dxMJ/a2 ®)

where Ty is the temperature of the gases in the chamber, Qconv,p and Q,ad,p are the convective and radiative heats

transferred from the gas to the walls and droplets, a; and a, are functions of the gas mixture, and Wr and Woy are functions
of the liquid phase, fuel and oxidizer, respectively, given by,
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where vg, Ag, hg, Mg, h, and & are velocity, area, enthalpy, molar mass, convective coefficient, and gas emissivity,

respectively, and @ is the equivalence ratio. For the liquid phase, Cp, Ti, and h; are the specific heat at constant pressure,
temperature, and enthalpy of the liquid, respectively, and vq, D¢, Twi and o are the droplet velocity, chamber diameter,
internal chamber wall temperature, and Stefan-Boltzmann constant, respectively.

The system of nonlinear equations is numerically integrated using MATLAB program routines. Details of the
numerical and computational techniques employed are provided in Salvador (2004).

2.4 PERSEUS Project - L5

The PERSEUS project emerged as an incentive for European students to apply the knowledge acquired in the field of
nano-satellite launch rocketry. Within the PERSEUS project, there is the Minerva project, which aims to develop and test
bipropellant engines. The first propulsion system developed by the Minerva project (Delpy and Oswald, 2017) was the
MLES5K-S1a, which uses Ethanol and LOX as propellants and has a thrust of 5 kN. In this work, the input parameters
will consider the data of the MLE5SK-S1a propulsion system. Its combustion chamber has a diameter of 12 cm and a
length of 35 cm, and the throat diameter of the nozzle is 4.95 cm. A simplified diagram of the combustion chamber is
shown in Figure 3.

| L.=35cm |
— IV/fffffffffffffffﬁffffﬁffffff%fffW
Combustion chamber
Dc.=12 cm

s

Figure 3. Simplified diagram of the combustion chamber of the MLE5K-S1a.

Furthermore, the inlet temperatures of the fuel and oxidizer were considered Te, = 300 K and Toxo = 90 K,
respectively. Among other data, 12 droplet parcels were adopted for each of the propellants, and the Rosin-Rammler
parameters Dz, = 30 um and g = 2 were used for both the fuel and oxidizer. The remaining characteristics of this thruster
are described in Table 1.
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Table 1. MLE5K-S1a Thruster Features (Delpy and Oswald, 2017).

Properties

Max thrust in vacuum 5kN
Thrust at sea level 4.3 kKN
LOX mass flow 1.15 kg/s
Ethanol mass flow 0.81 kg/s
Total mass flow 2.04 kg/s
Combustion temperature 3100 K
Combustion efficiency 0.95
Chamber pressure 20 bars
Combustion time 20s
Isp at sea level 260 s
Isp in vacuum 295s
Mixing ratio, O/F 1.42
LOX injection velocity 27 m/s
Ethanol injection velocity 33 mis

2.5 Combustion Products

The model developed by Salvador (2004) allows for the identification of up to 11 species as combustion products,
including 6 main species with high concentration: CO,, CO, H20, Hz, O2, and N2, and 5 secondary species with low
concentration: H, OH, O, NO, and N. Other secondary species could have been considered, such as HO», H0,, etc., but
their concentration is found to be very low compared to the 11 species considered.

In this work, only 8 species were adopted as combustion products, including 5 main species: CO,, CO, H20, Hz, O,
and 3 secondary species: H, OH, and O, because the reactants do not include nitrogen-based compounds.

3. RESULTS
3.1. Vaporization Length

In the design of the combustor, the distance at which complete vaporization of the propellants occurs is considered
one of the most important parameters as it directly influences combustion efficiency. Oversized chambers can increase
project costs because if more material is used in manufacturing, the chamber's weight, and consequently, the spacecraft's
weight, will be greater, reducing the efficiency of the propulsion system. Conversely, in chambers with dimensions
smaller than ideal, propellant droplets may not vaporize and burn completely during their passage through the chamber,
resulting in unburned liquid reactants passing through the nozzle, leading to low engine performance.

1500 1200
1000 +
@ g=15
W g=20
1000 ¢ 800 - ® g=25
= = A ¢=30
IS = q
= Is P g=40
- =~ 600 * q=50 1
Q Q
g g
X x
500 4 400
0 1 1 1 L Il L N N 1 1 f
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
N N
(@) (b)

Figure 4. Influence of the number of droplet parcels, N, entering the combustion chamber on the vaporization length, Xyap,
for Ethanol. Tgo =600 K, Tr,0 =300 K, Tox0 =90 K, @7 =1,467, D3 =30 um. (a) q = 2, (b) P = 20 bar.
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The Rosin-Rammler parameters D3, = 30 um and q = 2 were used to obtain Figures 4.a and 5.a. The gas mass flow
rates of fuel and oxidizer at the inlet were considered to be 10% of the liquid mass flow rates. The injected gas mass
fractions at the inlet correspond to recirculating flows in real systems.

The Figure 4.a depicts the influence of the number of droplet parcels, N, admitted at the chamber inlet, on the complete
vaporization distance of Ethanol droplets, Xvap, for pressures ranging from 5 to 30 bar. It is observed that as the number
of parcels increases, the curves exhibit a tendency toward convergence. It is also concluded that for pressures above 15
bar, a total of 8 droplet parcels may suffice to generate results with adequate accuracy for xvap. Furthermore, it is observed
that for pressures below 15 bar, the appropriate number of parcels should be greater than 12. For pressures greater than
25 bar, the choice of 6 droplet parcels may be sufficient to ensure a good estimate of the vaporization length.

On the other hand, Figure 4.b presents the influence of the number of Ethanol droplet parcels, N, on xap, for variations
of the Rosin-Rammler parameter, q, ranging from 1.5 to 5. The parameter q measures the spray uniformity, where an
increase in q leads to a more uniform spray, such that if q is infinite, all droplets have the same diameter. According to
Lefebvre, in most sprays, the value of g ranges between 1.5 and 4. It is noticed that, the smaller the value of g, the greater
the vaporization length, because as q decreases, the probability of encountering larger droplet diameters increases, which
take longer to vaporize and burn completely. Salvador and Costa (2006) demonstrated in their results that the maximum
droplet diameter, Dmax, in a spray, using the Rosin-Rammler distribution function, increases as the value of g decreases.
Figure 6 shows how the increase in g results in a decrease in the maximum droplet diameter, Dmax. For q = 1.5, Dax Was
260 um, and for g = 2, the maximum diameter found was 124 um.

Figure 5.a illustrates the influence of the chamber’s internal pressure, P, on the vaporization length of Ethanol, Xvap.
From the graph, it can be observed that as P increases, Xvap decreases, since an increase in pressure causes an increase in
the liquid vaporization rate (Chin and Lefebvre, 1983). The graphs include results for 3 droplet size distributions or
number of parcels, N, i.e., for 1, 2, and 3 droplet parcels. The choice of an appropriate number of parcels is important
because using a large number of parcels can excessively increase the calculation time, while a small number of parcels
may produce large errors in the estimation of the vaporization length.
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Figure 5. Influence of the internal pressure of the combustion chamber, P, on the vaporization length, Xvap, for Ethanol,
Tgo= 600 K, Te10 =300 K, Toxi0=90 K, @7 =1,467, D3, =30 um. (a) q = 2, (b) N=8 parcels.

Figure 5.b shows the variation of Ethanol's xvap With pressure, P, while varying the Rosin-Rammler parameter, g. It
can be observed that for q = 2.5 and pressures above 15 bar, the vaporization length does not vary significantly, with Dz,
=30 um and N = 8 parcels. Salvador and Costa (2006) demonstrated in their results that for Hidrazine/N,O4 mixtures,
using g values above 2 already yielded adequate results for xvap. It is also noted that for g = 1.5, the vaporization length
increases sharply, as the Dmax Of the droplet in the spray increases as g decreases.

Figures 6.a and 6.b present the variation of the dimensionless droplet diameter, D/Do, along the combustion chamber
for 6 droplet parcels, P = 20 bar, and D3> = 30 pm, for both fuel and oxidizer, for g values of 1.5 and 2, respectively. It
can be seen that for g = 1.5, the spray contains droplets with larger representative diameters, SMD = 36, 75, 120, 166,
213, and 260 pum, compared to a spray using q = 2, with SMD = 18, 37, 58, 80, 102, and 124 um. In Figure 6.a, fuel
droplets with Dmax = 260 um completely vaporize at a distance of 880 mm from the chamber inlet, while for oxidizer
droplets of the same diameter, complete vaporization occurs at a distance of 455 mm. In the case of Figure 6.b, fuel
droplets with Dmax = 124 um vaporize at a distance of 193 mm, and oxidizer droplets of the same diameter vaporize at
138 mm. In both results, it can be observed that the larger the droplet diameter, the longer the combustion chamber should
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be to ensure complete vaporization within it. It is also evident that the fuel vaporizes and burns faster than the oxidizer
when using the same droplet diameters and number of parcels, this is because LOX has a higher vaporization rate than
Ethanol, as shown in Figure 7.
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Figure 6. Variation of the dimensionless droplet diameter: N = 6 parcels, P =20 bare D35, =30 um (8) g =1,5; (b) q=2

Figures 7.a and 7.b show the variation of the vaporization rate as a function of distance for droplets of various
representative diameters of fuel and oxidizer, in kg/s. The vaporization rate increases during the droplet preheating period
until the droplet reaches its equilibrium temperature at the chamber pressure, and then decreases until complete
evaporation of the droplets. The vaporization rate is directly proportional to the droplet diameter and increases due to its

expansion.
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Figure 7. Variation of the vaporization rate of fuel and oxidizer droplets: N = 6 parcels, P = 20 bar e D3, =30 um (a) q =

1,5; (b) g=2.

3.2. The MLE5K-S1a engine

In Figure 8.a, the variation of the dimensionless droplet diameter, D/Do, along the combustion chamber proposed by

Delpy and Oswald (2017), with a length of Lc = 35 cm, is shown. Twelve droplet parcels were used, with Rosin-Rammler
parameters of q = 2 and D3, = 30 um, for both fuel and oxidizer. All data for this engine (MLE5K-S1a) are presented in
Table 1. It can be observed that the maximum droplet diameter under these conditions was 137 um, for both fuel and
oxidizer. Fuel droplets take more time to vaporize than oxidizer droplets of the same diameter. In practice, the vaporization
rate of LOX is higher than that of Ethanol, according to Sieder et al. (2017). To allow the oxidizer droplets to completely
vaporize at the same distance as the fuel droplets, a larger D3> could be adopted for the oxidizer, for example, 50 pm
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instead of 30 um, as larger droplets take more time to vaporize. In practice, this would be equivalent to constructing a
LOX injector plate with larger exit channels, compared to the Ethanol injector plate, as described by Schaffazick and
Salvador (2023). In the detail of the expansion region, it can be observed that the dimensionless droplet diameter increases
by about 6% to 8%, for both propellants, until reaching the wet bulb temperature, and then continuously decreases in size
until complete vaporization.

In Figure 8.b, temperature and equivalence ratio profiles of the gases in the chamber (combustion products) are
shown. The gas temperature increases from 600 K at the inlet until reaching the maximum temperature of 3370 K at 12
mm from the chamber inlet, when the equivalence ratio is approximately ® = 1.3. In most small propellants without
regenerative cooling, a protective curtain or layer of liquid propellant is used near the wall to reduce the wall temperature
and prevent it from exceeding the temperature limits that cause material failure. The stoichiometric O/F mixture ratio for
the bipropellant pair, Ethanol/LOX, is fs = 2.084; however, the engine proposed by Delpy and Oswald (2017) operates at
fx = 1.42, resulting in a calculated equivalence ratio of ® = 1.467, meaning the engine operates with excess fuel, resulting
in a high equivalence ratio throughout the combustion process. It is also noted that the equivalence ratio decreases to @ =
0.95 at 2 mm from the chamber inlet, as the O/C mixture ratio increases due to a greater increase in oxidizer vapor
compared to Ethanol vapor. Subsequently, ® gradually increases until reaching a maximum value of ® = 1.4 at 25 mm
from the chamber inlet.
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Figure 8. Motor MLE5K-S1a: N = 12 parcels, P = 20 bar, D3> = 30 um, g = 2. (a) Variation of the dimensionless droplet
diameter showing details of the expansion region; (b) Evolution of the equivalence ratio and gas temperature in

the chamber, showing details of the points of maximum temperature and minimum equivalence ratio.
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4. CONCLUSIONS

This work presented a numerical study of the combustion chamber of the 5 kN engine developed by Delpy and
Oswald (2017). The simulated rocket engine (MLE5K-S1a) uses Ethanol and LOX as propellants. The results shown
were obtained using the one-dimensional mathematical model developed by Salvador (2004). The Rosin-Rammler
function was used to describe the droplet size distribution in the combustion chamber of this engine, considering a total
of 12 droplet parcels at the inlet for both fuel and oxidizer. It was found that complete vaporization of the droplets occurs
approximately 25 cm from the chamber inlet, within the designed chamber length, which was 35 cm. The dimensionless
droplet diameter, equivalence ratio, and gas temperature were presented and analyzed.

It was found that the size of the droplet expansion region depends not only on pressure but also on the initial
temperature. This is because the closer the liquid inlet temperature is to the critical temperature, the shorter the heating
period. Furthermore, it was observed that spray combustion models should include the preheating period due to the
significant amount of mass vaporized during this phase.

The study found that the vaporization rate of LOX is higher than that of Ethanol for droplets of the same diameter,
increasing as the Rosin-Rammler parameter q decreases.

The influence of the number of droplet parcels, N, on the complete vaporization length of Ethanol, xvap, Was analyzed
for various pressures, P, and different values of the Rosin-Rammler parameter g. It was concluded that the higher the
number of parcels, N, the more convergent the results of x.ap become, regardless of the pressure or the value of g. The
influence of pressure on xvap Was also analyzed by varying N and g, and it was found that with increasing pressure, the
vaporization length becomes more convergent for different values of N or g.
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It was also observed that choosing an appropriate number of droplet parcels is important in calculating the complete
vaporization distance and/or residence time of the droplets, thus estimating the length of the combustion chamber.
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