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Abstract

The limitation of low regression rate in hybrid rocket propulsion can be overcome through
the use of liquefying fuels. These form a melt layer over the grain, which allows mechanical
mass transfer of fuel into the oxidiser flow by an entrainment process. The most promising
fuel formulations are n−alkanes, specifically paraffin-based fuels, which show a good
trade-off between structural properties and regression rate enhancement through entrainment.

In this work the behaviour of different paraffin formulations under the effect of an
oxidiser flow was studied by numerical means, using a multiphase solver of OpenFOAM.
The influence of the viscosity and of the surface tension on the onset of the entrainment
and on the primary break-up time was recorded, resulting to be in accordance with the
theoretical model for hybrid combustion.

The evolution of the temperature in the combustion chamber was considered; its
influence is of essence for the residence time of the fuel droplets, but also for the characterisation
of the transport and thermophysical properties that are required for numerical simulations.
A simplified case was setup using a multi-region solver of OpenFOAM, as a basis for
a future simulations, including both fluid interaction and heat transfer. The simplified
implementation, considering only conjugate heat transfer, allowed for a sensitivity analysis
of the two-dimensional temperature profile when changing the thickness of the melt layer
and the flame location. The heat fluxes at the interfaces were also calculated. The
results showed an increasing surface temperature and a decreasing heat flux of the liquid
layer with its thickness, and a decreasing trend for both as the flame location is shifted
upwards.
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Chapter 1

Introduction

Hybrid rockets are a promising technology, unifying advantages of solid and liquid rockets
for more reliable and cost effective propulsion systems. They are characterized by the
storage of fuel and oxidizer in different states of matter, conventionally a liquid oxidiser
and a solid fuel. The main obstacle to the realization of this technology is the low
regression rate of the solid propellant. A solution is offered by liquefying fuels, such
as paraffin based fuels, that are solid at room temperature and produce a low-viscosity
liquid when melted. The instabilities originated in the melted layer lead to droplet
formation and entrainment in the oxidizer flow, significantly enhancing the fuel mass
transfer. M. A. Karabeyoglu, D. Altman, and B. J. Cantwell, through their research
at Stanford University and with the Space Propulsion Group, in the late ‘90s started
developing an extensive theoretical model for the liquid layer hybrid propulsion theory.
Paraffin based fuels and their properties have been largely investigated, leading to the
launch of a sounding hybrid rocket propelled by solid paraffin and liquid nitrous oxide,
by the start-up HyEnD, in cooperation with the DLR Institute of Space Propulsion and
University of Stuttgart, in 2018[26].

1.1 Thesis motivations

The technology represented by hybrid rocket motors potentially stands for a turning
point in the space exploration, opening the way to a more reliable, cost-effective and
environment friendly launch vehicles. Their realization is approaching through the use
of liquefying fuels, but, thought many theoretical and experimental studies have been
performed about this configuration, the fully characterization of the combustion process
has still to be carried on. Thus, the current work is conducted in order to understand
the main factors affecting the entrainment process and the temperature profile across
the solid, liquid and gaseous phase, which has a direct influence on the entrainment and
evaporation of the fuel droplets. This is crucial to understand which kind of characteristic
the liquefying fuel should possess to allow an optimal combustion performance, in addition
to the ones that satisfy the structural needs of the rocket. Since the most promising
solution is offered by paraffin fuels, formulations based on paraffin are analysed and
considered in the study of the temperature profile and entrainment phenomenon.
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1.2 Thesis work objectives

The aim of this work is to identify proper numerical tools to simulate the processes
ongoing in a hybrid rocket motor. Firstly, the visualisation of the entrainment process
through a multiphase solver is performed. This kind of simulation could give a better
understanding of the phenomenon, by evaluating how fuel and oxidizer properties influence
hydrodynamic instabilities origination, primary breakup times and droplets characterization.
Also, it would represent a convenient tool to compare the behavior of different paraffin-based
fuels. Secondly, a simulation of the temperature profile and the heat flux across the
two interfaces solid/liquid and liquid/gas is performed with a multi region conjugate
heat transfer solver. The effect of the melt layer thickness and of the flame location
on the evolution of the temperature in the combustion chamber is analysed. Although
it is not possible during this time to perform an experimental study to validate the
numerical simulation, the sensitivity to some parameter underlined by the simulations is
of importance to better understand the influence of the fuel formulation. Also, the main
challenges related to the numerical computation and the promising features which would
have to be further developed and tested are highlighted.

1.3 Presentation plan

The outline of the work is organised as follows.

Chapter 2: Literature survey

This chapter illustrates the concept of the hybrid rocket motors, with the main
benefits and the possibilities of improvement. An overview of the developed models
for the hybrid rocket combustion theory is presented, along with previous numerical
modelling for the entrainment and the temperature evaluation.

Chapter 3: Physical and mathematical modeling of the liquefying fuels
behaviour

The hybrid rocket motor classical combustion theory and extended hybrid theory
for liquefying fuels are explained in details.

Chapter 4: Investigated paraffin-based formulations

The characteristic of the paraffin-based fuel employed for the simulation are reported,
together with the procedure to obtain them or the literature reference from previous
experimental results. The characteristic of gaseous oxygen are also reported.

Chapter 5: Numerical simulation of the entrainment

The operation of the multiphase solver used for the simulation is described. The
results obtained with the different paraffin formulations and with different initial
interface and turbulent model are reported, showing the influence on the primary
break-up time and on the entrainment visualization.

Chapter 6: Numerical simulation of the temperature profile through the
solid, liquid and gaseous phase

2



MASTER THESIS Caielli Francesca

The heat flux at the interfaces, the trend of the temperature profile along the
three different phases and at the liquid surface in the axial direction are presented
in this chapter. It is illustrated the operating of the multi region solver and the
calculation with the software CEA for the flame temperature and the properties of
the combustion products. A sensitivity analysis to the thickness of the melt layer
and the flame height is then performed.

Chapter 7: Conclusions and future work

This chapter contains a summary of the performed numerical modelling and presents
suggestion for future improvement and further analysis to perform.

3
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Chapter 2

Literature survey

This chapter is devoted to explain the concept and the functioning of the hybrid rocket
engines. The goal is to underline the potential of this technology and the difficulties that
have still to be overcome for the it to take off at large scale.

2.1 Hybrid Rocket Motor

In order to operate in vacuum conditions, rocket engines store both fuel and oxidiser.
The reactants are forced to mix in a combustion chamber and after the ignition, the
combustion reaction takes place. The combustion products are drove towards a nozzle,
where the exhausted gas expand and accelerate, thus generating thrust. The risk of
chemical explosion is intrinsic with this configuration, leading to high costs of propellant
handling and safety hazards during launch. Hybrid rocket motors stands as a possible
alternative; by storing the oxidizer as a liquid and the fuel as a solid, the possibility of
chemical explosion is significantly reduced, both in flight and during ground operations.

2.1.1 Concept

There are two major configurations of hybrid rockets, that have been investigated up
to now. The classical one involves a pressure vessel with liquid oxidiser and a cylindrical
combustion chamber where the solid fuel is stored, with one or more port for the oxidizer
to flow through. The two parts are mechanically separated with a device, like a valve,
and an ignition system is present in the combustion chamber.

Figure 2.1.1: Conceptual schematic of a hybrid rocket propulsion system.

The vaporisation of the liquid oxidiser is possible through the addition of hot gas

5



MASTER THESIS Caielli Francesca

generator to heat the oxidizer in a pre-combustion chamber, or decomposition by catalysis,
or addition of small amount of hypergolic propellant. Once the valve is opened, the
vaporised oxidiser flows into the ports. The fuel sublimates, or melts and subsequently
evaporates, thus mixing with the oxidizer. When the ignition is started, a diffusion flame
establishes where the mixture is stoichiometric; the rise of temperature would make the
process of gasification of the solid fuel self-sustained. There are many processes taking
place at this stage. The fuel undergoes a thermal heating and pyrolysis process. The
polymer fragments are desorpted from the pyrolyzing fuel surface and diffused towards
the flame zone. The oxidiser forms a boundary-layer shear flow close to the surface and
it diffuses towards it. Heterogeneous reactions take place, propagating the pyrolysis front
and the heating over the exposed fuel surface. As the port area increases, the axial mass
flux is reduced. The bulk flow is accelerated in the axial direction and ejected through
the nozzle.

Another possible configuration is the vortex hybrid rocket engine, which shows interesting
possibilities of enhancing regression rate and avoid the presence of unburnt species in the
nozzle. In this case, the oxidizer is injected tangentially into the chamber; an outer,
annular flow field spirals up the fuel port walls while an inner, core vortex carries the
combustion products through a unique exit nozzle. The centrifugal forces generated by
the swirling flow lead to high, axially uniform regression rates and neutral burning.

Figure 2.1.2: Conceptual schematic of a vortex flow hybrid engine[12].

2.1.2 Fuel and oxidiser

Among the choice of fuels, the two main competitors are synthetic rubbers, like
hydroxyl-terminated polybutadiene (HTPB) and acrylonitrile butadiene styrene (ABS),
and liquefying fuel. The former are safe to handle and have high energy content; besides,
HTPB has a long history of use in solid rocket motors. The latter are a promising solution
to increase significantly the regression rate, as it will be further discussed later. The
enhancement using these fuels were reported to be up to 400%, by researchers at the Air
Force Research Laboratory (AFRL)[31] and ORBITEC[20]. The Goldilocks conditions
among hydrocarbon liquefying fuels can be found in paraffin wax: it is cheap to produce
and transport, solid at ambient temperature, inert, and environmentally-friendly, having
simply carbon dioxide and water as by-products. The low structural performance, though,
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leads to the necessity of additives that, by changing the melting point and the viscosity,
partially reduce the benefits on the regression rate.

The manufacturing process is also important, when considering the costs and the
performance of a particular configuration. Traditional casting techniques may be expensive
when complex geometries are required, like multi-port combustion chamber, or may
require internal webbing to support the grain. Additive manufacturing technique can
overcome these challenges. Peculiar configurations like helical ports have been tested
with ABS, conferring good regression rate and volume efficiency[33].

Most common oxidisers are liquid oxygen, nitrous oxide and hydrogen peroxide. There
has been large experience with liquid oxygen in rocket engines, because of its readily
availability and its high specific impulses. However, its cryogenic conditions leads to
the necessity of high-pressurized tanks. Nitrous oxide is a possible alternative; having
self-pressurizing properties, it permits a simple propulsion system with good performance,
without external pressurization[26]. An interesting liquid oxidiser is the high-test peroxide
(HTP), a highly concentrated solution of hydrogen peroxide (80−99%)[55]. It decomposes
catalytically or thermally, with high adiabatic temperature, that could eliminate the need
for ignition device. Furthermore, hydrogen peroxide and its decomposition products are
non-toxic.

2.1.3 Benefits and possible applications

The main advantages of hybrid rockets regard safety, compared with solid rockets, and
the absence of mechanical complexity, compared with liquid. This is why the realization
of large scale hybrid launcher will perfectly suit manned flight, both for commercial and
exploration purposes, and the possibility of space-storable rocket motors for planetary
missions. At small scale, hybrid sounding rockets were successfully tested in 2018, by
Nammo[15] and HyEnD[26]. These carry instruments to perform scientific experiments
and measurement in sub-orbital flight; the hybrid rocket technology allows them to avoid
toxic combustion products, typical of solid propellant, and to match the thrust profile
more accurately with the mission requirements.

The main benefits that are leading to the development of this kind of engine can be
summarized as follows:

• Avoided safety hazard: the TNT equivalent of zero, due to the different phases
of fuel and oxidiser, avoid danger during storage and handling; there is no risk of
auto-ignition due to heating or stray electrical charges, and it is also more resilient
to process errors, like grain crack. Even in case of failure, the difficulty in oxidiser
and fuel mixing could prevent the risk of explosion. Also, the solid grain breaks up
acoustic waves, accounting for less high frequency combustion instabilities than in
liquid engine combustion chamber.

• Reduced system complexity: compared to liquid propelled rockets, there is less
need of plumbing and valves, and the operations are simpler. It is also possible
to avoid turbo-pump, by employing self-pressurized oxidiser or blow-down system.
Since the combustion chamber is lined with solid fuel, a cooling system is not
necessary.
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• Enhanced performance and flexibility: the specific impulse is higher than solid
and lower than liquid. However, it can be easily improved with metal additives,
that increase also density, reducing the overall system volume when compared with
liquid propellant. Still, the thrust is throttable and the combustion can be stopped
and restarted, permitting flexibility in flight operations.

• Environmentally-friendly: there is no need for toxic and harmful solid propellant,
but simple hydrocarbon fuel can be used instead, avoiding the release of toxic
substances in the atmosphere during launch.

All these characteristics lead also to reduced costs of production and transport,
accomplishing more affordable sub-orbital and space flights for national agencies and
private companies.

2.1.4 Challenges and possible solutions

There are still some drawbacks linked to hybrid rocket motors, that require improvements
and alternative solutions with respect to previous technologies.

• Low regression rate: the main difficulty to overcome is the very low burning
rate, which is a direct consequence of the different phases of oxidiser and solid fuel,
that need to be vaporised for the combustion to happen. This problem is further
increased by the blocking effect, which is the blowing from the solid fuel towards the
flame reducing the convective heat transfer, thus the evaporating mass transfer; also,
the boundary layer is thickened and the flame sheet is displaced further from the
fuel surface. Possible adjustments are multi-port fuel grain, with poor volumetric
and structural efficiency as side-effect, swirl injectors, that add system complexity,
adding small amount of oxidiser into the fuel, thus having the possibility of safety
hazards. The most promising solutions are turbulence generators device, to improve
mixing and convective heat transfer, and liquefying fuels, with mechanical mass
transfer.

• Shifting oxidiser/fuel ratio: the increase in diameter of the fuel port results
in an increased fuel mass flow rate, which has to be compensated by increasing
oxidiser mass flow rate. The ratio varies not only during the burn, but also along
the grain, decreasing down the port.

• Post-combustion chamber: inadequate mixing and flame stabilisation lead to
incomplete reactions, requiring a post-combustion chamber to have efficient combustion.

• Low frequency instabilities: these are caused by coupling of the feed system
of the liquid oxidiser, which needs to be vaporised, and by the boundary layer
combustion behaviour. The first one especially causes a vaporisation lag, leading
to low frequency pressure oscillations (50% of the mean chamber pressure).

• Turbo-pumps for large rockets: turbo-pumps may be needed to achieve high
flow rates and pressurization of the oxidiser in large hybrid rockets; they would
need to be powered by the liquid oxidiser or by the hot gases in the combustion
chamber, leading to a more complex system.
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• Re-usability: the liquid tank can be re-fueled, but the solid fuel can not be pumped
into the combustion chamber, which needs to be manufactured again; this allows
low opportunities of reusable hybrid rockets.

2.2 Hybrid rocket combustion model

In hybrid engines the combustion happens within the turbulent boundary layer developed
by the flow of the oxidiser over the fuel slab. The mechanism is markedly different from
the one occurring in liquid and solid rocket, and it is modeled after turbulent diffusion
flames.

The oxidiser is fed from the port in the combustion chamber; it develops a boundary
layer that growths over the grain surface. After the ignition, the fuel vaporises and
enters the boundary layer, mixing with the other reactant. Where the local mixture ratio
reaches stoichiometric conditions, the combustion reaction occurs and the diffusive flame
is originated. The released thermal energy sustains the vaporization process of the fuel
grain by convection and radiation, so that the mixing in gaseous phase and the combustion
reaction continue. The boundary layer is divided into two parts, the oxidizer-rich and
the fuel-rich zone, with the flame as a discontinuity, as it is schematized in Figure 2.2.1.

Figure 2.2.1: Schematic of the classical hybrid fuel combustion mechanism[9].

Once the flame is established, the combustion is then governed by the rate at which
the heat is driven to the fuel surface, determining the regression rate of the solid grain.
This parameter is of great importance, since it dictates the exhaust mass flow through the
nozzle, and consequently, the thrust. It is therefore necessary to establish a theoretical
model, to be able to predict with accuracy the regression rate of a given propellant
and for given dimensions and structure of the engine. Being the low burning rate the
main drawback of hybrid rockets, this would also provide some insights to find a possible
solutions.

Marxman[36][37] and coworkers developed a model based on diffusion-limited processes,
which was then modified by Karabeyoglu and coworkers[23][24] to take into account
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some peculiarities of liquefying fuels. This advancement was essential to include the
phenomenon of entrainment, which significantly raises the regression rate by mechanical
fuel mass transfer.

2.2.1 Diffusion-limited model

Diffusion-limited reactions are those in which the reaction rate depends solely on the
speed at which solute molecules diffuse to the site of reaction[54]. Following this model,
in the ’60s Marxman and coworkers published a formulation of the regression rate in
hybrid combustion process, which agreed reasonably with the experimental data. They
stated that the combustion is controlled by the rate at which heat can be delivered to the
fuel surface, rather than by the surface reaction rates, the main affecting factors being
the position of the flame and the effective heat of gasification[36]. The latter corresponds
to the total energy required to gasify a unit mass of solid fuel originally at the internal
temperature of the solid grain. The dependency is expressed as follows:

ρf ṙ = Q̇w/hv (2.2.1)

Under the assumption of turbulent flow along the length of the grain, of heat transfer
only due to convection, of no liquid layer formation and of reaction at stoichiometric
conditions, the regression rate is found to be dependent on the mass flux, the dynamic
viscosity of the gas phase, the position along the grain and the blowing parameter. The
last one accounts for the modification of the skin friction with respect to the case of a
turbulent flow over a flat plate, due to the convective blockage. The mass flow towards
the flame is opposed to the heat flux, thus reducing the effective convective heat transfer
and being an obstacle for the enhancing of the regression rate.

In a successive work[37], radiation heat transfer was considered; since this one is
not affected by the convection blockage, the blowing parameter is corrected to take into
account the radiation effect. This contribution is particular important when there is fuel
grain with metal additives or generation of soot particles.

2.2.2 Liquid layer hybrid combustion theory

Karabeyoglu and coworkers[23] developed an extensive theory considering the case
when a melted layer is formed before the vaporisation of the solid grain. The peculiarity
of the liquefying fuels is the origination of hydrodynamic instabilities in a gas flow
environment, leading to substantial droplet entrainment into the gas stream. This results
in having two different mass transfer mechanisms: a thermal one and a mechanical one.
The last one, not being affected by the blocking factor, may dominate and confer the
liquefying fuels that much higher regression rate observed with experiments. Also, the
blocking factor is reduced, because of the presence of two-phase flow in the boundary
layer, and the heat transfer increases due to the surface roughness, which extends the
contact fuel area. Thus, the mass transfer due to vaporisation is enhanced, too.

The ideal characteristics for the fuel are then found in low viscosity and surface
tension, that help develop shear driven instabilities. To express all the dependencies and
to find the best performing propellants, the formulation of the regression rate including
the entrainment process needs to be developed.
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ṙ = ṙv + ṙent (2.2.2)

Figure 2.2.2: Schematic of the entrainment mechanism[22].

The major steps are the definition of the effective heat of gasification, majorly reduced
due to the mechanical transfer of the fuel droplets, the thickness of the melt-layer, and
the entrainment parameter. The prediction of entrainment onset for a liquid layer and
the resulting mass transfer was studied by Gater and l’Ecuyer in 1970[19], by means of
experimental correlations. In light of their results and of other experimental findings,
Karabeyoglu suggested an empirical expression to estimate the entrained liquid mass,
depending on the dynamic pressure of the gas flow, the thickness of the liquid layer, the
viscosity of the liquid layer, and the surface tension.

These progresses lead to the formulation of the extended hybrid rocket theory, with
the definition of the non-dimensional regression rate formulation, normalized by classic
regression rate. This can be expressed as a dependency of the local mass flow, axial
coordinate and the fuel properties. The calculation of the burning rate therefore requires
the knowledge of these parameters over the whole range of operating condition of the
motor. The material property estimation of the homologous series of normal alkanes
(Cn H2n+2) has been object of the work of Karabeyoglu and coworkers, resulting in a
good matching of theory and experiment for n varying between 5 and 100000[22]. The
high heat of combustion, due to the high hydrogen to carbon ratio, low cost, availability
and chemical inertness characteristics of these materials designate them as ideal fuels for
hybrid rockets. The components of interest are methane, pentane, paraffin waxes and
high-density polyethylene; paraffin waxes especially show a trade-off between entrainment
realization and structural properties, also avoiding the use of cryogenic fuel.

2.3 Numerical analysis for hybrid combustion

The classical and the extended hybrid combustion theory have been object of various
experimental tests. These lead to the validation of the theory and the characterisation
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of the fuel, rocket geometry and operational parameters, with the goal of enhancing
hybrid engines performances. A potential tool for the investigation of the phenomenon
and the study of the possible improvements is represented by the numerical analysis.
By means of CFD software, the comparison among different configurations could be
made inexpensively and the numerical results could be easily recorded. The difficulty in
the set-up of a numerical simulation for hybrid rocket engines arises from the multiple
complex phenomena that characterize their combustion model, especially the coupling
with the two-phase reacting flow-field and the fuel consumption mechanism[14]. Some
steps have been already taken in the effort of characterise the entrainment phenomenon
in a turbulent boundary layer at ambient condition, the temperature evolution across the
different phases and the regression rate of the slab.

2.3.1 Numerical simulation of the entrainment

The combustion of liquefying fuels is taken in consideration by Di Martino et al.[13],
when investigating the computational thermo-fluid-dynamic model of the internal ballistics
of hybrid rockets burning gaseous oxygen and paraffin-based fuel. The interface between
the gas and the fuel surface is treated with local mass, energy and mean mixture fraction
balances; an analytical expression is added for the calculation of the entrainment fraction
of the fuel consumption rate, considering the correlation ˙rent ∝ aentG

2α/ṙβ. Their
calculated regression rate is in good accordance with experimental results from laboratory-scale
rocket. The influence of the entrainment parameter was studied and reported as in
Figure 2.3.1. As aent increases, larger entrainment is produced; the parameter is inversely
proportional to the viscosity of the melt layer and the gas density, thus the higher
contribution of entrainment is obtained with lower viscosity and chamber pressure, implying
less stabilization of the liquid film surface.

Figure 2.3.1: Effect of the entrainment parameter on the axial profiles of the regression
rate, aent,1∗ = 2.1x10−13, aent,2∗ = 1.1x10−13[13]

In this computational analysis the prediction of the mechanical transferred mass of
fuel is only performed analytical, which means that the spray characterisation is not
performed. The results depend only on the modelling of the entrainment phenomenon.
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Knol and Maicke[25] implemented a simulation with OpenFOAM, in order to study
the behaviour of fuel liquid film under gas blowing. Since the focus is on the formation of
the droplets, chemical reactions and heat transfer are not considered to reduce computational
complexity and to focus on the fluid instability. They considered the case of liquid paraffin
wax at rest subjected to a shear force caused by flowing air, with a sinusoidal inference
between the two fluids. The wax-air interface is defined by the following function.

x = xmean + A sin(knz) (2.3.1)

As the time runs, additional small-scale features are introduced in the initial perturbations,
as the flow instability starts to develop; this effect becomes more and more significant as
the simulation advances, leading to peaks elongation, and eventually, droplet detachment
from the fuel surface. The evolution for the baseline case is reported in the following
figure, where the red part is paraffin and the blue is air. Cyclic conditions are imposed
on the lateral sides as a way to reduce the computational domain and to conserve the
entrained mass flow.

Figure 2.3.2: Paraffin distribution with A = 0.01m and kn = 10πrad/m[25]

The variation of operational parameters and interface geometry is analysed. They
found that increasing amplitude can lead to significant increased entrainment over a
certain threshold. Also velocity of the gas and chamber pressure have a positive effect
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on the entrained mass transfer. Future work is identified in expanding the range of gas
flow velocities, interface frequencies and investigating the impact of turbulence modeling
on the entrainment rate of the liquid fuel droplets.

Following the work of Knol and Maicke, a simulation employing OpenFOAM multiphase
solver interIsoFoam was implemented by Berniguad[6] at the SPlab. This solver allows
the user to overcome the smearing of the interface caused by the Volume Of Fluid method,
by sharpening the interface. The isoAvector algorithm for surface compressing uses the
concept of isosurfaces to more accurately compute the face fluxes for the cells containing
the interface. Thanks to this tool, not only the growth of instabilities, but also the single
droplets can be detected, in order to measure their diameters and calculate the total
entrained mass. This part was done thanks to the software ImageJ for image processing.
The computational analysis involved a geometry corresponding to a test chamber for
entrainment visualization present at the SPLab. The results are in good agreement with
previously performed tests with this experimental set-up; the mechanically transferred
mass is proportional to µ−0.191

l and P 1.60
d .

Figure 2.3.3: Entrainment of paraffin Sasol Wax 0907 ug = 35m/s, h = 2mm [6]

As it can be observed in Figure 2.3.3, the initial interface is plane and a rolling wave
is forming once the velocity starts to flow from the inlet port on the left. A k − ε model
is implemented, so that the turbulence effects are modeled. As for Figure 2.3.2, the red
part corresponds to liquid paraffin wax and the blue one is air.
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2.3.2 Temperature and regression rate evaluation

A simulation for the flame structure typical of hybrid rockets was implemented with
OpenFOAM by Gariani et al.[18]. First a case involving solid HTPB and gaseous oxygen
is considered. The computational domain is split into a solid phase region, where only
conductive heat transfer is considered, and a gas phase region, with fluid dynamics and
combustion reaction equations. The conservation of mass and energy at the interface
is imposed and the surface pyrolysis is treated by Arrhenius law. The wall effects are
considered, and RANS equations with k − ε model closure are used. The values derived
from the code are representative for steady-state behavior. A macroscopically diffusive
flame in the turbulent, reactive boundary layer stabilizes above the solid fuel due to the
interaction between fuel blown from the solid phase and axial oxidizer injection. The
temperature profile at the mid point of the fuel slab, in Figure 2.3.4, shows a maximum
temperature of 3500K about 2mm from the solid surface. The evolution of temperature
is in good agreement with the classical diffusion flame theory, with typical turbulent
temperature boundary layer and diffusive flame structure. The model is also in good
agreement with experimental results on the regression rate by Chiaverini[11].

Figure 2.3.4: Temperature profile at mid point of the slab for uinlet = 60m/s, P =
1.3bar, t = 1s, normally to the oxidizer injection [18]

A two-phase flow model is also implemented, considering the combustion of aluminum
droplets in the core flow. They are inserted with zero velocity inside the gas dynamic
field just above the burning surface, simulating the release of metal from the fuel surface.
Initial locations vary along the slab, then particles are trailed by blowing fuel gases and
mix with oxidisers. The temperature evolution in the chamber strongly depends on the
injection location of the droplets, which is represented by p in Figure 2.3.5, from the
closest to the farthest from the leading edge.
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Figure 2.3.5: Temperature profile at mid point of the slab for aluminium particles,
uinlet = 60m/s, P = 1.3bar, parallel to the oxidizer injection[18]
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Chapter 3

Physical and mathematical modeling
of the liquefying fuels behaviour

The modeling of combustion of liquefying hybrid propellant and the main corrections
with respect to the classical theory of Marxman are here further analysed. The focus is
mainly on the entrainment behaviour and the temperature evaluation through the three
different phase of the fuel, that will be part of numerical analysis.

3.1 Classical regression rate

Starting from the hypothesis of convective heat transfer Q̇c being largely dominant
with respect to radiation, the expression of the heat flux per unit area can be written as:

Q̇w = Q̇c = ρf ṙhv (3.1.1)

The effective heat of gasification hv is the heat required to produce unit mass of volatile
products from unit mass of solid, initially at standard temperature and pressure[52].
Thus, it includes the heat of sublimation (or melting and vaporisation for liquefying
fuels) and the heat of reaction for polymers degradation into volatile products. Its value
and the density of the fuel ρf depends on the chosen propellant, while the convective
heat flux at the wall has to be determined to get the regression rate.

The Stanton number is introduced for this purpose. It measures the ratio of heat
transferred into a fluid to the thermal capacity of the fluid, and it can be expressed in
terms of the Nusselt, Reynolds, and Prandtl numbers.

St =
Q̇c

ρbub∆hbw
=

Nu

PrRe
(3.1.2)

The difference in gas-sensible enthalpy ∆hbw is calculated between the flame zone and
the gas at the wall, the density ρb and the velocity ub are evaluated at the flame zone.

In a turbulent flow, the Reynolds analogy can be used to link the convective heat flux
and the shear stress inside the boundary layer. It states that there is an analogy between
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energy and transport momentum, since they both depend on turbulent eddies. Assuming
unity of Lewis and Prandtl numbers, the expression of Stanton number becomes:

St =
1

2
Cf

(
ρeu

2
e

ρbu2
b

)
(3.1.3)

The velocity ue and density ρe are related to the main stream flow, and they can be
rewritten as the oxidiser mass flow G. The equation 3.1.1 can be rewritten, linking the
regression rate with the skin friction coefficient.

ρf ṙ =
1

2
CfG

(
ue∆hbw
ubhv

)
(3.1.4)

The term in the brackets characterize the blowing parameterB, evaluating the relevance
of the unit mass flow rate injected transversely into the boundary layer with respect to
the corresponding axial quantity in the free stream. The skin friction coefficient can also
be written as a function of this parameter. The value of Cf for turbulent flows over a
flat plate needs indeed to be modified as follows, due to the flowing fuel from the surface
towards the flame zone.

1

2
Cf =

1

2
Cf0f(B) = 0.036Re−0.2

z f(B) (3.1.5)

The dependency on the blowing parameter in literature has been defined as an exponential
relation, the exponent being 0.77 in Marxman theory[37] or 0.68 in more recent work of
Altman[5]. The resulting regression rate according to Marxman model is then:

ρf ṙ = 0.036G

(
zρeue
µe

)−0.2

Bf(B) (3.1.6)

ṙ = 0.036
G0.8

ρf

(
z

µe

)−0.2

B0.23 (3.1.7)

Once the propellant is determined, the regression rate in flight operation depends on
the oxidiser mass flow and on the axial location along the grain. As this increases, the
skin friction reduces, also decreasing the local regression rate.

ṙ ∝ G0.8z−0.2 (3.1.8)

3.1.1 Influence of radiation

In order to include the contribution of radiative heat transfer, equation 3.1.7 is
modified, adding a a gray-body radiation term.

ṙ = 0.036
G0.8

ρf

(
z

µe

)−0.2

B0.23 +
σ̂εw (εgT

4
b − α̂gT 4

w)

hvρf
(3.1.9)
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The temperatures are respectively the flame and wall temperature, and the coefficients
corresponds to the emissivity of the wall εw, emissivity of the gas εg and absorptivity of
gas α̂g.

For this expression to be valid, the coupling between radiative heat transfer and
convective blockage has to be considered, by applying a corrective factor to the blowing
parameter B. This happens because the energy of radiation tends to increase the rate of
fuel vaporization, and this increase, in turn, tends to decrease the rate of convective heat
transfer to the wall[37]. The expression connecting the corrected blowing parameter to
the convective and radiative heat transfer is:

Brad

B
= 1 +

Q̇r

Q̇c

(
Brad

B

)0.77

(3.1.10)

Over a wide range of values of Q̇r/Q̇c the solution can be approximated by this
relation:

Brad

B
= exp

(
1.3

Q̇r

Q̇c

)
(3.1.11)

A simple close form formulation for the diffusion-limited regression rate, including
radiation, is then yelded by:

ṙ =
Q̇c exp(− Q̇r

Q̇c
) + Q̇r

hvρf
(3.1.12)

3.1.2 Influence of pressure

Some experiments conducted in the ’60s by Smoot and Price[51] showed a variation
of regression rate with pressure, when in presence of high mass flow rate. Also the
dependency on G was lacking in the cases with G > 70kg/(m2s). Other experiments
by Chiaverini et al. in 2007[29] confirmed this fact; in these cases the higher pressures
cause higher regression rate due to larger overall heat flux to the fuel surface. It was also
shown that for low mass flow rate the influence of radiative heat transfer becomes more
important as pressure increases. The Figure 3.1.1 shows the effects of pressure.
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Figure 3.1.1: Effect of pressure, radiation heat transfer and total mass flux on the
regression rate[29].

However, equation 3.1.12 does not have explicit dependence on pressure. Some
modifications were proposed by Wooldrige et al.[57] and Muzzy[40], to take into account
the pressure-dependent correlation concerning gas-phase kinetics. For low pressure cases,
the kinematics influence is more and more significant with respect to convection.

ṙ ∝ P 0.5
c G0.3z−0.2 (3.1.13)

The presence of radiative particles, like soot, is also strongly affected by pressure,
since it modifies their density. This case was analysed by Strand et al.[53], who proposed
to explicitate the relation of radiant heat transfer to the presence of soot.

Q̇r = σ̂εgT
4
b

(
1− e−apNp

)
(3.1.14)

apNp = 0.134 · αpPc
1 +O/F − αp

(3.1.15)

This model shows the influence of pressure on the radiative heat transfer, that can
dominates on convection when the contribution radiative particles is not negligible. αp
is the soot particle weight fraction and is dependent on the chosen propellant.

3.2 Extended hybrid theory

Karabeyoglu et al. developed an extended hybrid theory that considers also the case
of a liquid film formation before the gasification of the fuel. This is the model currently
considered, especially when referring to liquefying fuels, like paraffin wax.

There are three main parts in the development of this model:

• The requirements for the formation of the liquid film, its thickness and thermal
characteristics.

• The onset and the transferred mass of the entrainment, through the study of the
linear stability of the liquid layer.
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• The correction of the classical formulation of the regression rate, to consider the
contribution of the entrainment.

3.2.1 Liquid layer thickness and thermal analysis

Under the combined effect of convection and radiation, a melted layer of is formed
on the solid surface of liquefying fuels. The energy transfer in the gaseous, liquid and
solid phase determines the thickness of this layer. A one-dimensional model is considered,
schematized in Figure 3.2.1. The following assumption are considered for the development
of the theory:

• The liquid-gas interface and the solid-liquid interface are assumed equal and constant,
since the steady-state regression rate is investigated; the melt layer thickness is
constant as a consequence.

• The thermophysical properties of the material are uniform.

• The conduction heat transfer is dominant in the liquid layer, because the small
thickness allows for small Reynolds numbers and large temperature gradients; the
convective heat transfer is neglected in the melted layer, while the penetration of
radiative heat transfer is considered.

• The radiation contribution from the slab is negligible with respect to the thermal
radiation of the flame, as well as the incoming radiation’s non collimated effects;
the liquid and the solid fuel are assumed to be grey bodies, so that the absorption
coefficients are independent of the frequency of radiation.

Figure 3.2.1: Schematic of the thermal model for the melt layer thickness
estimation[23].

The radiative energy flux is written as follows, where xl and xs are the local coordinates
for the liquid and solid phase respectively, Q̇r is the total heat flux at the surface and a
is the absorption coefficient.
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qr (xl) = Q̇re
−alxl (3.2.1)

qr (xs) = qr(xl = h)e−asxs = Q̇re
−alhe−asxs (3.2.2)

The radiative heating of material can be then expressed as the divergence of the
radiative flux, mono-dimensional in this model; the integration of this expressions shows
that the total heating of the fuel by radiation matches the radiative heat input.

∫ h

0

alQ̇re
−alxldxl +

∫ ∞
0

asQ̇re
−alhe−asxsdxs = Q̇r (3.2.3)

Energy equation

When writing the energy equation for the liquid layer, a finite velocity of the liquid
particles has to be considered. The density difference between the two phases causes this
vertical velocity component, that can be written as a mass balance across the liquid-solid
interface ul = (ρs/ρl − 1) ṙ. In the reference frame of the regressing surface the net liquid
velocity is (ρs/ρl) ṙ. The characteristic thermal thickness of the liquid layer can then be
expressed as δl = κlρl/ṙρs, from which the energy equation results:

d2T

dx2
l

+
1

δl

dT

dxl
= − alQ̇r

κlρlCl
e−alxl (3.2.4)

The general solution for this linear ordinary differential equation and the boundary
conditions are as follows.

 T (xl) = c1e
−xl/δl + c2 − Q̇r

ρlClṙ(alδl−1)
e−alxl

T (xl = 0) = Tv
T (xl = h) = Tm

(3.2.5)

A similar procedure is applied to the solid phase, with a different definition of the
thermal thickness δs = κs/ρs.

d2T

dx2
s

+
1

δs

dT

dxs
= − asQ̇r

κsρsCs
e−asxs (3.2.6)

 T (xs) = c1e
−xs/δs + c2 − Q̇re−alh

ρsCsṙ(asδs−1)
e−asxs

T (xs = 0) = Tm
T (xs → +∞) = Ta

(3.2.7)

Considering the liquid-solid interface, the energy balance can be written by matching
the heat conducted into the solid and the latent heat of fusion to the energy transfer from
the liquid layer to the interface.
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− λl
dT

dxl

∣∣∣∣
xl=h

+ λs
dT

dxs

∣∣∣∣
xs=0

− Lmρsṙ = 0 (3.2.8)

The gradients can be derived from equations 3.2.5 and 3.2.7. Also the liquid-gas
interface energy balance equation is formulated, having convective heat transfer from the
gas phase matching the conductive heat transfer into the liquid and the latent heat of
vaporization.

Q̇c + λl
dT

dxl

∣∣∣∣
xl=0

− Lvρsṙv = 0 (3.2.9)

By adding the equations 3.2.8 and 3.2.9 together and operating the proper substitutions,
the expression of the total energy absorbed in the fuel slab is found to be equal to
the energy required to heat the liquid and solid phases and the latent heat for phase
transformations.

Q̇w = Q̇c + Q̇r = heρsṙ + Lvρsṙv (3.2.10)

The formulations of the total effective heats are as follows, where ∆T1 = Tv−Tm and
∆T2 = Tm − Ta.

hm = Lm + Cs∆T2

he = hm + Cl∆T1

(3.2.11)

The effective heat of gasification can be then calculated from the classical expression
3.1.1. The importance of this new formulation is that it takes into account the effects
of entrainment; thus only contribution of the evaporating liquid to hv is considered, and
not the one of the entrained droplet, which are not vaporized at the surface. Indeed, ṙv
is the component of the regression rate solely due to the vaporisation of the solid fuel.

hv ≡ Q̇w/ρf ṙ = Cl∆T1 + Cs∆T2 + Lm + Lv (ṙv/ṙ) (3.2.12)

Thickness of the melt layer

Two parameters related to the thickness h of the liquid layer can be defined.

φ = e−h/δl (3.2.13)

ϕ = e−alh (3.2.14)

By inserting the temperature derivative expressions in the equation 3.2.8 and performing
several simplifications, the following relation between φ and ϕ is obtained.

φ =
hmρsṙ (alδl − 1) + Q̇rϕ

heρsṙ (alδl − 1) + Q̇r

(3.2.15)
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The dependence on the regression rate can be replaced by the effective heat of
gasification obtain with the expression 3.2.12. Also, the parameter Rl = alδl, which
express the ratio of the thermal thickness to the radiative thickness in the liquid layer,
is introduced; by expressing the relation ϕ = φRl , a non-linear equation for the thickness
parameter φ as function of the effective heats is obtained.

φ =
hm (Rl − 1) + hv

(
Q̇r/Q̇w

)
φRl

he (Rl − 1) + hv

(
Q̇r/Q̇w

) (3.2.16)

The melt layer thickness is independent of the absorptivity of the solid material, since
the contribution of the solid phase is expressed through the heat transfer from the solid
to the interface, namely hm and he. The thickness of the liquid layer should then be
found by inverting the definition of φ and obtaining its value from equation 3.2.16.

h = δl ln

(
1

φ

)
(3.2.17)

An explicit solution for the non-linear equation 3.2.16, yielding the expression of
h, could not be achieved for a general case. Therefore, two limiting cases for Rl are
considered.

• Rl >> 1, which is the extreme case of opaque liquid layer, with the radiative heat
all absorbed at the liquid-gas interface. This case is of importance for strongly
absorbing propellants, like the ones with additive carbon black.

h = δl ln

(
1 +

Cl∆T1

hm

)
(3.2.18)

The ratio of radiative and convective heat transfer and the one of the total regression
rate and its vaporisation component do not affect the previous equation. Thus, for
absorption happening in the liquid phase the entrainment factor is not fundamental
in the determination of the thickness of the liquid layer.

• Rl << 1, which is the case of all the radiative flux absorbed in the solid

h = δl ln

1 +
Cl∆T1

hm − hv
(
Q̇r/Q̇w

)
 (3.2.19)

The effect of the entrainment mass transfer on the thickness is important in this
case, as well as the ratio of the radiative heat flux to the convective heat flux.

In both cases the thickness of the melt layer is directly dependent on δl, thus inversely
dependent on the total regression rate. As this increases, the liquid phase becomes
thinner. Another significant parameter is the ambient temperature of the slab, which
determines hm, since the film thickness increases with it.
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3.2.2 Stability of the liquid layer

The hydrodynamic instability of the liquid film, generated by the velocity difference
between the gas and liquid phase, is an essential condition for the entrainment phenomenon.
Karabeyouglu et al. analysed the stability of the liquid layer subjected to blowing
and large shear forces, showing that the layer can be unstable over a wide range of
parameters[24]. To derive an expression for the entrained mass flow rate and the onset
conditions for droplet detachment, a fully nonlinear investigation would be required; this
study is avoided, by using previous experimental study and the linear stability results to
develop some empirical relations. The experiments of Gater and L’Ecuyer[19], concerning
thin films of various liquids under strong blowing, also with hot gas flow, lead to relate
the entrainment conditions and mass trasnfer to the liquid mass flow rate.

Entrainment onset

The main results of the linear stability analysis are:

• The melt layer is unstable over a finite range of wave numbers, even at low values
for the film thickness. These kind of instabilities are generated by the interaction
of the gas phase shear stresses acting on the liquid surface with the slope of the
liquid layer surface.

• The amplification rate and the most amplified wave number increase with the
Reynolds number of the gas flow. Thus, at higher velocity of the oxidiser mass
flow, the wavelength of the instabilities are expected to be smaller.

• A stabilising effect is brought to the liquid by increasing viscosity and surface
tension.

Also, in many experimental studies a roll wave mechanism for the liquid entrainment
is reported at high Reynolds numbers. The droplets can detach from the tips of the
nonlinear waves due to the stresses exerted by the local gas flow.

The necessary condition for the onset of the entrainment is then present, but it is not
sufficient to determine that detachment of droplets happens. This results when harmonic
waves conforms into a non-harmonic waveform. The estimation for the verification of this
condition is obtained through empirical correlations, derived by the experiments of Gater
and L’Ecuyer. A dimensional proportionality function e0(Xe) is defined, that measures
the part of liquid mass flow rate that is entrained into the gas flow. The correlation for
this term and the entrainment parameter Xe are as follows:

e0 (Xe) = 1− exp
[
−1.06× 10−4 (Xe − 2109)

]
(3.2.20)

Xe =
P 0.5
d

σ

(
Tg
Tv

)0.25

(3.2.21)

If the entrainment parameter is lower than the critical value 2109N−0.5, the entrainment
phenomenon does not happen. Below this critical value, the requirement of a minimum
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amplification rate of the interface disturbance is not met. The realization of the entrainment
therefore depends on the dynamic pressure Pd, the surface tension σ, and the difference
between the average gas phase temperature Tg and the vaporisation temperature of the
liquid layer Tv. This temperature ratio actually accounts for the density variation in the
gas. Another empirical correlation is developed, that relates the critical conditions for
the onset to more practical engine parameters, such as the oxidiser mass flow and the
liquid layer film thickness[41]. This expression is only valid for a laminar liquid film, with
Rel < 300.

G1.6h0.6 ≥ 2.5× 10−3 1

C0.8
f

ρ1.3
g

ρ0.3
l

µ0.6
l σ

µg
(3.2.22)

Entrained mass

According to the work of Gater and L’Ecuyer, the entrained mass flow rate per unit
area is proportional to the dimensional proportionality function and the liquid mass flow
rate per unit width of the test section. The following empirical correlation is considered.

ṁent = 13.3e0 (Xe) ṁl (3.2.23)

The function e0(Xe) is obtained through the expression 3.2.20, while the mass flow
rate within the melt layer is related to the properties of the gas flow and the liquid film,
by using the shear force balance at the liquid gas interface.

ṁl =
PdCfh

2ρl
2µl

(3.2.24)

Karabeyouglu et al. modify this expression in order to consider the reduction of the
liquid mass flow rate in the axial direction. The corrected correlation is as follows:

ṁent = −13.3 ln (1− e0) ṁl (3.2.25)

There is anyway no global agreement on this reference, and multiple other experimental
correlations were proposed by other researcher. Karabeyouglu et al. suggest an expression
for condition far from the critical level for entrainment onset, that makes explicit the
dependence on the relevant parameters of the hybrid engine:

ṁent ∝
Pα
d h

β

µγl σ
π

(3.2.26)

The exponents for the dynamic pressure and the film thickness are suggested to be
α = 1.5 and β = 2 by Gater and L’Ecuyer[19], and α = 1 and β = 1 by Nigmatulin et
al.[42]. It is suggested γ > π, since at the near critical conditions operation of hybrid
engines there is no sharp interface separating the liquid from the gas phase, and the surface

26



MASTER THESIS Caielli Francesca

tension plays a less stabilising role compared to the viscosity. In following work[22], the
distinction of supercritical and subcritical conditions is considered. In supercritical cases
the surface tension dependency is dropped and the following form for the scaling law for
the entertainment mass transfer is defined. Here the empirical entrainment parameter
constants are collected as K and the dependence on the dynamic pressure is related to
local mass flux in the fuel port as Pd = G2/2ρg. For convenience, the thickness parameter
at = hṙ is introduced.

ṁent = K
CfρlG

2αhβ

µl
= K

Cfa
β
t ρl

µl

G2α

ṙβ
(3.2.27)

Once the expression for the entrained mass flow rate is defined, the regression rate
due to the entrainment phenomenon can be obtained considering the following relation.

ṁent = ρl ˙rent (3.2.28)

3.2.3 Modification of the classical theory

The regression rate ṙcl of the diffusion-limited model is taken as a reference for the
non-dimensionalisation. The entrainment phenomenon requires to modify three major
parameters with respect to the classical theory of Marxman:

• Effective heat of gasification: the mechanical entrained fuel is not vaporised at
the surface, therefore the evaporation energy is lower. The presence of reactants in
liquid phase also reduces the enthalpy difference between the flame and the surface,
but this modification is negligible with respect to the previous one. Thus, the ratio
of enthalpy difference to the effective heat of gasification increases in the case of
entrainment, affecting the blowing parameter B.

• Blocking factor: the presence of two-phase flow modifies the convective heat flux
to the surface, and thus, the blocking factor. This is then expressed as a function
of Bg, which is the blowing parameter including only gaseous phase mass transfer
from the surface.

Cf
Cf0

∼=
2

2 + 1.25B0.75
g

=
CB1

CB1 + CB2 (ṙv/ṙcl)
0.75 (3.2.29)

The coefficients are defined as follows.

CB1 ≡
2

2 + 1.25B0.75
, CB2 ≡

1.25B0.75

2 + 1.25B0.75
(3.2.30)

• Surface area: the wrinkling of the liquid surface increase the surface roughness
and consequently, the liquid area exposed to the heat transfer from the flame. A
roughness correction parameter Fr is introduced to model this phenomenon. Gater
and L’Ecuyer suggested an empirical formulation for the correction factor, that can
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be expressed in terms of the operational motor parameters.

Fr = 1 +
14.1ρ0.4

g

G0.8 (Tg/Tv)
0.2 (3.2.31)

The experimental tests lead to observe an inverse proportionality between the
surface roughness and the dynamic pressure of the gas flow. The linear theory,
which shows decreasing wave length with increasing gas mass flux, confirms this
phenomenon.

The classical regression rate is obtained as follows:

ṙcl =
0.03µ0.2

g

ρs

(
1 +

Q̇r

Q̇c

)
BCB1G

0.8z−0.2 (3.2.32)

The total regression rate can be written as the sum of the classical regression rate
that is generated by the vaporization of the fuel at the liquid surface and the entrainment
regression rate due to the liquid droplet detachment from the surface.

ṙ = ṙv + ˙rent (3.2.33)

The contribution of the entrainment can be expressed as a function of the mass flux in
the port, using the equation 3.2.27 developed in the previous section. The dependence on
the thickness h is neglected, which is a good approximation for cases of large absorptivity
in the liquid phase and acceptable for the other cases.

ṙent = aent
G2α

ṙβ
(3.2.34)

The entrainment coefficient is mainly a function of the selected propellant.

aent = K
Cfa

β
t ρl

µlρs
(3.2.35)

In order to express a relation between ṙv and ˙rent, the energy balance at the liquid
gas interface is introduced.

ṙv + [Rhe +Rhv (ṙv/ṙ)] ṙent = Fr
0.03µ0.2

g

ρs

(
1 + Q̇r/Q̇c

)
B
Cf
Cfo

G0.8z−0.2 (3.2.36)

The non-dimensional energy parameters for entrainment Rhe and vaporization Rhv

are introduced to take into account the different heating histories of the transferred mass
through the two mechanisms.
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Rhv =
Cl(Ts − Tm)

hv
, Rhe =

hm
hv

(3.2.37)

An assumption is made, that as the vaporization component of the regression rate
decreases, the required effective heating for the liquid entrained material is reduced.
In this way the asymptotic behavior of regression rate in the entrainment-dominated
operations is captured.

A nonlinear set of algebraic equations is obtained considering equations 3.2.33, 3.2.34,
and 3.2.36. These equations can be conveniently recast in non-dimensional, nonlinear
form, by normalising for the classical regression rate 3.2.32.

ψ =
ṙ

ṙcl

, ψv =
ṙv
ṙcl

, ψent =
ṙent

ṙcl

(3.2.38)

ψ = ψv + ψent

ψv +
(
Rhe +Rhv

ψv
ψ

)
ψent = Fr

CB1+CB2ψv

ψent = Rent

ψβ

(3.2.39)

Where Rent = aent(G
2α)/(ṙβ+1

cl ). The system 3.2.39 can be solved for given fuel and
oxidiser to obtain the regression rate in the case of entrainment as a function of the axial
location and local mass flux.
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Chapter 4

Investigated paraffin-based
formulations

4.1 Paraffin-based fuels

Among liquefying fuels, paraffin-based fuels exhibit the optimal properties of low
viscosity and surface tensions, and they are at solid state at ambient temperature. These
two characteristics allows them to have good regression rate, thanks to the entrained
mass transfer, and avoid the difficulties in handling cryogenic propellants. The current
study is then focused on the behaviour of paraffin fuel formulations, whose properties
will be reported in this chapter.

4.1.1 General properties of paraffin

Paraffin wax is a colorless or white solid at room temperature, which is extracted from
petroleum by removing the oil from raw products of oil refineries, containing mixture of
oil and wax. It consists of a mixture of normal alkanes, that are a group of fully saturated,
straight chain hydrocarbon, with general molecular structure Cn H2n+2[22]. They form
only C−H and C−C single bonds, resulting from overlap of sp3 orbital of carbon with
1s orbital of hydrogen or adjacent sp3 orbital of carbon atom. For paraffin waxes the
number of carbon atoms range from 20 to 60 in most cases[8]. The physical and chemical
properties of paraffin wax derives from the molecular structure of the alkane.

The melting point is between 47 to 65 °C (320 to 338 K), while the boiling point
is above 370 °C (643 K)[2]. The temperatures for the phases transition are determined
by the intermolecular Van der Waals forces that increase with the value of molecular
weight[39]. For the carbon atoms range of paraffin wax, high boiling points are observed,
which is a good quality for storage and handling of the propellant. Also, it has good
thermal stability, and it is inherent. Having a high hydrogen to carbon atoms ratio,
other optimal properties such as high heat of combustion and low smoke production and
carbon deposits are reported.

The main characteristics are summarized in the following table.
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Property Symbol Value

Melting temperature Tm > 325 K
Vaporization temperature Tv > 645 K

Heat of fusion Lm 200x103 J/kg
Solid Phase

Density ρs 913 kg/m3

Thermal conductivity λs 0.36 W/m/K
Specific heat Cs 2604 J/kg/K

Absorption coefficient as 1620 1/m
Liquid Phase

Density ρl 766 kg/m3

Thermal conductivity λl 0.25 W/m/K
Specific heat Cl 2981 J/kg/K

Absorption coefficient al 860 1/m
Surface tension σ 33x10−3 N/m

Kinematic viscosity ν 10x10−6 m2/s

Table 4.1.1: General properties of paraffin wax

Classification of paraffin

Among the wax derived from petroleum, there is a major classification between
macro-crystalline waxes (pure-paraffin waxes), and micro-crystalline waxes. The former
has large, clearly defined crystalline structures and high proportion of normal carbon
chains, while the latter has finer, irregular crystals and contains a higher percentage of
branched hydrocarbons.

Micro-crystalline types have higher density, viscosity, and melting point (62 to 102 °C)
than pure paraffin waxes. They are usually darker and opaque, while the macro-crystalline
are white and translucent. The non-straight chain components confer elastic and adhesive
characteristics, and the thin crystal structure leads to more flexibility[3]. Thus, micro-crystalline
waxes are easily processable and have higher fracture toughness; this property increases
the tolerance of surface or internal micro-cracks and other microstructural defects of
increased radius, keeping constant at the same time the applied thermo-mechanical stress
level during operations[46].

4.1.2 Sasol Wax formulations

The paraffin waxes considered in this analysis are manufactured by an integrated
energy and chemical company Sasolwax GmbH. Both micro-crystalline and pure paraffin
crystalline are analysed. Coatings manufactured with these waxes exhibit higher strength,
and hence abrasion resistance as well as an improved gloss impression[27].

The main properties of the formulations without additives are reported. The congealing
point is also reported, which is the temperature at which molten petroleum wax, when
allowed to cool under prescribed conditions, ceases to flow[1]. Some of the parameters are
given by the manufacturer. Where there is no reference for some properties, either from
the manufacturer or from experimental research, the values for the general properties of
paraffin wax are used as reference. Also, some scaling is possible by establishing a relation
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between the properties and the molecular weight of the material, hence the carbon number
n. Even if these paraffins are mixtures of alkane, it is a good estimation to evaluate the
characteristics at an averaged carbon number[7]. Especially, viscosity,surface tension
and density for the liquid phase need to be evaluated in function of temperature, since
they characterize the transport properties for the numerical simulations. The asymptotic
behavior correlations (ABCs) developed by Marano et al.[35] are employed to predict
these terms, as suggested by Karabeyoglu et al. in the evaluation of materials properties
for n−alkane[22]. The methods for ABCs is summarized by the following expressions and
tables:

Y = Y∞,0 + ∆Y∞ (n− n0)−∆Y0 exp
(
−β̂ (n± n0)γ̂

)
(4.1.1)

∆Y = A + B/T + C lnT + DT 2 + E/T 2, n− n0 for lnµl

∆Y or Y = A + BT + CT 2, n− n0 for σ

∆Y = A + BT + CT 2 + DT 3, n+ n0 for Vl

(4.1.2)

lnµl (g/m/s) σ (mN/m)
∆Y0 ∆Y∞ ∆Y0 Y∞,0

A -602.688 0.0290196 627.213 73.8715
B 77866.8 -241.023 -0.882888 -0.177123
C 198.006 0.0440959 0.00268188 1.54517× 10−4

D −4.18077× 10−5 −1.84891× 10−7 − −
E −2.49477× 106 56561.7 − −

Table 4.1.2: Temperature-dependent ABC parameters for liquid viscosity and surface
tension

Vl (cm3/g/mol)
∆Y0 ∆Y∞

A 8592.30 12.7924
B -85.7292 0.0150627
C 0.280284 −1.30794× 10−5

D −4.48451× 10−4 1.59611× 10−8

E − −

Table 4.1.3: Temperature-dependent ABC parameters for density

lnµl (g/m/s) σ (mN/m) Vl (cm3/g/mol)
n0 -2.293981 0.264870 -1.388524
Y∞,0 57.8516 see Table 4.1.3 0
∆Y∞ see Table 4.1.3 0 see Table 4.1.3
∆Y0 see Table 4.1.3 see Table 4.1.3 see Table 4.1.3

β̂ 2.476409 2.511846 5.519846
γ̂ 0.0112117 0.201325 0.0570632

Table 4.1.4: ABC parameters for liquid viscosity and surface tension of n−Paraffins
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The dynamic and kinemtic viscosity for the liquid layer are then obtained as µl =
exp(Y ) and νl = µl/ρl, the surface tension as σ = Y , where Y is obtained accordingly
to equation 4.1.1. The density is evaluated as the molecular weight over the liquid molar
volume Vl = Y . The range of validity of this model has been tested for a range of
carbon numbers of 3 to 94 and a range of temperatures of 0 to 300° C for viscosity and
density; a range of carbon numbers 3 to 20 and a range of temperatures of 0 to 150° C for
surface tension. Thus, a cross-reference with other experimental values from literature
was performed. Figure show the results obtaines through a rheometer and a tensiometer
by Kobald et al. with paraffin-based fuels[28]. Values of density for the paraffin have
been obtained experimentally at the SPLab and reported in the master thesis of Garg[17],
as 787.81kg/m3 for Sasol 0907, 764.32kg/m3 for Sasol 6805, 793.68kg/m3 for Sasol 6003.

(a) Dynamic viscosity (kg/m/s) (b) Surface tension (mN/m)

Figure 4.1.1: Properties in function of temperature of 1-Sasol wax 0907; 2-Sasol wax
1276; 3-Sasol wax 6003; 4-Sasol wax 6805[28]

Sasol Wax 6003(W3)

Sasol Wax 6003 is a macro-crystalline wax, thus it has more linear carbon chains
than branched alkane. Its average chemical composition can be expressed as C32H66.
The dynamic viscosity obtained with ABCs is in good relation with the experimental
results reported in Figure 4.1.1a. The kinematic viscosity at the temperature of 150° C
is reported in the table. On the other hand, the value for the surface tension with the
correlations at T = 100° C is 24.9 mN/m, lower than the one reported by Kobald. For
the reasons explained in the previous section about the validity range of carbon numbers
for ABCs, the results obtained with the tensometer are taken as reference, according to
the linear trend shown in Figure 4.1.1b. The liquid density is in the range of the one
obtained through the experiments; the advantage of the ABCs model is that a parametric
variation with temperature can be obtained, which is useful for the simulation purposes.
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Property Symbol Value

Melting temperature Tm 333.15 K
Vaporization temperature Tv 661.17 K

Congealing point Tcp 333− 335 K
Heat of fusion Lm 200x103 J/kg

Solid Phase
Density ρs 946 kg/m3

Thermal conductivity λs 0.326 W/m/K
Specific heat Cs 2509.87 J/kg/K

Absorption coefficient as 2000 1/m
Liquid Phase

Density (at T = 150°C) ρl 730.4 kg/m3

Thermal conductivity λl 0.160 W/m/K
Specific heat Cl 2873.25 J/kg/K

Absorption coefficient al 1000 1/m
Surface tension (at T = 150°C) σ 23x10−3 N/m

Kinematic viscosity (at T = 150°C) ν 2.41x10−6 m2/s

Table 4.1.5: Main properties of Sasol Wax 6003

Sasol Wax 0907(W1)

Sasol Wax 0907 is a micro-crystalline wax with low oil content; it is composed by 36%
linear alkanes and 64% branched alkanes. Its average chemical composition is C50H102.
As in the previous case, the value obtained through asymptotic behaviour correlations
for the viscosity is in good agreement with the experimental rheological results, while the
surface tensions results to be a bit lower. Another reference for σ is given by Piscitelli
et al.[46], employing the Owens-Wendt approach for surface free energy; the surface
tension is predicted to follow the trend as in Figure 4.1.2. These results are similar to
experimental ones obtained by Kobald.

Figure 4.1.2: Surface tension as a function of the temperature for Sasol Wax 0907[46].
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Property Symbol Value

Melting temperature Tm 363.15 K
Vaporization temperature Tv 720.71 K

Congealing point Tcp 356− 367 K
Heat of fusion Lm 200x103 J/kg

Solid Phase
Density ρs 939 kg/m3

Thermal conductivity λs 0.329 W/m/K
Specific heat Cs 2529.84 J/kg/K

Absorption coefficient as 1000 1/m
Liquid Phase

Density (at T = 150°C) ρl 748 kg/m3

Thermal conductivity λl 0.162 W/m/K
Specific heat Cl 2896.10 J/kg/K

Absorption coefficient al 500 1/m
Surface tension (at T = 150°C) σ 24.7x10−3 N/m

Kinematic viscosity (at T = 150°C) ν 5.57x10−6 m2/s

Table 4.1.6: Main properties of Sasol Wax 0907

The density derived from ABCs model is acceptable also in this case. As it is
predictable from its micro-crystalline nature, this wax has highest melting point and
vaporization point among the other considered paraffins. Its surface tension and viscosity
are also bigger than the other ones; thus, it can be predicted that the entrainment
phenomenon will be of less importance than for Sasol Wax 6003 and 6805. On the
other hand, as previously explained, micro-crystalline waxes such as Sasol Wax 0907
are more resilient in case of imperfect manufacturing process, like in the presence of
micro-fractures or structural defects. This paraffin is then of interest despite the high
viscosity and surface tension, since it could assure good structural properties with less
need of additives, that would modify the entrainment anyway.

Sasol Wax 6805(W2)

Sasol Wax 6805 is a pure paraffin wax, which shows good mechanical properties.
To derive its chemical formulation, the direct proportionality between viscosity and
carbon atoms is considered. In this case the value for the kinematic viscosity given
by the manufacturer is in the range 6 − 8mm2/s at T = 100° C. The obtained average
composition is C40H82; the carbon number, as well as the viscosity, is in-between the other
two paraffin waxes[17]. Once n is determined, the ABCs correlations can be employed as
for the other two paraffin waxes. Also in this case, the difference between the calculated
surface tension and the experiments from Kobald is about 1 mN/m. Therefore, the
negative linear trends with temperature is considered as in Figure 4.1.1b. The density
and viscosity variation with temperature, predicted by the empirical correlations, are
considered reliable.

This paraffin has the lowest density among the three, and the highest thermal conductivity
and the specific heat, both in solid and liquid phase.
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Property Symbol Value

Melting temperature Tm 343.15 K
Vaporization temperature Tv 681.02 K

Congealing point Tcp 339− 343 K
Heat of fusion Lm 200x103 J/kg

Solid Phase
Density ρs 911 kg/m3

Thermal conductivity λs 0.339 W/m/K
Specific heat Cs 2609.70 J/kg/K

Absorption coefficient as 1600 1/m
Liquid Phase

Density (at T = 150°C) ρl 740.3 kg/m3

Thermal conductivity λl 0.167 W/m/K
Specific heat Cl 2987.53 J/kg/K

Absorption coefficient al 800 1/m
Surface tension (at T = 150°C) σ 23.58x10−3 N/m

Kinematic viscosity (at T = 150°C) ν 3.63x10−6 m2/s

Table 4.1.7: Main properties of Sasol Wax 6805

Properties variation with temperature

From the cross references analysed before, it is possible to state that the ABCs model
gives a good estimation of the density and viscosity variation with temperature. Thus,
the correlations are implemented in Matlab and the trend are plotted as in the following
figures.

Figure 4.1.3: Density for W1,W2,W3 obtained with ABCs
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Figure 4.1.4: Dynamic viscosity for W1,W2,W3 obtained with ABCs.

Figure 4.1.5: Kinematic viscosity for W1,W2,W3 obtained as µ/ρ for ABCs

On the other hand, the surface tension predicted by Marano et al.[35] are generally
lower than the experimental values obtained by Kobald and Piscitelli. Thus, these last
results are considered to set a law for σ in function of temperature. Both cases report a
linear trend, with inverse proportionality to temperature. Choosing two different values,
the equation for the straight line is defined; again, it is implemented in Matlab and the
graph is obtained as in Figure 4.1.6.
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Figure 4.1.6: Surface tension for W1,W2,W3 obtained from Kobald[28]’s data

4.1.3 Additives

In order to improve the performance of the paraffin-based fuels controlled amount of
other substances, mechanically or energetically enhancing, can be added.

Besides the enhancement of regression rate due to the entrainment, the performance
of hybrid engines can be improved by loading the solid fuel with energetic additives such
as metal powders and hydrides. Metal additives increase both the flame temperature,
hence the heat transfer to the fuel, and the density of the propellant. The most common is
aluminium, thanks to its non-toxic and inexpensive characteristics. Also, the presence of
agglomerates in molten state of aluminum oxide in the combustion chamber is beneficial to
dampen out the combustion instabilities caused by acoustic waves. In case of entrainment,
paraffin droplets containing Aluminum particles ignite more easily and more complete
combustion happens at the detachment location.

Another additive often used to control the radiative properties of the fuel salab is
carbon black. By preventing thermal penetration into the bulk fuel, the mechanical
strength of the solid part is preserved[45]. It also increases the radiative heat transfer
from the flame.

The predominant additive for paraffin matrix reinforcement is the styrene-ethylene-
butylene-styrene (SEBS), because of its chemical compatibility and miscibility with alkanes.
It is a thermoplastic elastomer, which exhibits balanced elasticity and processibility, and
good thermal stability[30]. The styrene-blocks at the extremes of the SEBS macromolecule
provide the thermoplastic behavior to the material[45]. The aim of this additive is to
increase the paraffin elasticity without highly affecting the regression rate value and
ensuring isotropic mechanical properties[16]. It avoids the formation of critical defects
due to the volumetric shrinkage during the cooling of the melted paraffin, thus, the
structural integrity of the fuel grain is kept. The higher melting point, decomposition
temperature and viscosity of SEBS may have a negative effect on the regression rate,
according to the liquefying hybrid theory of Karabeyoglu et al.[23].
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Properties of formulations with SEBS additives

In previous work by Garg[17], the thermophysical properties of 6 paraffin waxes with
addition of SEBS are evaluated. One formulation is with Sasol Wax 6003, the others
with the micro-crystalline wax Sasol Wax 0907. The nomenclature for these compounds
is SXWY, where X is the mass fraction of the additive and WY stands for the previous
discussed paraffins, being Sasol Wax 0907 W1, Sasol Wax 6805 W2, Sasol Wax 6003 W2.
The reinforcing polymer mass fractions range from 5% to 40%.

It is assumed that the addition of SEBS has a negligible effect on phase transition,
absorption coefficient and surface tension. The liquid density has been obtained experimentally
at SPLab. The properties of these new formulations are enlisted in the following table.

Property S5W1 S7.5W1 S15W1 S20W1 S40W1 S5W3

SEBS mass fraction 5% 7.5% 15% 20% 40% 5%
Tm [K] 363.15 363.15 363.15 363.15 363.15 333.15
Tv [K] 720.71 720.71 720.71 720.71 720.71 661.17

Solid Phase
ρs [kg/m3] 938 928 929 931 914 932
λs [W/m/K] 0.342 0.3485 0.37 0.382 0.444 0.3395
Cs [J/kg/K] 2472.1 2443.30 2356.76 2299.07 2068.30 2453.18
as [1/m] 500 500 500 500 500 1000

Liquid Phase
ρl [kg/m3] 786.97 778.58 779.42 781.10 766.83 781.94
λl [W/m/K] 0.1718 0.1766 0.1923 0.205 0.255 0.1705
Cl [J/kg/K] 2846.3 2821.40 2746.69 2696.88 2497.66 2824.59
al [1/m] 1000 1000 1000 1000 1000 2000
σ [N/m] 24.7x10−3 24.7x10−3 24.7x10−3 24.7x10−3 24.7x10−3 23x10−3

ν [m2/s] (T=150°C) 1.78x10−5 4.23x10−5 7.18x10−5 1x10−4 3.63x10−3 5.12x10−6

Table 4.1.8: Main properties of paraffin with SEBS additives

The rheological behavior characterization of Sasol Wax with SEBS has been performed
by Paravan et al.[45] The rheological investigation has been performed in a plate-plate
configuration, over the shear rate range 10-1000s−1, with furnace temperature of 150°C.
The insurgence of shear thinning behaviors possibly encountered for S20W1 and S40W1
due to the non-complete fusion of the tested specimen lead to difficulty in the determination
of the viscosity. The value for S20W1 is taken considering the trend of increasing viscosity
with SEBS mass fraction. The main drawback of SEBS is indeed the high melt layer
viscosity with respect to pure paraffin and micro-crystalline paraffin.The chemical formula
for SEBS is C8H8 ·C4H6 = C12H14[4].

4.2 Oxidisers

The majorly tested oxidisers with paraffin-based fuels are oxygen, HTP, and nitrous
oxide. For the current study, oxygen has been considered.

40



MASTER THESIS Caielli Francesca

4.2.1 Oxygen

Oxygen, O2, is commonly used because of its large availability; the main issues regards
the cryogenic conditions for LOX and the low density for the GOX.

In the simulations the oxidiser is considered already flowing through the port in
gaseous phase. Oxygen can be modeled as an ideal gas, therefore the transport properties
are obtained using the properties of the ideal gas. A script is written in Matlab to evaluate
the variation of density and viscosity with temperature. The results are reported in the
following graphs.

Figure 4.2.1: Density of molecular oxygen from ideal gas law

Figure 4.2.2: Viscosity of molecular oxygen from ideal gas properties
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Chapter 5

Numerical simulation of the
entrainment

The numerical simulation is performed with OpenFOAM; the work of Knol and Maicke[25]
is taken as reference, in continuation with the master thesis of Bernigaud[6].

5.1 Computational model for the interface with VOF

There are two main computational methods for two-phase flows: Eulerian and Lagrangian.
The former attributes varying properties across the cells and performs the calculation for
the entire flow; the latter tracks the individual particles with the corresponding properties.
For the Volume Of Fluid method, the Eulerian approach is employed through an indicator
function, that indicates the phase present in a cell. This is defined as:

αphase1 =


0 In phase 2
0 < αphase1 < 1 At the interface
1 In phase 1

(5.1.1)

In the folder constant/transportProperties, the transport properties µ, ρ and σ for
phase1 and phase 2 are defined. At the interface location these parameters are evaluated
considering the value of αphase1 as follows:

{
ρ = αphase1ρphase1 + (1− αphase1) ρphase2

µ = αphase1µphase1 + (1− αphase1)µphase2
(5.1.2)

The issue with this approach is the presence of a phase gradient, due to the continuous
nature of the indicator function; the cells containing volume fractions of both phases will
be filled with a uniform mixture of the two phases. This causes a not physical smearing of
the interface, that can be limited only with very fine meshing or with specific algorithms
that help determining where the cells are cut by the surface. These schemes are described
by Olsson in reference [43].
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5.1.1 interFoam

To overcome this issue the solver interFoam has been introduced by OpenCFD
to sharpen the interface for cases of two incompressible, isothermal immiscible fluids
phase-fraction based. The solver uses the numerical scheme Multidimensional Universal
Limiter for Explicit Solution (MULES ), which consists in a modification of the convective
term for the following transport equation of the indicator function.

∂αphase1

∂t
+∇ · (αphase1u) = 0 (5.1.3)

This rewritten in integral form for each cell becomes:

∫
Ωi

∂αphase1

∂t
dV +

∫
∂Ωi

αphase1u · ndS = 0 (5.1.4)

The discretization of the equation is then performed, using any time scheme for the
first term, the Euler implicit in this case, and writing the second term as a sum over each
face of the cell.

αi(t+ ∆t)− αi(t)
∆t

= − 1

|Ωi|
∑
f∈∂Ωi

(Fu + λMFc)
n (5.1.5)

The term Fu is the advective flux, using an upwind scheme. The term Fc is represented
by an higher order scheme for the advection and a compressive flux term. This gives a
more accurate advection at the surface and reduces the smearing. The delimiter λM
is equal to 1 at the interface location and to 0 for the rest of the domain, thus, the
computational effort is reduced away from the surface. The expressions for the advective
fluxes are as follows:

Fu = Φfαf (5.1.6)

Fc = Φfαf + Φrfαrf (1− α)rf − Fu (5.1.7)

Φrf = min

(
Cα
|Φf |
|Sf |

,max

[
|Φf |
|Sf |

])
(nf · Sf ) (5.1.8)

αrf = αP +
αN − αP

2
[1− χ (Φf ) (1− λαr)] (5.1.9)

Sf is the cell face area vector, and nf the face centered interface normal vector. Cα is
specified by the user in the file fvSolution. N and P denotes the upwind and downwind
neighbour respectively, λαr is a limiter, and χ is a step function taking the value 1 where
volumetric face flux Φf is positive and -1 where it is negative.
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5.1.2 interIsoFoam

With OpenFoam v1706 the variant interIsoFoam has been introduced, which uses
IsoAdvector algorithm. Tests have shown that the method generally offers more accurate
interface advection and a sharper interface representation than the previously existing
MULES method. The novelty of the new scheme consists of two parts: the use of
isosurface concept for modelling the interface inside cells in a geometric surface reconstruction
step; the model of the motion for the face-interface intersection line to obtain the time
evolution within a time step of the submerged face area. Integrating this submerged area
over the time step leads to an accurate estimate for the total volume of fluid transported
across the face[48]. The values for the phase fraction in a cell at a specific time is
calculated from a function H(x, t) describing the continuous phase fraction field.

H(x, t) ≡ ρ(x, t)− ρphase2

ρphase1 − ρphase2

(5.1.10)

αi =
1

Vi

∫
Ωi

H(x, t)dV (5.1.11)

To calculate the phase fractions at the next time step, the following equation is used,
where the flux of α over each cell face is integrated in time and added together.

αi(t+ ∆t) = αi(t)−
1

Vi

∑
j∈Bi

sij

∫ t+∆t

t

∫
Fj

H(x, τ)u(x, τ)dSdτ (5.1.12)

Bi is the list of all faces Fj belonging to cell i, sij is either +1 or −1 to ensure that the
orientation of the flux is going out from the cell. The integrals inside the sum describe
the total volume of fluid transported across Fj during one time step.

(a) Initial isosurface (b) Propagating isosurface

Figure 5.1.1: Isosurface in a hexahedral cell where one corner is submerged in the
tracked phase; the edges are cut in circles location in figure[43]

5.2 Two-Phase flow simulation

Initially, the case studied by Bernigaud[6] is considered. The geometry of the domain
is a rectangle, with the dimension adapted to simulate the test chamber for entrainment
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visualization present at SPLab; the model is reported in Figure 5.2.1. For sake of
simplicity a 2D case is analysed. This is also compatible with the images obtained with
the experimental set-up. These simulations account for a non-reactive case, with the
sole scope of investigating the liquid layer instabilities and the main factors affecting the
entrainment phenomenon.

Figure 5.2.1: Test chamber for entrainment visualization: (1) oxidizer flow injector, (2)
converging section (flow acceleration), (3) honeycomb for flow stabilization, (4) melted
paraffin cover, (5) sample-holder, (6) external case, (7) heater housing, (8) windowed
case [44]

5.2.1 Plane interface

The initial condition for the location of the two phases is assessed with the dictionary
setFieldsDict in the System folder. This dictionary allows the user to set the default
value for αphase1 in the domain, and to identify one or more regions where its value is
different. Not only the indicator function, but also all the other calculated fields, like
velocity and pressure, can be set initially on a selected set of cells. The options for the
definition of the regions are those of topoSetDict; in this case the option boxToCell is
used to select all cells whose cell centre is inside a given bounding box of height h = 2mm.
Once the mesh is defined, the command setFields is run, and the resulting domain at t = 0
is visualized with ParaView as in Figure 5.2.2. The red part corresponds to parffin wax,
that is αparaffin = 1, the blue to the oxidiser, in this case air. The same would apply for
all the other simulation of the entrainment. The cells at the interface have a value of
αparaffin between 0 and 1.

The experiment conducted by Paravan et al. in reference [44] considers a uinlet

ranging from 25m/s to 50m/s. Thus an inlet velocity of 35m/s is used in the following
simulations. The chamber is taken at ambient pressure, with P0 = 105Pa. A hexaedral
mesh with cubes of side 50µm is used for all simulations of entrainment visualization.
The condition for the Courant number lower than unity is imposed, and the time step is
adjusted accordingly.
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Figure 5.2.2: Domain for plane interface

The imposed boundary conditions on the domain are summarized in Table 5.2.1.
On the front and back of the geometry, the empty condition is imposed to have a
two-dimensional case. The noSlip condition is imposed at the walls.

Variable Bottom wall(1) Side walls (2−3) Inlet(4) Outlet(5) Top boundary(6)
u 0 0 uinlet ∇ · u = 0 ∇ · u = 0
P ∇ · P = 0 ∇ · P = 0 P0 P0 P0

k ∇ · k = 0 ∇ · k = 0 k0 ∇ · k = 0 ∇ · k = 0
ε ∇ · ε = 0 ∇ · ε = 0 ε0 ∇ · ε = 0 ∇ · ε = 0

αparaffin 1 ∇ · α = 0 0 ∇ · α = 0 ∇ · α = 0

Table 5.2.1: Boundary conditions

A k − ε turbulence model is employed; for the initial guess classical correlations are
imposed as following, where Cµ is 0.09 and L∗ is the characteristic length for the inlet.


I = 0.16Re−1/8

l = 0.07L∗

k0 = 3
2
(ugI)2

ε0 = C
3/4
µ

k
3/2
0

l

(5.2.1)

The treated paraffin is W1 and the gaseous phase is air, with the paraffin in liquid
phase and the air considered at ambient temperature; the data for transport properties
are the following, as reported by Bernigaud[6].

Property W1 Air
ρ[kg/m3] 654.4 1.28
ν[m2/s] 7.64x10−6 1.45x10−5

σ[N/m] 7.1x10−3 −

Table 5.2.2: Transport properties for W1 and air at ambient temperature
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(a) t = 2ms (b) t = 4ms

(c) t = 6ms (d) t = 8ms

(e) t = 10ms (f) t = 12ms

(g) t = 14ms (h) t = 16ms

Figure 5.2.3: Entrainment of liquid W1 in gaseous air at ambient temperature

The simulation successfully allows for the visualization of the phenomenon. A rolling
wave is generated and then stretched by the passage of the air flow. The primary breakup
takes place at the tip of the wave and the time of the event is recorded in the order of
10ms, exactly between 10.4ms and 10.6ms. The following figure shows the moment when
the primary break-up is generated.

(a) t = 10.4ms (b) t = 10.6ms

Figure 5.2.4: Primary break-up for liquid W1 and gaseous air at ambient temperature
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The droplet size distribution is in good agreement with experimental observations,
as well as the dependence on the melt layer viscosity and the dynamic pressure of
the gas phase, according to the results processed by Bernigaud. Thus, the numerical
simulation can be a potential tool to compare the behaviour of the paraffins described in
the previous chapter. Referring to the master thesis of Locca[32], the temperature for the
transport properties is taken at 150°C. This is a realistic condition considering the range
of temperature for liquid paraffin. Also, for the oxidiser the gaseous oxygen is selected.
The properties are reported in Table 5.2.3, following the model obtained from empirical
correlations and the law of perfect gas for the oxidiser.

Property W1 GOX
ρ[kg/m3] 748 0.911
ν[m2/s] 5.57x10−6 26.65x10−6

σ[N/m] 24.7x10−3 −

Table 5.2.3: Transport properties for W1 and GOX at T = 423K

(a) t = 2ms (b) t = 6ms

(c) t = 10ms (d) t = 14ms

(e) t = 18ms (f) t = 22ms

(g) t = 26ms (h) t = 30ms

Figure 5.2.5: Entrainment of liquid W1 in gaseous oxygen at T = 423K

49



MASTER THESIS Caielli Francesca

The Figure 5.2.5 shows the results for this set-up. Contrary to the previous case
no entrainment is visualized within the chamber, even if the simulated time is longer of
10ms. A rolling wave is generated, and stretched, showing the origination of instabilities
under the effect of strong shear forces of the gas phase; no primary breakup happens,
though. The reason can be found in the higher value of the surface tension, which is
an order of magnitude larger than the one used in the first case. This directly influence
the entrainment onset as described by equation 3.2.22. In the simulated time and in the
confined geometry of the numerical study the onset with the actual surface tension value
for paraffin is not verified.

5.2.2 Wave Interface

A major factor to investigate may be the geometry of the initial interface. As it can be
observed in Figure 5.2.6, experimental evidence underlines the presence of waves typical
of Kelvin-Helmoltz instabilities.

Figure 5.2.6: Instability of the liquid melt layer[32]

For this reason, a wave interface is imposed around the melt layer thickness of hmean =
2mm, with equation 5.2.2. The plane wave .stl geometry is created and put in the
simulation folder. The file setFieldsDict is modified, using the option surfaceToCell

to select the cells inside the dictated geometry. The initial configuration is reported in
Figure 5.2.7.

h = hmean + A sin(knz) (5.2.2)

Figure 5.2.7: Domain for wave interface
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The boundary conditions are the same as defined in Table 5.2.1 and the transport
properties of the fluids are those in Table 5.2.3. The results of this simulation are reported
in the following figure.

(a) t = 2ms (b) t = 6ms

(c) t = 10ms (d) t = 14ms

(e) t = 18ms (f) t = 22ms

(g) t = 26ms (h) t = 30ms

Figure 5.2.8: Entrainment of liquid W1 in gaseous oxygen at T = 423K, with wave
interface

Also in this case no droplet detachment is recorded. The limitation of this model are
to be found in the dimension of the domain, that could be unable to capture entrainment
phenomenon if this verifies more downstream. In Figure 5.2.8 it is possible to observe
that only the first wave crest is disturbed by the gas flow and causes the deformation of
the interface by impacting on the others, while the experiments show a deformation of all
the wave crests. Thus, another issue can be related to the k − ε model. In Figure 5.2.9
the velocity field at the last time step of the simulation is shown; the gas flow impact
on the first wave and does reach the outlet only toward the end of the simulation. The
reason behind this behaviour can be in the high values of the turbulence parameters for
k0 and ε0 that result from the high Reynolds number in a chamber with inlet of the order
of mm.
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Figure 5.2.9: Velocity field at t = 30ms

5.2.3 Cyclic boundary condition

Since the focus is on the comparison of different paraffin formulations, the difficulties
in the model limitations are overcome by introducing cyclic boundary conditions on the
sides. This patch type allows two boundary regions to be treated as if they are physically
connected. The presence of the inlet and outlet is removed, with the velocity initialized in
the whole oxidiser region through setFieldsDict. The boundary conditions are defined
as follows, with noSlip condition only at the bottom wall. The simulation is performed as
DNS, since the visualization of the droplets requires a very fine mesh to be used anyway.

Figure 5.2.10: Domain for cyclic BC

Variable Bottom wall Top boundary Left boundary Right boundary
u u = 0 ∇ · u = 0 cyclic cyclic
P ∇ · P = 0 P = 105Pa cyclic cyclic

αparaffin α = 1 ∇ · α = 0 cyclic cyclic

Table 5.2.4: Boundary conditions

W1+GOX

The properties for this case are the same described in table 5.2.3.
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(a) t = 2ms (b) t = 6ms

(c) t = 10ms (d) t = 14ms

(e) t = 18ms (f) t = 22ms

(g) t = 26ms (h) t = 30ms

Figure 5.2.11: Entrainment of liquid W1 in gaseous oxygen at T = 423K, with cyclic
BC

As the simulation is started, the instabilities are amplified and the peaks are elongated,
until some droplets are detached from the crests. By the end of the simulation it is quite
difficult to visualize the initial wave form, with several features merged together and large
amount of liquid paraffin entrained into the mean flow.

(a) t = 20.8ms (b) t = 21ms

Figure 5.2.12: Primary break-up for liquid W1 and gaseous oxygen at T = 423K
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The primary breakup happens between t = 20.8ms and t = 21ms.

W2+GOX

The case with W2 paraffin is then performed, to identify the influence of different
liquid viscosity and surface tension on the entrainment phenomenon.

Property W2 GOX
ρ[kg/m3] 740.3 0.911
ν[m2/s] 3.63x10−6 26.65x10−6

σ[N/m] 23.58x10−3 −

Table 5.2.5: Transport properties for W2 and GOX at T = 423K

(a) t = 2ms (b) t = 6ms

(c) t = 10ms (d) t = 14ms

(e) t = 18ms (f) t = 22ms

(g) t = 26ms (h) t = 30ms

Figure 5.2.13: Entrainment of liquid W2 in gaseous oxygen at T = 423K

With this paraffin the droplets start detaching earlier than in the previous case. The
lower liquid layer viscosity and surface tension thus allow for a lower critical condition
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for the entrainment onset. The primary break-up happens between 17.2 ms and 17.4 ms,
as shown in Figure 5.2.14.

(a) t = 17.2ms (b) t = 17.4ms

Figure 5.2.14: Primary break-up for liquid W2 and gaseous oxygen at T = 423K

W3+GOX

The entrainment simulation for the W3 paraffin is performed, with the transport
properties reported in the following table.

Property W3 GOX
ρ[kg/m3] 730.4 0.911
ν[m2/s] 2.41x10−6 26.65x10−6

σ[N/m] 23x10−3 −

Table 5.2.6: Transport properties for W3 and GOX at T = 423K

This is the considered paraffin with the lowest viscosity and surface tension, thus the
lowest critical condition for the entrainment onset. The results in Figure 5.2.15 and 5.2.16
confirm the prediction from the theoretical model. The primary break-up is realized in
the order of 1ms, an order of magnitude lower than for the other two cases. Also, the
amount of generated droplets is more significant than for the other paraffins.
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(a) t = 2ms (b) t = 6ms

(c) t = 10ms (d) t = 14ms

(e) t = 18ms (f) t = 22ms

(g) t = 26ms (h) t = 30ms

Figure 5.2.15: Entrainment of liquid W3 in gaseous oxygen at T = 423K

(a) t = 3.8ms (b) t = 4ms

Figure 5.2.16: Primary break-up for liquid W3 and gaseous oxygen at T = 423K
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Chapter 6

Numerical simulation of the
temperature profile through the
solid, liquid and gaseous phase

In the previous chapter a temperature of 150°C is employed, which is taken in reference
with previous performed experiments on the entrainment phenomenon. An improvement
in the study of the liquid mass transfer should be made considering the evolution of the
temperature in the three phases once the flame is established.

While it was difficult to access the laboratory in this time, efforts were made to set up a
numerical simulation for the heat transfer in a case with stationary boundary conditions.
The basic simplified case considers three region: a solid part, a liquid part, and a gaseous
phase with a mixture of fuel vapours and combustion products. Under the influence of
the flame temperature, obtained with CEA software, the temperature in the liquid region
is modified until convergence. The heat flux at the interfaces is also calculated through
OpenFOAM utilities. While this system requires to be further modified, considering a
multiphase flow solver for the fluid region, some early results can show the sensitivity to
the liquid layer thickness and the height of the flame.

The information on the flame location and the boundary layer characterization are
retrieved from ongoing work at the SPLab, which is focused on the Sasol Wax 6805. For
this reason, this paraffin is considered for the computational model.

6.1 CEA calculations

Chemical Equilibrium and Applications is a program developed by NASA. It requires
the reactants species and the combustion conditions as input and calculates chemical
equilibrium product concentrations, determining also thermodynamic and transport properties
for the product mixture. These properties would then be needed as a parameter in
OpenFOAM.
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Input

For sake of simplicity, the case is considered at ambient pressure, as for the previous
simulations; also, the combustion efficiency is not taken into account and the flame is
supposed to be generated at stoichiometric. Considering the following complete combustion
reaction for W2 with oxygen, the oxidizer to fuel weight ratio is obtained.

C40H82 + aO2 −−→ bCO2 + cH2O (6.1.1)

The mass balance leads to: 
a =

121

2
b = 40
c = 41

(6.1.2)

The stoichiometric oxidizer to fuel ratio is then retrieved.

aWO2

WC40H82

= 3.44 (6.1.3)

The CEA software allows the possibility to select paraffin as fuel, but request the
enthalpy of formation, that needs to be calculated. This is done by subtracting the latent
heat of fusion from the enthalpy of formation for the liquid paraffin, which leads to:

∆Hf ◦(liquid) = ∆Hf ◦(at298K)− Lm = −1179.81 kJ/mol (6.1.4)

Where the standard enthalpy of formation for paraffin at 298K is obtained as indicated
in reference [47].

∆Hf ◦(at 298.16K) = (−10.887− 6.106 ∗ n) kcal/mol (6.1.5)

The used inputs are summarized in the following table.

Property Value Unit
Pressure 1 bar

Oxidizer to fuel wt. ratio 3.44 −
Temperature of the fuel 298.16 K

Enthalpy of the fuel -1179.851 kJ/mol

Table 6.1.1: Parameters for CEA calculation

Output

Selecting the rocket option among the chemical equilibrium problem types, the properties
in the chamber, at the throat and at the nozzle exit are obtained. The condition in the
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combustion chamber are those needed for the simulation of the temperature evolution;
they would be reported in the Table 6.1.2. These parameters refer to the combustion
products of paraffin Sasol Wax 6805 (C40H82) and oxygen (O2).

Property Value Unit
Flame temperature 3105.11 K

Density 9.6304x10−2 kg/m3

Molar weight 24.863 g/mol
Specific heat 1.8065 kJ/kg/K

Dynamic viscosity 1.0186x10−4 kg/m/s
Prandtl number 0.6641 −

Table 6.1.2: CEA output

6.2 Temperature profile

With the scope of calculating the temperature evolution in the different phases a
two-dimensional simulation is set up with OpenFOAM. Following the model of Karabeyoglu[23],
the heat transfer in the solid and liquid layer is considered solely due to conduction, while
the heat is transferred convectively and conductively in the gas phase from the flame.
Radiation is not implemented yet, since the study is focused on the feasibility of the
model, but it would be possible to further add the radiation properties in this simulation.

The three regions are fixed in a domain of 10 cm in the axial direction, starting
from the leading edge of the grain. The thickness of the solid layer is of 1 cm; the gas
phase is flowing from an inlet on the left to an outlet on the right and is initialized at a
velocity of 5 m/s. The temperature between the liquid and the solid phase is fixed at the
melting temperature, and the one at the top boundary of the gas phase is set at the flame
temperature. Considering an oxidiser velocity of 5 m/s, which roughly corresponds to
an oxygen mass flow of 45 g/s, the height of the flame is set at 1.92 mm over the liquid
fuel surface, according to an analysis proceeding at the SPLab on pure Sasol Wax 6805
paraffin. The height of the melt layer was calculated by Garg[17] in accordance with the
theoretical model; for an average regression rate of 1 mm/s, a thickness of 0.1 mm was
obtained. These two values would be firstly considered and then modified to account
for the sensitivity of these parameters. Like in the model of Karabeyoglu, the domain is
in the reference system of the liquid layer; thus as the fuel is regressing the geometry is
moving with it. The temperature at the liquid-gas interface would be calculated by the
software. Noticed the stationary boundary conditions, this value would converge after a
certain time.

6.2.1 chtMultiRegionFoam

The solver employed for this simulation is chtMultiRegionFoam, which allows to
work with different regions with different properties. Originally thought to solve heat
transfer between solid and fluid, it is a solver for steady or transient fluid flow and
solid heat conduction, with conjugate heat transfer (cht) between segregated regions,
each one being a coherent continuum of the same phase. Separate governing equations
for each continuum are solved, with the partitioned approach: solve separate matrix
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equation systems, couple at the boundary interface, sub-iterate until coupled convergence
is reached[50]. This means that the equations for each variable characterizing the system
is solved sequentially and the solution of the preceding equations is inserted in the
subsequent equation. The coupling between fluid and solid follows the same strategy:
first the equations for the fluid are solved using the temperature of the solid of the
preceding iteration to define the boundary conditions for the temperature in the fluid.
After that, the equation for the solid is solved using the temperature of the fluid of the
preceding iteration to define the boundary condition for the solid temperature. This
iteration procedure is executed until convergence.

In the fluid region the compressible Navier-Stokes equation are solved. The solver is
pressure based, thus the pressure equation is used to establish the connection between
the momentum and the continuity equation. The steps followed from the algorithm are:

• Update the density from the continuity equation

• Solve the momentum equation, computing a velocity u∗

• Solve the energy equation, computing T at the new time step.

• Solve the pressure equation to solve mass conservation; velocity is corrected to
satisfy the mass equation.

• Correct the density from the pressure and the temperature field through the equation
of state.

For the solid regions only the energy equation has to be solved, which states that the
temporal change of enthalpy of the solid is equal to the divergence of the heat conducted
through the solid.

At the interface the temperature should match and the heat flux entering one region
at one side of the interface should be equal to the heat flux leaving the other region
on the other side of the domain. This coupling is reached through the mixed boundary
condition compressible::turbulentTemperatureCoupledBaffleMix.

chtMultiRegionFoam case setup

Before running the solver, a preparatory phase needs to be done to set up the boundary
conditions, the parameters and the schemes to be used for each region. This process is
summarized in Figure 6.2.1.

First, it is required to generate the geometry and the mesh, through the blockMesh

tool. The boundary conditions are required to be initialised; they are saved in a 0.origin

folder, which is copied to 0 folder. Then the domain is divided into regions through
selection of cells subsets (cellSet) and their transformation into zone (cellZoneSet), a
coherent subset of cells which can be used to define a region. For this goal, the topoSet

utility uses as input a dictionary file in the system folder with the commands to be
executed. In the current case the cells subsets are defined through boxToCell function.
After all the regions are defined, the mesh of the domain has to be split into several
disjoint meshes, through the command splitMeshRegions.
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The properties of the different regions needs to be applied to the respective cell
subsets. Thus, in the constant and system directories a folder for each region needs
to be created. In the constant folder the thermophysical properties, radiation properties
and turbulence model for each zone are defined; it also is necessary to build here a
file called regionProperties, that assigns the physical phase to each region, either
fluid or solid. In the system directory the fvSchemes and fvSolution are defined for
each zone, by having one file in the respective folders; also in each region folder there
should be a changeDictionaryDict file, which contains details about the necessary fields
like temperature and velocity. The command line changeDictionary is used to specify
appropriately the initial, boundary and coupling conditions for all fields.

Once this process is completed the command line chtMultiRegionFoam can be use
correctly. In this case, the application is run in parallel to reduce the overall computational
time.

Figure 6.2.1: Basic work flow for chtMultiRegionFoam[50]

6.2.2 Simulation of the basic case

The basic case considers the height of the flame at 1.92 mm and the thickness of
the melt layer as 0.1 mm from previous studies. The initial domain obtained with
splitMeshRegion is shown in Figure 6.2.2.
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Figure 6.2.2: Domain for temperature profile evaluation

The region properties, written in the file thermophysicalProperties, are reported
in Table 6.2.1 for each phase. The solid and liquid properties of the paraffin wax are those
reported in Table 4.1.7. As anticipated, since only conduction is wanted to be solved for
liquid phase, this region is defined as a solid region. Also, when inserting it in the fluid
regions, the velocity field in this part results to be infinitesimal. The gas phase between
the liquid layer and the flame is composed of combustion products and fuel vapours.
The transport and thermophysical properties for this region are then an average of those
obtained from CEA for the combustion products and butane (C4H10).

Solid Fuel Liquid Fuel Gas Phase
W 562 g/mol W 562 g/mol W 41.43 g/mol
Cp 2529.84 J/kg/K Cp 2987.53 J/kg/K Cp 2397 J/kg/K
λ 0.329 W/m/K λ 0.167 W/m/K µ 5.7625x10−5 kg/m/s
ρ 939 kg/m3 ρ 740.3 kg/m3 Pr 0.692

Table 6.2.1: Thermophysical properties used for the simulations

The solid phase is initialised at 300 K, the liquid at 343 K, the gas phase at 1200 K.
The temperature between the liquid and the solid is fixed at 343 K, at the bottom of
the solid at 300 K, and at the top of the gas phase, where the flame would be located,
at 3105.11 K. It is checked that the Courant number in the fluid region remains under 1
and that the diffusion number in the solid region is lower than 10. No turbulence model
is applied, but a very fine mesh is considered for the gas phase and the liquid layer,
0.1x0.02 mm in the former and 0.1x0.025 mm in the latter. In the solid phase the mesh
is graded of a factor of 10 from the interface with the liquid to the cold end.

After the simulation is started, the temperature profile in the regions evolves; it
stabilises after 0.99 s of simulated time. The heat flux at the coupled boundaries is
calculated through the post process utility wallHeatFlux of OpenFOAM. The results are
as follows, with the gas to liquid heat flux actually oscillating around the listed values.

• Liquid to solid: Max/Min= −8.038x103/−2.656x105 W/m2, Integral= −2.046 W

• Gas to liquid: Max/Min= −7.500x103/= −2.690x105 W/m2, Integral= −2.067 W
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In these pages the results of relevance about the temperature profile are reported;
they refer to: the temperature field along the gas/liquid interface; the evolution in the
three phases at the axial coordinate where the temperature of vaporization (or the closest
one) is reached at the liquid surface; the evolution in the liquid layer at the same axial
coordinate.

Figure 6.2.3: Temperature of the liquid fuel surface for h = 0.1 mm

From Figure 6.2.3 it is evinced that the temperature along the liquid surface is largely
influenced by the axial position, especially when close to the leading edge of the grain.
It arise from a value around the melting temperature to above 510 K at the end of the
domain, with a logarithmic trend. The vaporization temperature is not reached within
this domain.

63



MASTER THESIS Caielli Francesca

Figure 6.2.4: Temperature profile along the solid, liquid and gas phase for h = 0.1 mm,
at a distance from the leading edge of 0.1 m

The longitudinal evolution of temperature is reported at the axial position of 0.1 m,
at which it reached the closest value to the vaporisation point. Figure 6.2.4 shows that
the heat flux toward the solid phase affects only 1 mm below the solid surface; then
the temperature is constant at the ambient value. On the other hand, the temperature
gradient in the liquid and gas phase is huge, passing from a value of 343 K to 3105.11 K
in 2.02 mm. In Figure 6.2.5 the temperature profile in the solely liquid layer is reported.
The fragmented feature of the graph is due to the presence of only four layer mesh into
this region, since the considered melt layer thickness is very low. This issue may also be
at the base of the oscillating heat flux values. The highest temperature reached in this
case is between 510 and 520 K.
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Figure 6.2.5: Temperature profile along the liquid layer for h = 0.1 mm, at a distance
from the leading edge of 0.1 m

6.2.3 Liquid layer thickness

Considering the flame fixed at 1.92 mm over the liquid surface, the thickness of the
melt layer is varied to the values of 0.5 mm and 1.0 mm. The mesh definition is the same
as for the basic case.

Melt layer of 0.5mm

In this case, the convergence is reached later, at the time 1.72 s. The heat fluxes are
here reported; they are in the same order of magnitude of the previous case, but both
the integral values are lower.
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• Liquid to solid: Max/Min= −5.586x103/−1.554x105 W/m2, Integral= −1.149 W

• Gas to liquid: Max/Min= −7.746x103/= −2.249x105 W/m2, Integral= −1.627 W

The following graphs are reported as the ones for the previous case. In Figure 6.2.6
the evolution along the liquid surface is shown; the trend is logarithmic as before, but
the vaporization temperature is reached this time at the axial coordinate 0.028 m. The
highest value reached at the surface is of 885.81 K.

Figure 6.2.6: Temperature of the liquid fuel surface for h = 0.5 mm

The graphs of the temperature profile along the three phases (Figure 6.2.7) and in the
liquid surface (Figure 6.2.8) are obtained at the axial coordinate where the vaporisation
temperature of 681.02 K is reached.
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In this case it is noticeable the exponential trend in all the three phases. As before, the
temperature in the solid phase changes only in the last millimeter close to the solid/liquid
interface. The longitudinal distance between the melt point an the flame temperature is
this time of 2.42 mm; the gradients are still considerably high, especially in the liquid
fuel, considering the higher temperatures reached in this case at the surface of the melt
layer.

Figure 6.2.7: Temperature profile along the solid, liquid and gas phase for h = 0.5 mm,
at a distance from the leading edge of 0.028 m
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Figure 6.2.8: Temperature profile along the liquid layer for h = 0.5 mm, at a distance
from the leading edge of 0.028 m

Melt layer of 1.0mm

The melt layer is increased to 1.0 mm to see the variation in the heat fluxes and in
the achievement of the vaporisation temperature. The convergence happens later also in
this case. Also, both the heats transferred across the interfaces are lower, confirming the
previous trend.

• Liquid to solid: Max/Min= −2.075x103/−5.321x104 W/m2, Integral= −3.942x10−1 W

• Gas to liquid: Max/Min= −7.983x103/= −2.107x105 W/m2, Integral= −1.502 W
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Especially, at the liquid/solid interface the integral value is lower than one order of
magnitude. The larger thickness of the melt layer, with the consequent lower temperature
gradient is probably responsible for this fact.

In Figure 6.2.9 the temperature evolution at the liquid/gas interface is reported. The
logarithmic trend from the leading edge to the end of the domain is confirmed. The
highest value of temperature reached at the of the chamber is of 1013.76 K.

Figure 6.2.9: Temperature of the liquid fuel surface for h = 1 mm
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Figure 6.2.10: Temperature profile along the solid, liquid and gas phase for h = 1 mm,
at a distance from the leading edge of 0.0227 m

In this case the vaporisation temperature is reached at a distance from the leading
edge of 0.0227 m. The temperature profile at this point is reported in the previous graph,
Figure 6.2.10. The exponential trend is remarkable.

The same trend is recorded for the temperature profile in the solely liquid layer,
in Figure 6.2.11. The gradient at this axial coordinate is lower than for the previous
case, considered that the thickness is doubled. Anyhow at the end of the chamber, a
temperature higher of about 130 K is reached, compared to the case with a liquid layer
thickness of 0.5 mm.
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Figure 6.2.11: Temperature profile along the liquid layer for h = 1 mm, at a distance
from the leading edge of 0.0227 m

6.2.4 Flame height

Considering the same mass flow rate, but a fuel formulation with 5% polymer additives,
the flame height should shift upward. The study ongoing at SPLab on Sasol Wax
6805 indicates a flame location of 2.00 mm over the liquid surface in this case. This
configuration has been tested with chtMultiRegionFoam, considering a melt layer thickness
of 0.5 mm; a comparison on the reaching of the vaporization temperature and on the heat
fluxes at the interfaces is here presented.

A convergence is reached after 1.73 s. The heat transferred at both interfaces results
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to be lower of the order of 0.1 W compared to the case with pure paraffin. The values
are reported as follows:

• Liquid to solid: Max/Min= −5.288x103/−1.493x105 W/m2, Integral= −1.085 W

• Gas to liquid: Max/Min= −7.231x103/= −2.161x105 W/m2, Integral= −1.533 W

The following graph shows the temperature at the liquid surface for the two different
flame locations.

Figure 6.2.12: Temperature of the liquid fuel surface for h = 0.5 mm

As expected, the temperature at the same axial location results to be lower when the
flame is located upwards. The difference is most significant far from the leading edge of

72



MASTER THESIS Caielli Francesca

the grain. This also means that the vaporization condition for the fuel are reached more
downstream, exactly at 0.0314 m; a difference of 8x10−5m in the flame height results
in a shift of 3.4x10−3m of the vaporization temperature location. In Figure 6.2.13 the
temperature profile in the liquid layer at the axial coordinate of 0.028 m is reported for
the two cases. It can be observed that, when the flame stands 2 mm over the surface,
the temperature is 24 K lower than the vaporisation one.

Figure 6.2.13: Temperature profile along the liquid layer for h = 0.1 mm, at a distance
from the leading edge of 0.028 m
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6.2.5 Temperature profile up to the boundary layer

A last simulation is performed considering also the gas phase over the flame, up to
the limit of the boundary layer. This region is composed of a mixture of combustion
products and oxidiser. The average thickness of the boundary layer over the considered
domain is of 5 mm, according to the ongoing study on Sasol Wax 6805. The new domain
is then set as in Figure 6.2.14. The melt layer thickness of 0.5 mm and the flame height
of 1.92 mm is imposed. The temperature between the two gas phase region, the fuel
rich and the oxidiser rich, is the flame temperature. The top boundary condition for
the oxidiser rich region is that of a fixed temperature of 512.085 K. This is an average
value between the melting and the vaporisation temperature of the paraffin, which could
represent a realistic value for the oxidiser free stream flow.

Figure 6.2.14: Domain for temperature profile evaluation up to the boundary layer

The thermophysical properties for each region are as follows. In the gas phase an
average of combustion products and reactants is considered.

Solid Fuel Liquid Fuel
W 562 g/mol W 562 g/mol
Cp 2529.84 J/kg/K Cp 2987.53 J/kg/K
λ 0.329 W/m/K λ 0.167 W/m/K
ρ 939 kg/m3 ρ 740.3 kg/m3

Fuel and products Oxidiser and products
W 41.43 g/mol W 28.43 g/mol
Cp 2397 J/kg/K Cp 1370 J/kg/K
µ 5.762x10−5 kg/m/s µ 6.32x10−5 W/m/K
Pr 0.692 Pr 0.682

Table 6.2.2: Thermophysical properties used for the simulations

In Figure 6.2.15 the full temperature profile is reported, at the axial location at which
the vaporization temperature is reached at the liquid surface.
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Figure 6.2.15: Temperature profile up to the boundary layer for h = 0.5 mm at a
distance from the leading edge of 0.028 m

The highest temperature is imposed at the flame location; then it decreases towards
the boundary of the domains where the ambient condition and the temperature of the
free stream oxidiser are imposed. The heat flux conducted into the liquid layer and the
temperature profile in the liquid layer do not change, since their geometry and boundary
conditions are not modified.
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Chapter 7

Conclusions and future work

7.1 Conclusions

Through a literature survey and the use of the empirical correlations, the characterisation
of the transport and thermophysical properties of the paraffin-based fuel formulation
has been achieved. Particularly, the evolution of the density and the viscosity with
temperature based on the ABCs correlations and the one of the surface tension based
on cross-referenced experimental works have been reported. This could be a basis for a
database of paraffin properties to be employed in numerical simulations in the future.

The potential of the numerical analysis has been proved as an useful and convenient
tool to compare different liquefying fuels, the sensitivity to some parameters and their
influence in the hybrid rocket behaviour. Also, it would allow a better visualisation, and
therefore, understanding of some processes. The two phenomenon analysed in the current
work where:

• The entrainment of fuel droplets into the oxidiser flow, through the use of the the
multiphase interIsoFoam solver of OpenFOAM. The behaviour with plane and
wave initial interface has been investigated, showing that the presence of initial
perturbation of the interface allows for an easier realization of the entrainment
phenomenon. The three paraffins Sasol Wax 0907, Sasol Wax 6805 ans Sasol Wax
6003 have been analysed; the primary break-up happens earlier for Sasol Wax
6003, then for Sasol Wax 6805 and at the latest for Sasol Wax 0907. This is
in accordance with the theoretical condition for entrainment onset of the extended
hybrid combustion theory for liquefying fuels. Indeed, the onset is inversely proportional
to the viscosity and the surface layer, which have an increasing value from Sasol
Wax 6003 to Sasol Wax 0907. Also, a case run in a precedent numerical work has
been re-run considering the surface tension value of the paraffin Sasol Wax 0907,
which was an order of magnitude bigger. No entrainment was recorder in this case,
contrary to the original one.

• The evolution of the temperature profile, under stationary boundary condition, with
the solver chtMultiRegionFoam of OpenFOAM. The temperature trend along the
three phases behaved as expected, raising from the ambient temperature of 300 K
to the flame temperature. It was possible to observe that the temperature gradient
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in the solid phase is concentrated in the millimeter close to the liquid layer; an
exponential trend is recorded along all the three phases. Varying the thickness of
the liquid layer higher temperature are reached at the liquid surface; the condition
for evaporation is not met under a certain value of liquid layer thickness. Since the
simulation was two-dimentional, it was also possible to highlight the temperature
profile at the liquid surface along the chamber. A logarithmic trend was recorded,
starting from a value around the fusion temperature at the leading edge of the
grain, to an higher value at the end of domain. The surface temperature difference
at the end of the chamber could increase of more than 500 K, varying the thickness
from 0.1 mm to 1 mm. The heat flux at the solid/liquid and liquid/gas interfaces
is also reduced as the thickness is increased. The effect of flame location was also
investigated; an higher position of the flame of 8x10−5m results in reduced surface
temperature and heat flux.

7.2 Further developments

Further development to improve this work would include:

• Writing a model for the variation of specific heat and thermal conductivity with
temperature for the paraffin formulations. Also, the variation of these parameters
with pressure and with the inclusion of the additives should be investigated, wither
through experimental tests and empirical correlations. This would be necessary to
have a correct thermophysical model to use for the numerical simulations.

• The analysis of the entrainment could be coupled with the results obtained from the
temperature profile, to insert more accurate transport properties; also, a coupling
of this simulation with a multiphase solver for the evaporation could be considered,
to analyse the residence time of the droplets.

• Regarding the temperature profile evaluation many efforts would still be required.
A first step would be the inclusion of a radiation modeling to analyse the influence
of radiative heat transfer. Secondly, the fluid part would need to be evaluated with
a multiphase solver, that would record the distribution of the different compounds
and return the interaction between the gas flow and the liquid layer.

A set of experimental tests should be conducted in order to validate the numerical
simulations and to improve them, taking into account the main divergences with the
experimental results. This would allow future research to rely on an extremely useful and
cost-effective tool to compare the behaviour and the performance of different propellants
and operational parameters.
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