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In this work the regression rate performance and flow physics of a lab-scale hybrid rocket engine burning
gaseous oxygen and paraffin-based fuels are experimentally and numerically investigated. Regression
rates are obtained by thickness-over-time averaging procedures and through a non-intrusive optical
method enabling fuel grain port diameter tracking. A numerical rebuilding of the experimental data is
performed with axisymmetric Reynolds-averaged Navier-Stokes simulations, using sub-models accounting
for the effects of turbulence, chemistry, radiation, and fluid-surface interaction. Simulations are performed
with different computational setups, also considering the fuel grain shape variation over time, obtaining
a fairly good agreement between the numerical and experimental data. A parametric analysis is also
performed to assess the variation of the fuel regression rate with swirl intensity.

© 2023 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY
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1. Introduction

Hybrid rocket engines (HREs) are propulsion devices burning a
solid fuel and a liquid or gaseous oxidizer [1]. Despite being known
since the 1930s [2], they have found limited applications in the
past, mainly due to the low fuel regression rate [3], which limited
the maximum thrust obtainable with an engine of given size. In
the past years, however, significant improvements have been made
in the field of hybrid propulsion, leading to a renovated interest of
the industry, as testified by the flights of SpaceShipOne and Two
[4] and by many European efforts, such as the SL1 launcher by
Hympulse [5], and the EU 2020 HYPROGEO [6,7] and FLPP [8] pro-
grams of the European Space Agency.

One of the most important innovations was the introduction of
liquefying fuels, namely fuels that form an unstable liquid layer
on the burning surface, leading to droplet entrainment and to an
increase in regression rate [9]. The most common liquefying fuel
is paraffin wax, which allows to increase the regression rate up to
3-4 times with respect to conventional pyrolyzing fuels [4,10].

Pure paraffin wax has, however, low mechanical properties, re-
quiring blending with reinforcing agents, such as thermoplastic
and thermosetting polymers [11-15]. In this work, a thermoplas-
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tic polymer whose chain is composed by styrene, ethylene, styrene
and butylene grafted with maleic anidride (SEBS-MA) is selected. A
thorough rheological and ballistic characterization of the paraffin-
SEBS blends has been performed.

To further increase both the fuel regression rate and the en-
gine combustion efficiency, swirl injection may be used [16-26],
injecting the oxidizer into the combustion chamber with a non-
zero tangential component of velocity. It is in fact known that, in
inert flows, swirl considerably increases the convective wall heat
transfer [27] and it has been also proved to be one of the most ef-
fective means to improve flame stability and combustion efficiency
in combustors and liquid rocket engines [28,29]. The effects of
swirl motion depend on the rotational intensity of the flow, quan-
tified by a dimensionless parameter, the swirl number [28], defined
as

SN = angular momentum flux fs(,ou wr)dS
~ Rwan x axial momentum flux — Ryan [, (pu?)dS

(1)

where S is the cross section, r the distance from the axis, Ry, the
wall radius, p the density, u the axial velocity and w the tangential
velocity. This parameter is usually rewritten as a geometric swirl
number, function of the sole geometry of the injector [30,31]

7 (Rwan — Tn) Rwall

A (2)

SNg =
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Nomenclature

conv convection

DD diameter difference

end final

grain fuel grain

inj injection

in initial

MB mass balance

melt melting

ox oxidizer

poc postchamber

pre prechamber

rad radiation

TR time resolved

m mass flow rate.............cooviiieiiiiiiiiiiin.. .. kg/s
P fuel regression rate............ooeiiiiinennennnn. mmy/s
" dynamic ViSCOSItY......uvuirenneieeiieieenieennns Pa-s
0 ENSILY « vttt kg/m3
A ATCA . . e et e e e m?

c specificheat...............ccoiiiiiiiiin.. J/(kg-K)
D diameter......ovviiiie i s m
G mass fluX PU .....ovvieiiiiiiiiiianinnss kg/(m?s)
h enthalpy per unit mass.............ccovevunenn.. J/kg
L length.....coouiiiii s m
p 0] (] 1 Pa
q heat fluX.....oveeeee et W/m?
r TAAIUS « ottt s m
S SUTTACE . ..ottt m?
SN swirl number

SNg geometric swirl number

T L22] 00101<] 1= 11 ) < PP K
t L1003 1< S
TMD  theoretical maximum density................... kg/m?3
u axial veloCity .......coovviiiiiii i m/s
w tangential velocity ............ooooiiiiiiiiaia.. m/s
X axial coordinate...........ccoovviiiiiiiiiiiiiiie e, m
yt dimensionless wall distance

where 1y, is the radius of the injection channels and Ajy; the injec-
tion area. This quantity allows to estimate the rotational intensity
of the flow near the injector, before the effects of friction [32],
mass adduction and energy release [33], and flow acceleration [28]
lead to its decrease. It is known that SNy is usually an overestima-
tion of SN [34], due to the simplifying hypotheses [31] made in its
definition.

Several firing tests [35,19,21-23,36] have shown that swirl in-
jection leads to a considerable increase in regression rate, but there
is still a relatively incomplete understanding of the relevant phys-
ical phenomena. Therefore, CFD simulations can be a useful tool
in the analysis and design of swirl-injected HREs, providing insight
on the internal flowfield and allowing to investigate different con-
figurations without the need for complex and costly experiments.

In this paper, numerical efforts from Centro Ricerca Aerospaziale
Sapienza (CRAS) of Sapienza University of Rome are joined with
experimental investigations performed at the Space Propulsion
Laboratory (SPLab) of Politecnico di Milano, in the framework of
the PHAEDRA (Paraffinic Hybrid Advanced Engine Demonstrator
for Rocket Application) project coordinated by the Italian Space
Agency [37]. The work focuses on the analysis of the internal bal-
listics of a lab-scale hybrid rocket engine employing paraffin-based
fuels.

The manuscript is organized as follows: the results of the ex-
perimental analysis are presented in Sec. 2; the computational
model used for the simulations is summarized in Sec. 3; the em-
ployed computational setups are explained in Sec. 4 and the nu-
merical results are presented in Sec. 5. In Sec. 6 the numerical
model is extended to wax-SEBS fuel blends, on the basis of both
experimental and numerical results.

2. Experimental setup and results

Burning tests are performed with a lab-scale hybrid rocket en-
gine extensively described in Ref. [38]. Cylindrical grains with sin-
gle central port perforation are tested. The experimental setup
design enables sample head-end visualization during the burning.
The main observable of interest is the solid fuel regression rate (7).
The latter is determined by thickness over time (TOT) method or
by an optical time-resolved technique implemented at SPLab [39].

The oxidizer is injected by eight radial channels. The injector
features SNg = 3.3. Tested samples initial port diameter (Do) is 5
mm, while the grain external diameter is 30 mm, thus, solid fuel

web thickness is 12.5 mm. Fuel grain length is 50 mm. Combustion
tests are performed with gaseous oxygen (GOX). Strand ignition is
achieved by a solid propellant primer charge. Combustion cham-
ber pressure is measured by a piezoresistive transducer placed in
the engine pre-combustion chamber. The oxidizer mass flow rate
ey is measured and controlled by a digital flowmeter. Tests are
executed with oxidizer mass flow rate in the range 5 to 7.5 g/s.

2.1. Regression rate data reduction

Regression rate data reduction aims at the identification of a
relationship between the regression rate and the oxidizer (or pro-
pellant) mass flux (Gox, or G respectively). The 7(Gox) is typically
presented as a compact power law:

F(Gox) =ar - Gg; (3)

Under given operating conditions, different data reduction methods
may imply differences in the i values. In spite of this, the relative
ballistic grading of the investigated fuel formulations is typically
independent of the used data reduction technique.

2.1.1. Thickness over time method

Thickness over time provides time- and space-averaged regres-
sion rates. The method is applied on both diameter and mass
changes in the burning time (Aty). The latter is defined based
on combustion chamber pressure history [38]. Ignition is con-
ventionally set at the time the combustion chamber pressure (p)
increases due to the primer charge ignition. Burning test termina-
tion is achieved by a nitrogen purge commanded by electrovalves
switching from oxidizer to inert gas flow. After ignition, Aty is in
the range 3 to 5 s for all the performed tests. Given the different
fuel regression rates, burning times are tailored to grant suitable
average oxidizer mass fluxes for the relative grading of the for-
mulations. Fig. 1a shows the pressure trace of a typical burning
experiment, with the main test events highlighted and an indica-
tion of the Aty.

When based on port size change, the regression rate is ex-
pressed as the difference between the sample actual initial and
final diameters [D(ti;) and D(tenq), respectively],

L D(teng) — D(tin)

- Aty 2 “)

fop
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Fig. 1. Burning test on the SPLab hybrid rocket engine: (a) typical pressure trace and
test phases, (b) image captured from the combustion of paraffin in GOX. In (b), the
vortex induced by the swirl radial injector is visible.

In the case of the mass balance, considering the theoretical maxi-
mum density (TMD), and the average fuel grain length (Lgyqin), the
regression rate is given by

_ L 2 - [m(tin) — m(tena)]
Aty TMD - 70 - [D(tin) + D(tena)] - Lgrain

(5)

FMB

where m is the measured fuel grain mass.
For both Eq. (4) and Eq. (5), the corresponding average oxidizer
mass flux is defined as
16 - 1i1px
77 - [D(tend) + D(tin)1?

(6)

Gox,ave =

2.1.2. Time-resolved method

The SPLab time-resolved method for the regression rate (TR) is
based on high-speed visualization of the combustion process (see
Fig. 1b) [39]. The regression rate is determined based on the cen-
tral port diameter sampling. Regression surface tracking starts from
the frame at which the head-end central port diameter became
visible (after primer charge ignition). Data sampling is extended
until the end of the combustion (depending on visualization qual-
ity). Diameter sampling is performed with frequency in the range 2
to 10 Hz. Higher frequencies are used in the earlier phases of the
burning process (faster regression rates), while slower samplings
characterize the last part of the measurement (when surface re-
gression is slowed down). During the combustion, the central port
diameter is sampled along different radial directions (depending
on combustion uniformity). The tracked diameter is the one identi-
fied from the head-end visualization of the specimen (see Fig. 1b).
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Effects such as the head-end consumption of the grain have no
significant effects on the diameter sampling [39,40]. The local di-
ameters were averaged to provide the instantaneous diameter at
the given sampling time (D;). This diameter is considered uniform
for the whole specimen length (given the relatively short grain
longitudinal extension). The sequence of the D; is a discrete infor-
mation in time. This discrete sequence of sampled diameters and
sampling times is made a continuous function by a power-law fit-
ting

D(t)=ap - (t —to)"™ + Do, > tign (7)

The fitting of Eq. (7) is maximized by the use of the ad hoc defined
ignition time (t;gy). The latter well suits the ignition conditions at
small scale for the range of initial G,y of interest [41]. The regres-
sion rate and oxidizer mass flux histories in time are evaluated
starting from Eq. (7) as

%'%Z%~f11)~111)-(t—t0)m371 (8)

4 . mox

Gox(t) T DOP
Consistency checks are applied for the evaluation of the time-
resolved values, details are reported in Ref. [39]. The time-resolved
method provides a regression rate characterization over a Gox
range with a single combustion run. Yet, different tests performed
for the same fuel under fixed operating conditions can be collapsed
in an ensemble average curve. For the latter, uncertainties are eval-
uated by considering confidence intervals with 95% accuracy. A
minimum of three tests is considered for error bar definition in the
ensemble average. In a dataset, it is possible that the TR method is
applied to a reduced series of firings. This can be due to different
reasons. First, the TR method requires that the operating condi-
tions of the experimental runs are the same for the all the tests
collapsed in an ensemble average (in particular, the initial G,y and
the strand geometry). In addition, in some cases the image qual-
ity is compromised by head-end burning/unclear recognition of the
regressing surface and these factors limits the applicability of the
method [39].

GRS

(9)

2.2. Tested fuels and pre-burning characterization

Tested fuel formulations are based on a commercial microcrys-
talline wax (SASOL 0907, TMD = 929 kg/m> here labeled as mWA).
Paraffin is tested as it is, or blended with SEBS-MA (Sigma-Aldrich,
TMD = 910 kg/m3). Carbon powder (Sigma Aldrich, average particle
size < 20 pm) is added to all the tested fuels (1 wt%) to prevent
in-depth absorption of radiation heat transfer. The styrene copoly-
mer is added to the compositions with mass fractions of 10 and 20
wt%. Details on the tested fuel formulations are given in Table 1.
Other fuels have been considered (i.e. F3 and F4 formulations), but
are not of interest in this work.

Preliminary thermal and mechanical characterizations of the
tested fuels are reported elsewhere [42]. In this work, focus is on
the melt fuel rheology due to its impact on the regression rate.
Rheology tests are performed to determine the melt fuel viscosity
under reference conditions (strain rate range 1-1000 s~!, temper-
ature 423 K).

Blending of mWA with SEBS-MA produces no significant effects
on the TMD of the tested formulations. The same holds for the
actual densities of the manufactured fuels, that are all within a
+3% of the theoretical value. On the other hand, the impact of the
reinforcing polymer on the melt fuel viscosity is marked, as will
be shown in Sec. 6. Cold flow visualizations at ambient pressure
for melt layer temperature of 423 K are shown in [38]: viscosity
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Table 1
Tested fuel formulations.
Fuel Id.  Composition TMD, kg/m3
F1 MWA (99 wt%) + C (1 we) 929
F2 MWA (89 wt%) + SEBS-MA (10 wt%) + C (1 wt%) 928
F5 MWA (79 wt%) + SEBS-MA (20 we%) + C (1 we%) 926
2.5
2.0
0
E 15
13
B —TR, Egs. 8-9
1.0 --DD, Eq. 3
--TR, Eq. 3
--MB, Eq. 3
05 154
20 40 60 80 100

G,, (kg/m?2s)

Fig. 2. F1 ballistic characterization: time-resolved and TOT data.

enhancement from F1 to F5 gradually suppresses the melt layer
instability, with SEBS-MA addition at 20 wt% suppressing droplet
detachment from the surface roll waves.

2.3. Ballistic characterization

Ballistic characterization is presented considering the TOT
methods first, then time-resolved data are discussed.

Mass-based TOT shows faster regression rates than the DD
counterpart. This is due to the head-end burning altering the grain
length: the mass change accounts for this effect that is not cap-
tured by the simple diameter measurement. The increasing viscos-
ity due to the SEBS-MA load implies a regression rate reduction
of the blended fuel. Entrainment mass transfer suppression is the
main cause for the slower recession of the surface. Focusing on F2,
the percent regression rate difference (with respect to F1) is -43%
when considering DD, and -47% for MB. For F5, the relative grading
yields a -63% with DD, and -65% when using the MB method.

A deeper comparison of the ballistic responses of the fuels is
possible by the power law fitting reported in the Table 2. Thickness
over time data for F1 feature relatively low data fitting values due
to the data scattering induced by the fuel mechanical properties.
Independently of the reduction method (MB or DD), the n; value of
the power law fitting is close to the value of 0.6 typically found in
the literature for the combustion of paraffin wax fuels [9]. The DD
data feature a good agreement with the TR counterpart, as shown
in Fig. 2. In the high G,x region, Eq. (3) shows a relatively low
fitting to the instantaneous data. This is an effect of the small port
diameter of the samples inducing a relatively strong sensitivity to
oxidizer mass flux in the earlier phases of the combustion process.

3. Computational model

The numerical simulations have been performed solving the
Reynolds-averaged Navier-Stokes (RANS) equations [43], with sub-
models accounting for the effects of turbulence, chemistry, gas-
surface interaction, and thermal radiation. In all simulations an
axisymmetric approach has been used, with a periodic boundary
condition on the lateral faces ensuring the symmetry of the flow.
Such simulations can be used as a quick design tool, while, on the
other hand, most of the work present in literature either employs
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3D [44,45] or LES [46] simulations, which have high computational
cost, or makes use of simplified injection approaches [18].

The numerical model is extensively described in [47,48] and the
main details are reported below for the sake of completeness.

The simulations were performed with an in-house solver, val-
idated in many different operating conditions [47-50]. The finite-
volume computational tool is second-order accurate in time and
employs a Roe Riemann solver [51], with the Strang operator-
splitting technique used for time integration [52], through a
second-order Runge-Kutta scheme for convective and diffusive
terms and an implicit integrator for the chemical source terms.
The specific isobaric heat, enthalpy and transport properties are
expressed, as a function of temperature, using the polynomials
taken from CEA database [53] for all species except paraffin, and
the heats of formation as well. Wilke’s rule [43] was used to obtain
the mixture molecular transport properties, considering a constant
Schmidt number Sc = 0.7. The Prandtl number is computed from
the mixture properties. The adopted turbulence model is the one
of Spalart-Allmaras [54], with turbulent Prandtl and Schmidt num-
bers equal to 0.9 and 0.7.

A global reaction mechanism is employed to model the com-
bustion of ethylene, which is the main product of paraffin cracking
[55,56], adapting a model for the combustion of butadiene, due
to the lack of literature data, consisting of seven reactions and
ten species (Table 3). The forward reaction rates were computed
through Arrhenius-type equations and the backward rates as the
ratio between the forward ones and the equilibrium constant.

The paraffin taken into account in the present work is C32Hgg.
Paraffin wax undergoes melting upon heating. The formation of a
liquid surface layer is then followed by vaporization. Due to the
low critical pressure of paraffin (6.5 bar [57]) it is possible to as-
sume that the entrainment of liquid paraffin droplets into the main
gas stream is part of the turbulent mixing process, and thus a
dense fluid approach was used for the modeling of paraffin, us-
ing the properties provided in [58].

As described in [47], the fluid-surface interaction sub-model re-
garding pure paraffin is based on mass and energy balances, which
reduce to

qw.conv + qw,rad =T - Os - [Ahmelt + s - (Tmett — Ts,in)] (10)

where qw,conv and qy raq are the convective and radiative wall heat
fluxes, i the fuel regression rate, and the paraffin density, melting
enthalpy, specific heat, melting temperature, and initial temper-
ature are, respectively, ps = 929 kg/m>, Ahmeir = 169.83 kJ/kg,
cs = 1946.03 J/(kg-K), Tmerr = 343 K and Ty i, = 298.15 K.

The radiative heat flux is computed with an in-house code [47,
59], which integrates the radiative heat transfer equations (RTE)
for gray/diffuse boundaries and inhomogeneous gray/nonscattering
media, using the DTM approach [60], in which a discretization of
N; rays is used to integrate the RTE with an integration step As.
The evaluation of the radiative heat flux is carried out only at the
boundaries and the sole emitting species considered are H,0, CO,
and CO. The wall emissivity is set to 0.91 and the refractive index
to 1.43, according to the models proposed in [61,62].

Simulations taking into account the variation of fuel grain shape
during the burning time have also been performed. This shape
change approach simulates the entire firing test of the engine with
a series of steady-state simulations in which the shape of the pro-
pellant grain is adjourned at each time step, taking into account
the regression rate previously computed [63,50]. This approach is
made possible by the characteristic times of grain regression being
significantly larger than the ones of the gasdynamic and chemical
phenomena inside the engine.



M.T. Migliorino, M. Fabiani, C. Paravan et al.

Table 2
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Power law approximations (Eq. (3)) TOT and TR data. Thickness over time extends over the
Gox Tange 19 to 85 kg/(m?s), while for TR, the investigated interval extends from 19 to 140
kg/(m?2s). Data are normalized with respect to those of pure paraffin obtained with DD reduc-
tion method, ay ror = 0.126 mm/(s-(kg/(m?-s))*-6).

Fuel Id.

No. of Tests

Technique ar [y ref ny Data Fitting
MB 8 1413 £ 0.270 0.587 £ 0.049 0.941
F1 DD 8 1.000 + 0.286 0.600 £ 0.071 0.921
TR 8 1127 £ 0.00(3) 0.567 +£ 0.001 0.999
F2 DD 10 0.428 + 0.048 0.648 + 0.029 0.981
F5 DD 8 0.214 £ 0.024 0.729 £ 0.033 0.986
TR 3 0.262 + 0.00(1)  0.929 &+ 0.001  0.988
r
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Fig. 3. Setups used for experimental rebuilding.
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For the rebuilding of the experimental data different computa-
tional setups have been used, as shown in Fig. 3. All setups consist
of a swirl injector (0 < x < xg), a prechamber (xy < x < x1), the
paraffin grain (x; < x < x3), a postchamber (x3 < x < x4), and a
converging/diverging nozzle (x4 < x < L). The latter is composed
by conical sections connected by circular arcs with each other
and with the cylindrical postchamber. In all setups the postcham-
ber radius has been assumed equal to the port radius, since the
postchamber affects mainly pressure and combustion efficiency,
which are not the main focus of the present work.

(b) Prechamber-grain transition.

Fig. 4. Details of the reference computational grid.

On the left-hand side an isothermal boundary condition is im-
posed, with temperature equal to the oxidizer injection temper-
ature. The oxidizer injection is simulated with a subsonic inflow
boundary condition, imposing mass flow rate and static temper-
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Fig. 5. Results of the grid convergence analysis.
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Fig. 6. Velocity streamlines and profiles in the prechamber for the rpe =1, setup.

Table 4
Meshes considered for the grid refinement study.
Coarse Medium Fine
Mesh 200 x 60 400 x 120 800 x 240
Number of control volumes 12000 48000 192000
Maximum cell height on grain (pm)  19.0 9.4 4.6
Maximum y* on grain 13 0.9 0.6

ature, with the discrete tangential injectors of the experimental
setup substituted by an equivalent annular injector. In an axisym-
metric approach it is not possible to inject the flow tangentially,
thus either a radial or an axial injector has to be used. Given the
geometry of the experimental setup it has been deemed more ap-
propriate to inject the flow radially, but, being the prechamber
long, it is expected that the effects of the injection arrangement
on the fuel regression rate are small. The width of the injector has
been chosen to match the experimental injection area and the flow
injection angles are set to obtain a given geometric swirl number.
The fuel grain boundary condition is based on the mass and en-
ergy balance equations, while the postchamber and nozzle walls
are modeled with an adiabatic boundary condition. On the center-
line a symmetry boundary condition is imposed and a supersonic
outlet is assumed at nozzle exit. On the lateral faces a periodic
boundary condition is set to model the axisymmetric swirling flow.

The first setup employed (Fig. 3(a)) assumes that the precham-
ber and the fuel grain have the same radius; the second, instead,
takes into account the correct prechamber radius (Fig. 3(b)), mod-
eling the prechamber-grain transition as an inclined line. When
performing simulations accounting for the fuel grain shape change
(Fig. 3(c)), the second setup has been employed, since it allows for
a more precise comparison with the time-resolved experimental
data. The prechamber-grain transition angle is set to 60°, as the

4

——exp. MB

- - exp. DD

3+ @ CFD SN, = 3.3, rpe = 15 mm
@ CFD SN, =33, rpe =17,

Regression rate (mm/s)
v}

20 30 40 50 60 70 80
Gox (kg/(m?s))

Fig. 7. Comparison between experimental and numerical data. Symbols represent
the numerical average regression rates and lines their least square fit.

experimental results show that the inclination of the front-facing
end of the grain varies between 90° and 45° during the burn.

Since the swirl intensity of the flow is directly proportional
to the cross-sectional radius [28], a reduced swirl number SNjp;
has to be imposed at the injector for the constant-radius setup.
This allows approximating the swirl intensity reduction when the
swirling flow moves from the prechamber to the fuel grain. As-
suming that the flow is steady and inviscid the dependence of SN
on the external radius is linear, resulting in

.
SNipj = SNg - rﬁ (11)
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Fig. 8. Temperature flowfields for r, = 6.5 mm, SNg =3.3. rpre =1, (top), and rype = 15 mm (bottom).

Table 5
Comparison between fits of experimental and numerical data. The
ar[ay re coefficient is the same of Table 2. R? is the coefficient of de-

termination.
Data ar/rref Ty R?
Experimental MB 1413 0.587 0.941
Experimental DD 1.000 0.600  0.921
Numerical SNg = 3.3, rpre = 15mm 0914 0.669 0.967
Numerical SNg =3.3,rpe =1, 1.042 0.615 0972

5. Numerical results

In this section the numerical results are reported and com-
pared with the experimental data. First, a convergence analysis of
the computational grid and of the DTM discretization is reported
(Sec. 5.1), then the numerical rebuilding of experimental data is
performed (Sec. 5.2) using the three approaches previously ex-
plained. Finally, an analysis of the effect of swirl intensity on the
fuel regression rate is performed in Sec. 5.3.

5.1. Grid convergence analysis

In this section the results of the grid convergence analysis are
reported, considering the constant-radius setup. For the setup with
prechamber cavity, a mesh with the same number of cells and sim-
ilar topology has been employed, ensuring approximately the same
wall resolution.

For all computations a structured grid made of 400x 120 cells
has been used, with clustering near the injector (Fig. 4a), at the
grain leading edge (Fig. 4b), and at the nozzle throat. The conver-
gence analysis has been performed using a coarse grid, made of
200 x 60 cells, and a fine grid of 800 x 240 cells.

The grid data are reported in Table 4, the local regression
rate in Fig. 5(a) and the temperature profiles at middle grain in
Fig. 5(b). On average, the average regression rate varies by 0.14%
between the coarse and reference grid and only by 0.03% between
the reference and fine grid, and the temperature profiles are al-
most superimposed. Therefore, the 400 x 120 grid is considered
acceptable for all simulations.

A convergence analysis was performed also on the discretiza-
tion used for the radiative heat flux evaluation, varying both the
number or rays N; and the integration step As. Considering As =1
mm, the radiative heat flux on the grain varies on average by 0.3%
increasing N, from 144 to 256 and by 0.07% from 256 to 400. Fix-
ing N, = 256, the average variation of the radiative flux is 3.41%
decreasing As from 5 mm to 1 mm and by 1.62% decreasing it
from 1 mm to 0.5 mm. Based on these results, N, = 256 and
As =1 mm were selected for all computations.

Fig. 6 shows the velocity streamlines in the prechamber, and
the axial and tangential velocity profiles at two different sections
for the rpre =1, setup. The local flow field entailed by the specific
injector arrangement is confined to the first part of the precham-
ber. Away from the injectors, the flow develops yielding a forced
vortex (w proportional to r) with a decay of w close to the wall
This is consistent with three-dimensional numerical simulations

T(K): 400 1200 2000 2800 3600

r (m)

0 0.02

0.04
X (m)

0.06

Fig. 9. Flowfield detail for rpre =15 mm, r, =6.5 mm, SNy =3.3.

and experimental data found in the literature [45,32]. For this rea-
son, it is expected that the simplified injection approach employed
in this work is able to correctly represent the internal ballistics en-
tailed by the swirled flow.

5.2. Experimental rebuilding

In this section the rebuilding of the experimental data is per-
formed. Simulations have been carried out for SNy =3.3 with r,
in the range 5 —9.95 mm, ri1x varying between 5 and 6.5 g/s, and
employing both computational setups. The results are compared
with the experimental data (Table 2) in Fig. 7 and Table 5.

Fig. 7 shows that the numerical results are generally inside the
uncertainty bounds of the experimental data. The uncertainty on 7
is derived from the ones reported in Table 2 for a and n through
error propagation analysis. The results obtained with the two se-
tups are comparable, but the setup with the prechamber cavity
yields higher regression rates, closer to the MB experimental val-
ues, since both the convective and radiative heat flux are influ-
enced by the engine geometry, as will be discussed below. The
simulations yield n values similar to the experimental ones, with
the rpre =7, law being very close to the experimental DD results.
Indeed, simulations with rpe =1, are expected to be more repre-
sentative of the DD approach, as the contribution of the regression
rate from the inclined surface at the grain’s leading edge is not
accounted for.

Fig. 8 compares the temperature fields obtained with the two
setups. The flowfields are quite similar, but the higher regression
rate for rpe = 15 mm results in the formation of a wider cool gas
layer near the wall, which reaches the nozzle throat. A detail of the
prechamber is shown in Fig. 9. Near the injection two recirculation
zones are created, one on the side of the injector and one on the
axis, the former due to the radial injection of the oxidizer and the
latter due to the centrifugal forces pushing the flow away from
the centerline. The formation of a recirculation zone on the axis
is expected at sufficiently high swirl intensities [28]. A third small
vortex is formed just before the prechamber end near the wall.
The flame is attached at the grain leading edge and quickly grows
in thickness, reaching the engine axis just after the grain end (x ~
0.13 m).

The local regression rates and the wall heat fluxes are compared
in Fig. 10. For both simulations the regression rate closely fol-
lows the convective heat flux profile, although radiation accounts
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Fig. 10. Effect of prechamber modeling on swirl number and wall heat flux.

for almost 35% of the total heat flux. In the constant-radius setup
the convective heat flux first decreases and then increases, due to
the combined effect of boundary layer growth and mass flux in-
crease along the grain. In the setup with prechamber cavity an
additional peak is present at x ~ 0.081 m, corresponding to the
transition to the cylindrical section of the fuel grain. The radiative
heat flux, instead, increases monotonically, as does the flame thick-
ness (Fig. 8). The convective heat flux is higher when considering
the prechamber cavity, because the burning surface is larger than
in the constant-radius setup, which results in a higher mass flow
rate and an increased convection. Additionally, the stronger blow-
ing from the fuel surface results in a thicker flame, which explains
the higher radiative heat flux.

It is interesting to compare also the swirl number variation
along x between the two setups, as shown in Fig. 10(c). At x =0,
SN is almost infinite, since the oxidizer is injected radially and the
denominator of Eq. (1) goes to zero if there is no mass flow rate.
As the mass flow rate increases, the swirl number decreases and
reaches a minimum, which is lower than the swirl number im-
posed at the injection, since the cross-section is reduced by the
presence of the recirculation zones. After clearing the vortexes,
the swirl intensity increases back to values close to the ones at
the injection, and then decreases again, due to frictional decay.
When the prechamber end is reached (x = 77.3 mm), the swirl
intensity drops significantly, due to the effects of cross-section re-
duction, combustion and mass adduction, all of which increase the
axial velocity u with respect to the tangential component w. The
swirl intensity on the grain is lower for the setup with precham-
ber, since the larger fuel mass adduction results in a stronger swirl
decay.

5.2.1. Shape change

To obtain a more precise rebuilding of the experimental data,
one of the firing tests has been rebuilt also with the shape change
approach. The test has an oxidizer mass flow rate of 6.5 g/s and an
initial port diameter of 5 mm. Since the measures taken with the
video equipment start at r, =4 mm, it has been chosen to start
the simulations at this port radius, with a reduced burning time.
The time intervals have been chosen according to the computed
regression rate: the higher the regression the lower the time in-
terval, for a total of 7 simulations, whose flowfields are shown in
Fig. 11.

The computed grain profiles are reported in Fig. 12(a). The
experimental and numerical axial consumption (computed at the
grain leading edge) compare fairly well, with the predicted one
lower by ~ 15%. A slight error is, however, expected, since the
mesh used is composed of a single computational block, instead
of multiple blocks, which would be able to model a vertical wall.

In spite of the geometrical simplifications employed, there is
a quite good agreement with the time-resolved data (Fig. 12(b)
and 12(c)). The video camera allows to obtain the variation over
time of the minimum grain diameter, from which also a regres-
sion rate trace can be derived. The regression rate computed at
the minimum port radius compares fairly well with the TR data
(Fig. 12(b)), being overestimated only at the first simulated burning
time. Consequently, the minimum port radius is slightly overpre-
dicted (Fig. 12(c)).

A final comparison has been made between the predicted and
measured average pressure values. The experimental average value
through the simulated time is 12.4 bar, while the time-average of
the CFD simulations is 13.60 bar, with an error of ~ 9.7%. The
discrepancy between the two values can be explained by possible
occlusions of the pressure sensor, and by the inability of the nu-
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Fig. 12. Results of shape-change simulations.

merical approach to take into account the start-up transient of the
engine, and the effect of the post-chamber cavity.

5.3. Effect of swirl on the regression rate

In this section an analysis of the effects of swirl on the fuel
regression rate is performed. Twelve constant-radius simulations
have been carried out at three port radii (r, =5, 6.5, 7.3 mm)
and four swirl intensities (SNg =0, 1.1, 3.3, 9.9), employing the
constant-radius setup of Fig. 3a. The oxidizer mass flow rate is
Mox =5 gfs.

The flowfields are shown in Fig. 13. As the swirl intensity in-
creases, the main combustion zone shifts towards the grain lead-
ing edge, and the mean flow temperature in the postchamber

decreases, since the increased regression rate results in fuel-rich
mixture ratios. It can also be seen that a non-swirled flow results
in a poor mixing and thin flame. By introducing swirl, instead, the
improved mixing due to the lateral components of velocity yields
a wider flame.

The regression rates are compared in Fig. 14(a) and the wall
heat fluxes in Fig. 14(b). The convective and radiative heat flux
show the same behavior of Fig. 10(b), and both increase with SN.
Swirl intensity does not only raise the regression rate, but affects
also its axial profile, moving its minimum towards the grain lead-
ing edge.

The average regression rates computed from the simulations
have been fitted in a parametric law, in order to identify the de-
pendencies of i on SN. Assuming that the regression rate depends
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Fig. 15. Dynamic viscosity of F1, F2, and F5 fuel formulations from measurements
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temperature (343 K) and the upper bound for the ABC model validity (573 K) [58].

only on the convective heat flux and that the Reynolds analogy
holds for swirl flows, substituting the axial velocity with the to-
tal flow velocity [64], the selected law is F =ay - (1 + SNé)m' - Gor.
Moreover, it is assumed, as done in previous works [21,23], that
the swirl number does not affect the value of n, in the selected
range of Gy, hence n, =0.615 (from Table 5) is employed.

Fitting the data at all swirl intensities the correlation is

_ 0.2355
F=00828(1+SN2) " GA¥Smmjs, R?=07760  (12)

Considering, instead, only the data at SNy =1.1, 3.3, 9.9 one gets

_ 0.1193
F=0.1250 (1 +SN§) G615 mm/s, R? = 0.9498 (13)

The coefficient of determination R? is reported as a performance
index of the laws. Eq. (13) fits the data much better than Eq. (12),
suggesting how the selected correlation functional form might not
able to model regression rates with axial and swirl injection at the
same time.
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6. SEBS-MA modeling

In this section an extension of the gas-surface interaction model
(Sec. 3) to wax-SEBS fuel blends is derived, on the basis of a theo-
retical analysis and both numerical and experimental results.

The fuel regression rate computed through Eq. (10) depends
on (i) the convective heat transfer; (ii) the radiative heat trans-
fer; (iii) the fuel density ps; (iv) the enthalpy of melting Ahpe;
(v) the conductive heat transfer cs(Tmelr — Ts,in). The convective
heat transfer depends on the liquid isobaric specific heat, the dy-
namic viscosity, and the thermal conductivity (c,, w, k), while the
radiative heat transfer depends on the grain radiation emissivity.

The effect of the addition of SEBS on the fuel density and the
melting temperature has been observed to be negligible from ex-
perimental measurements (hence ps, Tmelt, Tsin are kept as the
ones of F1 paraffin). Moreover, the radiation emissivity is not ex-
pected to influence significantly the regression rate [48].

The dynamic viscosities of the liquefied paraffin of the three
formulations (F1, F2, F5) have been measured for different temper-
ature ranges and are reported in Fig. 15. The asymptotic behavior
correlation (ABC) values of [57] are multiplied by appropriate fac-
tors (2.8 for F1, 23 for F2, and 80 for F5) in order to reproduce the
measured viscosities. Liquid specific heat and thermal conductivity
were however not measured and are here assumed to be equal to
the ones of the ABC model for all fuel formulations. The sensitivity
of the regression rate to these two fuel properties has been as-
sessed as negligible if they vary of 5-10%, which is expected given
the dominance of paraffin in the fuel.

Properties of the solid fuel that strongly affect the regression
rate in Eq. (10) are ¢ and Ahpej, which are however not known
due to lack of experimental and literature data. The first one can
be computed with a weighted average of wax and SEBS properties,

Cs = Yspps * Cs,seps T 1- ySEBS) - Cs,wax (14)

where yg.. = 0, 0.1, and 0.2 for F1, F2, and F5 formulations, re-
spectively, and cs g,c is unknown.

Modeling of wax-SEBS blends should theoretically take into ac-
count the different nature of the two fuels (liquefying and pyrolyz-



M.T. Migliorino, M. Fabiani, C. Paravan et al.

solid lines = g = 5 g/s
dashed lines = 7he = 10 g/s

Regression rate (mm/s)

Aerospace Science and Technology 140 (2023) 108467

—fli—e .
0.8H—F

e

e

= = U

20 30 40 50 60 70 80
Gox (kg/ (mzs»

(a) Regression rate profiles over the fuel grain. (b) Regression rates normalized with the val-

ues obtained for the F1 formulation.

Fig. 16. Regression rates from simulations at r, = 6.5 mm and SN, = 3.3 for F1, F2, and F5 fuel formulations. In panel b) numerical results are shown with symbols, while
lines indicate experimental nominal data (solid lines) with related uncertainty (dashed lines).

Table 6
Values of heat of pyrolysis Ah, and specific heat ¢ for
different materials.

Material ~ Ahp (MJ/kg)  ¢s (J/(kg- K))  Reference
HTPB 11 1632.0 (65,66]
HDPE 2.72 1255.2 [67]
SEBS 4.624 2133.84 -

ing), which is outside the scope of this work. On the other hand,
in order to compute Ahpet, it is here assumed that the pyrolysis
of SEBS takes place simultaneously to the melting of the paraffin
grain. In this way, Ahpe|¢ is obtained as a weighted average of the
heat of melting of paraffin and the heat of pyrolysis of SEBS,

Ahmelt = Yeps * Ahl:) + (l - ySEBS) . Ahmelt,wax (15)

where Ahp is unknown.

Due to lack of experimental and literature data, SEBS values of
cs and Ahp are inferred from comparison between CFD results and
experimental data. The main tuning parameter is the term on the
right hand side of Eq. (10), which reads

AH = Ahpet + €5 - (Trele — Ts.in) (16)

Four different simulations at port radius 6.5 mm and SNg =
3.3 were performed, resulting in the regression rates shown in
Fig. 16a. By normalizing the regression rates with the ones ob-
tained with the F1 formulation, it was possible, by adopting
AHsggs = 1.7AHyppg, to fit the data through the experimental
trends with good accuracy (Fig. 16b). It is remarkable that, despite
of the modeling assumptions, a single tuning of AH yields an ac-
ceptable representation of the regression rate for two different fuel
formulations and oxidizer mass flow rates. The individual values of
Ahp and ¢, are such that AHsggs = 1.7AHuppe and are reported
in Table 6, where they can be compared with properties of HTPB
and HDPE.

A final consideration is to be given to the chemical composition
of the liquefied fuel. To model exactly the behavior of wax-SEBS fu-
els one should consider not only paraffin, but also styrene (CgHg),
ethylene (C;Hg), and butylene (C4Hg). However, considering the
relatively low mass fraction of styrene present in SEBS-MA [68],
the overall ratio between carbon and hydrogen atoms is not signif-
icantly modified with respect to pure paraffin. Therefore, it is as-
sumed that the only species released from the fuel to the flowfield
is C3pHgg. A simulation considering the injection of 10% ethylene
with 90% C3,Hgg provided no appreciable change in regression rate
with respect to a simulation considering 100% C3;Hgg injection.

Combining the results of this analysis with the experimental
data of Sec. 2, the parametric law of Sec. 5.3 can be extended to
wax-SEBS fuel blends. Assuming that the fuel composition affects
only the a coefficient, a correction factor can be introduced to ac-
count for the regression rate decrease from pure wax to the F2 and
F5 fuel formulations. From the data reported in Fig. 16b, consider-
ing the two simulated oxidizer mass fluxes, the average values of
such coefficient are 0.52 and 0.39 for the F2 and F5 fuel formula-
tions, respectively.

7. Conclusions

In this work an experimental and numerical analysis of a lab-
scale hybrid rocket engine burning paraffin-wax and gaseous oxy-
gen has been performed in order to assess the effect of swirl
injection on the regression rate.

Tested specimens featured grain lengths of 50 mm, with exter-
nal diameter of 30 mm and initial port diameter in the range 5
to 20 mm. Firing tests were conducted varying oxygen mass flow
rate from 5 to 10 g/s, obtaining average oxidizer mass fluxes in the
range 20-60 kg/(m?-s) and regression rates in the range 0.5 to 2.5
mmy/s. Regression rates obtained by classical thickness-over-time
(TOT) averaging procedure were compared to fuel time-resolved
ballistics. Time-resolved data were obtained by an optical method
enabling port diameter tracking.

A numerical axisymmetric RANS approach has been employed
for the rebuilding of experimental data at different oxidizer mass
fluxes and mass flow rates, yielding satisfactory results. The pre-
dictive capabilities of the model have been improved through sim-
ulations taking into account the variation of the fuel grain shape
during the burn. Moreover, a simplified approach has been em-
ployed for the modeling of paraffin fuels with SEBS additives.

A parametric analysis, performed varying both the port radius
and the swirl intensity, has allowed to assess the effect of swirl
intensity on both the average and the local regression rate. A para-
metric law linking the average regression rate to the oxidizer mass
flux and the swirl number has also been found.
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