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Abstract

A computational thermo-fluid-dynamic model of the hybrid rocket internal ballistics has been developed
in the present work. Numerical simulations of the flowfield in a laboratory 200 N-class hybrid rocket
engine, operated with gaseous oxygen and high-density polyethylene or acrylonitrile-butadiene-styrene
have been carried out. The objective is twofold: first the prediction of the solid fuel regression rate,
which is calculated with an improved gas/surface interface treatment based on local mass, energy and
mean mixture fraction balances as well as proper turbulence boundary conditions, along with chamber
pressure and combustion efficiency. Second, the detailed study of the discharge nozzle flow and heat
transfer. For the validation of the model, data retrieved from two firing tests are compared with the
numerical results revealing good agreement of the average regression rates, fuel consumption axial
profiles, and of the chamber pressure and combustion efficiency. The output of the motor ballistic
simulations are then used for a detailed numerical study of the flow through the nozzle and of the
unsteady thermal field inside the nozzle solid block showing different behaviours of graphite compared
to ceramic material nozzle, highlighting the severe thermal gradient occurring in the ceramic material.

1. Introduction

Hybrid rockets are chemical propulsion engines employing propellants in two separate phases. In the classical system
arrangement, namely, the fuel is stored in the combustion chamber in the solid state and a gaseous or liquid oxidizer
is properly injected in a port obtained in the solid fuel grain. Usually a forward dump plenum, upstream of the solid
grain, and an aft-mixing chamber thermally shielded are employed. Rocket performance is governed by the rate at
which the fuel is gasified, i.e. by the fuel regression rate, as this latter determines the total mass flow rate and the
overall oxidizer-to-fuel mixture ratio, which, for a given chamber pressure, control the motor thrust and the ideal
specific impulse. For a given fuel, regression rate is basically limited by the heat flux input to the solid grain, which
mainly depends on the thermo-fluid dynamics in the combustion chamber. This latter is significantly influenced by
several geometrical parameters, such as, among the others, the oxidizer injection configuration. Internal ballistic
calculations based on the classical boundary-layer theory [1], even when applied to simple engine arrangements, in
which a head-end injector is set up and an axial mean flow is established in the fuel port, can fail to predict the actual
motor performance for the lack of the oxidizer-injection fluid dynamics modelling [2, 3], especially for low aspect-
ratio motors. Hence, a fundamental task is the prediction and/or the reproduction of the motor internal ballistics.

Another challenge for the hybrid rocket technology development is the optimization of the design of thermal
insulations. The inner surface of the exhaust nozzle, through which the flow is accelerated to supersonic conditions
producing the required thrust, is the most critical in this sense, as it is subjected to the highest shear stress and heat
fluxes in a chemically aggressive environment. These severe conditions usually lead to removal of surface material
(ablation) due to heterogeneous reactions between oxidizing species in the hot gas and the solid wall. Because of the
material erosion, there is an enlargement of the nozzle throat section and a consequent decrease of rocket thrust, with
detrimental effects over the motor operation. Thus, the requirement that dimensional stability of the nozzle throat
should be maintained makes the selection of suitable rocket nozzle materials extremely hard. In recent years, Ultra-
High Temperature Ceramics (UHTC) have been extensively investigated as innovative materials for rocket application,
but, although their outstanding erosion resistance, they yield poor thermal shock resistance and damage tolerance,
which can lead to catastrophic failure [4]. For this reason, new reinforced UHTC systems have been conceived by
incorporating high aspect-ratio secondary phases, mainly silicon carbide (SiC) whiskers, carbon (C) or silicon carbide
fibres [5]. Prototypes of this new class of materials have to be designed and characterized in firing tests. Experimental
testing along with computational fluid dynamic (CFD) simulations are, thus, both needed to improve the design and
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the current performance prediction capabilities of such propulsion systems. In this framework, the University of Naples
is involved in the European project C3HARME — Next Generation Ceramic Composites for Combustion Harsh
Environment and Space, in collaboration with other research centres, universities and industries.

CFD modelling of the flowfield in the combustion chamber of a hybrid propellant rocket has been the subject of
considerable interest recently (for instance see Ref. [6, 7, 8, 9, 10]), but, for the huge computational cost and very
challenging task, comprehensive models to describe the complex interactions among fluid dynamics [11], solid fuel
pyrolysis [12], oxidizer atomization and vaporization, mixing and combustion in the gas phase [13], nozzle
thermochemical erosion [14], particulate formation, and radiative characteristics of the flame [9, 15] are still lacking,
and numerical simulations are rather considered as a qualitative tool to afford the thermo-fluid-dynamics of the rocket.
A research effort is definitely of major importance in order to change this trend, by obtaining quantitatively accurate
results.

In Ref. [16] the authors preliminarily defined a simplified numerical model apt to simulate the thermo-fluid-dynamic
field in a hybrid rocket in which the fuel regression rate was an assigned parameter, with the main purpose of screening
several oxidizer injectors based on the resulting motor performance. That model has been successively improved, by
including the interaction between the gaseous flowfield and the solid fuel surface pyrolysis to derive the regression
rate along the fuel grain and transient numerical simulations have been carried out by updating the fuel port shape
during the engine run to capture the post-burn fuel axial consumption profile [17]. In the current paper, the model has
been further elaborated with an improvement of the gas/surface interface treatment based on local mass, energy and
mean mixture fraction balances as well as with the application of a proper turbulence boundary condition. Furthermore,
the computational domain has been here extended to include the aft-mixing chamber and the discharge nozzle, which
allowed for the computation of the chamber pressure (which in the previous works was an input to the problem) and
the estimation of the combustion efficiency.

The main idea behind the study presented here was to split the computational analysis of the whole motor internal
ballistics, including the nozzle, from a dedicated investigation into the nozzle itself. Thus, for a detailed thermal
analysis of the nozzle material behaviour, a combination of CFD simulations of the rocket ballistics with the ones of
the reacting flowfield across the exhaust nozzle, have been carried out with proper matching conditions.

With the aim of validating the internal ballistics computational model, two test cases are considered in the following;
they differ for the solid fuel, which in one case was High-Density Polyethylene (HDPE) and, in the other, Acrylonitrile-
Butadiene-Styrene (ABS); both fuels were burned with gaseous oxygen. After that, a refined unsteady fluid/solid
coupled simulation has been performed on the nozzle only, by employing the results of the previous calculation as
boundary condition.

2. Experimental Rig and Test Cases Description

The test rig is a versatile set up primarily designed for testing hybrid rocket engines of several sizes [18]. It is equipped
with a test bench and a general-purpose acquisition system, which allow evaluating propellant performance and
combustion stability [19], testing of sub-components and/or complete power systems, nozzles [20], air intakes, catalytic
devices [21], burners, ignition and cooling systems [4, 22].

2.1 Lab-scaled Rocket and Test Facility

The small-scale lab rocket used for the tests presented in the paper, and the test stand are described in this section. The
layout of the rocket engine is depicted in Figure 1, and a schematic of the test facility is shown in Figure 2.
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Figure 1: Motor layout and computational domain
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Figure 2: Test facility schematic

Gaseous oxygen is supplied by a reservoir of 4 cylinders that is connected to the motor feed line with a TESCOM
electronically controlled pressure valve. Mass flow rate is evaluated through gas temperature and pressure
measurements upstream of the throat of a chocked Venturi tube. Nitrogen is purged into the chamber for the burn out
and in case of an emergency shutdown.

The lab-scale rocket has an axisymmetric combustion chamber, with 350-mm length and 69-mm case inner diameter.
The tests presented in the following sections have been performed with a converging nozzle injector, whose exit-
section diameter is 6 mm, which delivered oxygen in single-port cylindrical fuel grains of either HDPE or ABS.
Upstream and downstream of the solid grain a dump plenum and an aft-mixing chamber are set up, respectively.

A graphite converging-diverging exhaust nozzle has been employed. The graphite nozzle can be easily replaced by
segmented nozzles with UHTC (or other materials) throat insert or by complete ceramic nozzles for the next step of
the study.

Chamber pressure is measured by means of two Setra C206 transducers, which are set up in the prechamber and in the
aft-mixing chamber. Methane is injected for 3 seconds simultaneously with oxygen in the prechamber where a spark
plug, powered by a Honeywell solid-state igniter spark generator, is arranged to ignite the motor.

All the analog signals are sampled at 5 kHz, digitally converted, processed and recorded on the hard disk by a National
Instruments PXI Express standard system wired with the computer by means of optical fibre cables. Acquired signals
are stored in binary format (for post-processing) and, after a downsampling to 100 Hz with a boxcar average, in text
format for a quick visualization. All the diagrams presented in the next sections will show downsampled data.

2.2 Firing Test Cases

Two firing tests with different polymeric fuels are considered as test cases for the validation of the numerical models.
The first test (Test 1) was performed with HDPE fuel grain whose length was equal to L = 220mm and the initial port
diameter was equal to D, = 15mm. The second test (Test 2) was performed with an ABS fuel grain whose length was
equal to L = 240mm and the initial port diameter was equal to D, = 15mm. The different grain lengths were
compensated with different postchambers.

The test duration was set to 12 s in both tests. A picture of the rocket exhaust plume for the firing test with HDPE is
shown in Figure 3; Figure 4 shows a sequence of pictures of the rocket nozzle taken at three instants after the engine
burnout, from the brightness one can see that very high temperatures in the nozzle bock are reached at the end of the
test.
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Figure 4: Sequence of pictures of the hybrid rocket exhaust nozzle after the firing test (Test 1 with HDPE)

The trend of the motor operating pressures over the firing time is shown in Figure 5 for the two tests.

Referring to Testl, the oxygen feeding valve starts to open at 0 s (test initial time) to deliver the oxygen flowrate
targeted for the test; for the valve opening delay, oxygen starts flowing after about 0.9 s and stops after 12.3 s;
simultaneously high-pressure nitrogen is fed into the engine for immediate shutdown. The decreasing trend of the
chamber pressure in Test 1 can be explained with the nozzle erosion during the test, whose throat diameter has
increased from 9.6 mm to 10.6 mm as measured after the test. The nozzle throat diameter in Test 2 was equal to 12
mm and no significant erosion was detected.
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Figure 5: Operating pressures vs time
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The average parameters measured over the firings are summarised in Table 1. The mass loss method [23] has been
used to calculate the average values starting from the measurement of the burned fuel mass and burning time, which is
determined from the pressure-time trace as the period from the inflection point on the first main rise portion of the
prechamber pressure signal and the one on the decrease phase after the oxygen valve closure [2].

Finally, the local time—averaged regression rate can be estimated as follows

- sz _Dl
s _ 1
TR M)

in which D,, is the local inner grain diameter measured with a caliper after sectioning the after-burn grain in the axial
direction, D, is the grain port initial diameter and t,, is the burning time.

Table 1: Firing test operating conditions

Parameter Test 1 Test 2
Fuel HDPE ABS
Time-averaged oxygen mass flow rate, g/s 27 27.5
Initial port diameter, mm 15 15
Time-space averaged fuel mass flow rate, g/s 4.8 10.5
Time-space averaged regression rate, mm/s 0.39 0.61
Time-averaged aft-chamber pressure, atm 6.41 4.78
Time-averaged overall mixture ratio 5.63 2.62
Postburn space-averaged port diameter, mm 23.8 28.4
Time-space-averaged port diameter, mm 19.4 22.4

3. Physical and Numerical Model

3.1 Hybrid rocket internal ballistics thermo-fluid dynamic modelling

The main goal of the CFD simulations presented in this paper is the determination of the local fuel regression rate.
Numerical simulations are carried out with a commercial fluid dynamic solver with ad-hoc user-defined functions. The
RANS equations for single-phase multicomponent turbulent reacting flows are solved with a control-volume-based
technique and a pressure-based algorithm [24].

The Shear Stress Transport (SST) turbulence model [25] has been employed for its improved capability of predicting
flows with separated regions. This latter is a combination of the robust and accurate k—« model, developed by Wilcox
[26], in the near-wall region, with the standard k—& model implemented away from the wall using a blending function.
Assuming that the chemical kinetics is fast compared to the diffusion processes occurring in the motor for the typical
mass fluxes and chamber pressures considered here [27], the non-premixed combustion of oxygen and the gaseous fuel
injected from the grain wall is modelled by means of the Probability Density Function (PDF) approach coupled to
chemical equilibrium [28]. Accordingly, combustion is simplified to a mixing problem (mixed is burnt), and the
difficulties associated with closing non-linear reaction rates are avoided. The turbulence-chemistry interactions are
described by means of the average mixture fraction, f, and its variance. The shape of the assumed PDF is described

by the B-function of the mean mixture fraction and its variance [29]. Once f and fﬁare calculated at each point in the
flowfield, the known PDF is used to compute the time-averaged values of individual species mole fractions, density,
and temperature with simple thermochemistry calculations based on the minimization of Gibbs free energy [30].
Ethylene has been considered as gaseous fuel at the wall in the test case with HDPE, while an empirical mixture defined
according to Ref. [31] has been considered in the test case with ABS.

Heat capacities, molecular weights, and enthalpies of formation for each species considered are extracted from the
solver chemical database; the specific heat is determined via the mixing law. Molecular dynamic viscosities and
thermal conductivities of each species are calculated as functions of local temperature, according to Ref. [30].

The typical computational domain is shown in Figure 6, representing the internal volume of the prechamber, the fuel
grain, the post-chamber and the nozzle, shaded in grey in Figure 1. The main dimensions are listed in Table 2. Note
that the one represented in Figure 6 is only an example, inasmuch as the grain length and the port diameter change for
the different considered cases.

On the inner surface of both the prechamber and postchamber as well as on the nozzle wall no-slip and adiabatic
boundary conditions are imposed. At the injector exit section a mass flow boundary condition is prescribed along with
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the temperature (equal to 300 K), the oxygen mass fraction and the turbulent quantities, while a pressure outlet
condition is set at the nozzle exit section.
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Figure 6: Typical computational grid for the simulation of hybrid rockets
Table 2: Computational domain dimensions
Prechamber Prechamber Fuel grain Fuel grain initial ~ Post-chamber Post-chamber
diameter length length port diameter diameter length
46 mm 25 mm 220; 240 mm 15 mm 40 mm 60; 40 mm

3.1.1 Gas-solid Fuel Interface Modelling

The theoretical model formulation is completed by assigning the boundary conditions at the interface between the
gaseous flow region and the solid fuel wall, which can properly describe the pyrolysis phenomenon. The fuel surface
is, actually, an inlet boundary along which both the fuel mass flux, the temperature and the mixture fraction are
unknown to be determined.

Under the hypothesis that no material is removed from the surface in a condensed phase (neither solid, such as in the
case of fuel loaded with metal particles, nor liquid, when, for instance paraffin wax is used), the mass conservation at
the gas-solid interface over a pyrolyzing fuel grain imposes that

(pv)w = pys7* @

where p is the gas density at the wall, and v is the normal-to-wall velocity component due to the pyrolysis products
injection; p; is the solid fuel density and 7 is the local regression rate.

The energy balance at the gas-solid interface, taking into account the convective heat transfer from the gas to the fuel
surface, the heat conduction into the solid, and neglecting the radiation (the latter is known to produce second order
effects with the non-metallized propellant considered here [32]) leads to the following relationship between the
convective heat flux to the wall, ¢,,, and the regression rate [3]

oT
quw = (kg %)W = py F[Ahy + ¢r (T, = T ®)

where n is the coordinate normal to surface oriented from solid to gas, kg the gas thermal conductivity, ¢ is the solid
heat capacity per unit mass, Ah,, the so-called heat of pyrolysis, Ty is the fuel surface temperature, and Ty is its initial
temperature (which is assumed equal to the one of the external surface of the fuel). Usually, the term in brackets at the
right-hand side is indicated with h, = Ah,, + ¢,(T,, — T,,;), and it represents the effective heat of gasification of the
fuel, which, further than for the heat of pyrolysis, accounts for the heat conducted into the solid grain. Note that,
concerning the latter energy term, for the negligible surface temperature axial variation (as will be observed next), heat
conduction only in the direction normal to the grain surface is considered.

The fuel pyrolysis is, finally, modelled with the following semi-empirical Arrhenius-type equation [12] relating the
regression rate to the fuel surface temperature

: Eq
r=A~exp(—2RT) 4
w

where A is the pre-exponential factor, E, is the activation energy and R is the universal gas constant.
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The values of the constants appearing in Eq. (3) and Eq. (4) considered for the HDPE and for ABS fuel grains analysed
in this work are summarized in Table 3. Density, specific heat and heat of pyrolysis for HDPE are taken from the work
in Ref. [33], while the values of the pre-exponential factor and the activation energy from Ref. [12] by modifying the
activation energy to match the surface temperature commonly observed in polymeric hybrid fuels (which is around
800 K) [17, 34]. The properties for ABS are taken from the work in Ref. [35], with similar considerations for the
activation energy.

Table 3: Solid fuels properties and rate constants

. . Heat of Initial fuel ~ Pre-exponential ~ Activation
Fuel Den5|ty,3pf Spem}‘ll(c héat' pyrolysis, Ah,, temperature, fac?or, A Energy, Ea,
kg/m crJ/kg MJ/kg Tui K mm/s kd/mol
HDPE 950 2833 4.045 300 4.78-108 190
ABS 1020 2620 1.890 300 7.194 32

Once Eq. (3) and Eg. (4) are combined, given the heat flux to the wall from the flowfield solution, both the fuel surface
temperature and the regression rate can be determined. As the flowfield, indeed, depends on both parameters at the
fuel wall, an iterative procedure is needed for the problem solution.

A specific treatment of the boundary condition on the mean mixture fraction at the gas-solid interface is needed as
well. In fact, for the low fuel regression rate of hybrid rockets, the normal convection of the fuel at the grain surface is
relatively weak compared to the gas convection in the cells near the boundary; furthermore, there exist significant
differences in the species concentrations between the fuel surface and the cells adjacent to the boundary, so that a steep
mixture fraction gradient at the fuel wall is present. In this conditions the diffusive flux plays a dominant effect in the
mixture fraction transport. As a consequence, if a simple Dirichlet-type boundary condition is applied on the gas-fuel
interface, by imposing f = 1, extra mixture fraction will be diffused into the flow affecting the global oxidizer to fuel
ratio and the chemical equilibrium properties, which eventually leads to an incorrect estimation of the characteristic
exhaust velocity and chamber pressure.

A possible approach proposed to mitigate this problem may consist in imposing that the diffusion coefficient u,/Sc;
is equal to zero in the cells close to the fuel inlet boundary, but this would imply a non-exact evaluation of the gradients
in this zone, and, in particular, of the heat flux to the fuel wall, which, for Eqg. (3), would lead to a mistaken regression
rate.

The correct solution to this problem is to consider an additional equation for the mean mixture fraction balance at the
gas-solid interface, which can be expressed as

0 |
ot~ (B ) =y ®)

According to this equation, the total mass flux entering the gaseous domain due to the solid fuel regression, which
appears on the right-hand side of the equation and represents the production term, is partially balanced by the
convection and partially by the diffusion of the fuel mass fraction.

Note that Eq. (3), Eq. (4) and Eq. (5) constitute a system of three algebraic equations in the three unknowns regression
rate, surface temperature and mixture fraction, which needs the computation of the flowfield at each iterative step to
be solved.

Finally, the enhanced wall treatment is employed for the turbulence boundary conditions at the gas/solid interface.

3.2 Thermal analysis of solid nozzle

The numerical model described in the previous sections provides the required inlet boundary conditions for the detailed
numerical analysis of the flowfield through the discharged nozzle, which is finally coupled with the thermal field in
the nozzle bulk material. To this purpose the RANS equations with the SST k—w model as turbulence closure have
been solved as well. However, a different model is preferable for the chemical species transport and reaction
mechanism, as the chemical equilibrium hypothesis is no longer applicable for an accurate analysis of the fast
accelerating flow through the nozzle. In fact, although the assumption of chemical equilibrium does not influence
significantly the estimation of the chamber pressure and of the engine performance, it can affect the correct prediction
of the chemical composition evolution and of the heat transfer to the wall. Accordingly, in this case the transport
equations for the main combustion products (O2, C2Has, H20, CO2, CO, Hz, H, O, OH are the species considered in the
current model) have been solved, and the Eddy Dissipation Concept (EDC) model [36] has been employed for the
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combustion mechanism, which accounts for detailed chemical reaction rates in turbulent flows. Consequently, the
Arrhenius rate K for each reaction is calculated as

E
K = ATP exp (— #) (6)

where the constants have been taken from Ref. [37] and are reported in Table 4.
In this case the Discrete Ordinates model [38] for the radiation is included in the numerical modelling.

Table 4: C;H4 — O, reaction system

No. Reaction? AP B E,"
1 CoHs+ O2 2 2CO + 2H; 1.80e+14 0.0 35500
2 CO+0=2C0O,+M 5.30e+13 0.0 -4540
3 CO+OH=2CO+M 4.40e+06 15 -740
4 H2+ 0,2 OH + OH 1.70e+13 0.0 48000
5 H+0,20H+0 2.60e+14 0.0 16800
6 OH+H,2HO0+H 2.20e+13 0.0 5150
7 O+H,20H+H 1.80e+10 1.0 8900
8 OH+OH=2H0+0 6.30e+13 0.0 1090
9 H+H2H+M 6.40e+17 -1.0 0
10 H+OH2H,0+M 2.2e+22 -2.0 0

aThird-body efficiencies for all thermolecular reactions are 2.5 for M = Hy, 16.0 for M = H,0,
and 1.0 for all other M.
®Units are in seconds, moles, cubic centimetres, calories and degree Kelvin

The last step of the numerical simulations is related to the thermal analysis of the solid nozzle block.
In particular, the time-dependent temperature field inside the sample and its supporting elements can be computed
solving the energy equation

oT
(pC)q 5= A V2T (7

where ps, C; and A, are the solid density, specific heat and thermal conductivity, respectively.
The typical computational grid for the simulation of the flow field through the exhaust nozzle of the hybrid rocket is
shown in Figure 7, where also the solid region for the thermal analysis is included.
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Figure 7: Typical computational grid for the simulation of the flow through the nozzle and the thermal field in the
solid components
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With reference to Figure 7, a pressure inlet boundary condition is set on the inlet section of the nozzle imposing the
total pressure, the total temperature and the chemical composition profiles estimated by means of the model described
in the previous section. A pressure outlet boundary condition is set at the exit section.

The thermal coupling condition is set on the interfaces between fluid and solid domains, that is temperature and heat
flux continuities:

Tt int = Tsjine (8)
oT) 9T o
f on f,int o on s,int

where n is the normal direction of the interface, the subscript f represents the fluid region, and s the solid one.
On the nozzle outer walls contained in the motor case an adiabatic boundary condition is imposed, whereas on the
surface exposed to the atmosphere a radiative heat transfer with the environment is considered.

4. Numerical Results

In this section the numerical results obtained with the abovementioned method are presented. First, the results of the
two simulations carried out in the cases of HDPE and ABS grains are presented and compared with the experimental
data for the validation of the employed numerical model. After that, the results of the detailed CFD simulation of the
flowfield through the rocket nozzle are shown. Finally, the results of the unsteady thermal analysis of the solid
component in the two cases of a graphite nozzle and of a ceramic nozzle are discussed, highlighting the main
differences in the two cases.

4.1 Numerical simulations of hybrid rocket internal ballistics

In this section, the results of the numerical simulations carried out in the conditions of the two test cases presented in
Sec. 2.2 are analysed. Values of oxygen mass flow rate in Table 1 are enforced in the calculation. The simulations were
carried out considering the time-spatially averaged grain port diameter in the burns, since they can provide meaningful
details of the flowfield in the hybrid rocket combustion chamber and the corresponding average regression rate, and
are then valuable for a preliminary validation of the numerical model.

Figure 8 a) and Figure 8 b) show the plots of the temperature contours calculated in the two test cases; on the top half
of each picture the streamlines are overlapped, while the fuel mass fraction in the unburnt mixture isolines are drawn
on the bottom halves.

First, as expected, the main results already found with the simplified models [16, 17] previously developed are here
confirmed: the combustor inlet flowfields, which are similar in the two considered test cases, are dominated by the
development of the oxygen jet emerging from the axial injector (that is clearly distinguishable from the low temperature
region in Figure 8), which spreads almost linearly up to the impingement point on the grain surface. Upstream of the
impingement point, in the entrance region of the grain, there is an extended recirculation region characterized by a
main, broad counterclockwise-rotating vortex that is bounded, on the front side, by the zone of oxygen impingement.
In the pre-combustion chamber, another large vortex, clockwise rotating, is formed delimiting the main one on the
backside. Finally, also in the aft-mixing chamber, a large trapped counterclockwise-rotating vortex is formed [39, 40],
which further promotes the propellant mixing, improving the combustion efficiency.

As a result of the flow recirculation generated at the motor head end, propellant mixing is strongly promoted, and
combustion takes place in the recirculation core; hot combustion gases are transported from the grain entrance region
back to the prechamber, where temperature is very high. Downstream of the recirculation, the temperature distribution
reflects the typical structure of a diffusion flame, whit a narrow region close to the fuel surface where the near-
stoichiometric conditions are reached and the temperature shows its maximum value. Anyway, as a consequence of
the relatively high turbulent kinetic energy determined by the different vortices, relatively high temperatures
characterize also the core flow.
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Figure 8: Temperature contour plot with overlapped streamlines (top half) and mixture fraction iso-lines (bottom
half)

Figure 9 shows the computed fuel regression rate axial profiles in the two considered cases compared with the
experimental data of the corresponding firing tests. In both cases, the regression rate axial distribution yields a peak,
due to the oxygen jet impingement, followed by a minimum point, after which it monotonically increases. This
behaviour is typical of the boundary layer heat transfer, for which the heat flux increase due to the mass addition down
the port becomes dominant on the decrease due to the boundary layer growth from a certain axial distance. Furthermore,
this effect is more prominent in the case of the test with ABS, where the fuel regression rate and consequently the mass
addition are higher.

Considering that the numerical regression rates have been calculated at the average port diameter, whereas the
experimental data are, of course, been retrieved after the motor extinguishment, in both the firing test cases a good
agreement between numerical results and experiments is shown, yielding the maximum deviation in correspondence
of the point of maximum consumption; however, note that in this zone the maximum experimental uncertainty is
obtained, because of the asymmetric consumption determined by the motor ignition device.

The validation of the numerical model is confirmed by the values of the computed averaged pressure in the aft-mixing
chamber, reported in Table 5, which again are in good agreement with the corresponding experimentally measured
values.

Table 5: Computed average pressure in the aft-mixing chamber and deviation with experimental data

Computed averaged Regression rate Aft-mixing chamber ~ Chamber pressure

Test case fuel regression rate . .
(mm/s) relative error pressure (atm) relative error
HDPE 0.384 1.54% 6.52 1.7%
ABS 0.581 4.75% 491 2.7%
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Figure 9: Regression rate distributions evolution in the firing with the axial-nozzle injector

4.2 Numerical simulation of nozzle flow and thermal behaviour

In this section, the results of the numerical simulation of the flow field through the discharged nozzle and of the
unsteady thermal field in the solid are presented.

As mentioned in Sec. 3.2, the simulation was carried out considering as input on the nozzle inlet section the results
from the numerical simulation of the hybrid rocket internal ballistics in the case of the test with HDPE. The profiles of
the total pressure, total temperature and of the mass fractions of the main chemical species are shown in Figure 10.
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Figure 10: Profiles of flow quantities on the nozzle inlet section

Figure 11 shows the pressure and temperature distributions of the exhaust gases flow through the nozzle. Since the
total pressure set at the inlet section is rather uniform, the pressure distribution is typical of the one-dimensional
expansion through a converging-diverging duct. On the contrary, the temperature distribution reflects the flame
structure coming from the combustion chamber, with higher temperature near the wall and lower temperature in the
core flow, coherently with the results shown in Figure 8a.
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Figure 11: Results of the numerical simulation of the flow field through the discharged nozzle

Figure 12 shows the heat transfer coefficient along the nozzle inner surface, defined as
Gw
h=——— (10)
(TO - Tw)

where g,, is the convective heat flux to the wall, T, is the average temperature in the nozzle inlet section T,, is the wall
temperature. The curves are estimated for the case of cold wall. The profile obtained with the numerical model
described in Section 3.2 is compared with the result of a similar numerical simulation considering frozen chemical
composition and with the profile estimated with the well-known analytical method proposed by Bartz [41]. It can be
noticed that, according to both the CFD simulations, the maximum heat transfer is reached slightly upstream of the
throat section, where, on the other hand, the maximum predicted by the Bartz’s relationship is located. Furthermore,
the reacting model yields higher values of the heat transfer in the converging part up to the throat section with respect
to the other models, which are both based on the hypothesis of frozen chemical composition. This may be explained
by the fact that in the converging portion of the nozzle the chemical reaction characteristic time is still comparable
with the convection characteristic time, due to the relatively small velocities and high temperature. Consequently, the
recombination reactions play an important role and determine higher flame temperatures and corresponding higher
heat fluxes. On the other hand, in the diverging portion of the nozzle, where the convection characteristic time becomes
lower than the chemical kinetics one, there is a better agreement between the profiles predicted by the different
methods.
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Figure 12: Heat transfer coefficient along the nozzle inner surface for cold wall (T;, = 300K)
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As mentioned before, the CFD model including the chemical reactions has been employed for the following analyses.
Figure 13 shows the total heat flux profile along the nozzle inner surface for cold wall, which takes into account also
the radiative contribution. Of course, the profile has the same trend above described for the heat transfer coefficient.
At the beginning of the test, very high values of the heat flux are predicted up to 18 MW/m?2,

Wall heat flux, MW/m?

—
i

—_
o

L

0 5 10 15 20 25 30 35
axial coordinate, mm

Figure 13: Total heat flux along the nozzle inner surface for cold wall (T,, = 300K)

The flowfield solution has been then coupled with the thermal analysis of the solid nozzle. Two different cases have
been considered: first, a graphite nozzle, and, second, a typical ceramic material (namely with higher density and lower
thermal conductivity) have been analysed. The thermal properties considered in the two cases are reported in Table 6.

Table 6: Properties of the solid materials

Material Density Thermal conductivity Specific heat Surface emissivity
[kg/m’] [Wi(m K)] [V/(kg K)]
Graphite 1800 104 710 0.75
Ceramic 3210 10 750 0.8
—— Graphite Nozzle - ,,,, ——— Ceramic Nozzle - 7},
— — Graphite Nozzle -g,,,, — — Ceramic Nozzle-gq,, ...
3000 — 20
2400 16
s | &
g 1500 12 E
] E o
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time, s

Figure 14: Maximum temperature and heat flux on the nozzle inner surface vs time.
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Figure 14 shows the temporal profiles of the maximum values of the temperature and the surface heat flux for the two
considered cases. It can be noticed that, in the case of graphite nozzle, after the early instants, temperature increases
and the heat flux correspondingly decreases smoothly; whereas in the case of the ceramic nozzle, because of both the
higher density and mainly the lower thermal conductivity, the variation of both temperature and heat flux is very steep
in the first two seconds.

The different behaviour of the two nozzle materials can be seen also by the temperature distribution in the solid region,
shown in Figure 15, calculated at the final instant of the burn of the test with HDPE (see Figure 4). In fact, in the case
of graphite nozzle, relatively high temperature occurs in the whole solid region, with a difference of only around 600
K between the maximum value, reached around the nozzle throat, and the minimum value, reached on the backward
external surface. On the other side, in the case of ceramic nozzle, large temperatures are rapidly reached on the internal
surface, whereas the external region remains relatively cold for the entire firing duration, determining severe
temperature gradients.
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Figure 15: Temperature distribution in the solid nozzle at the end time (t = 11.4s)

5. Conclusions

A CFD approach to the internal ballistics of hybrid rocket engines with integrated gas/surface interaction modelling
for the prediction of the fuel regression rate has been presented. The Reynolds-averaged Navier—Stokes equations, with
two additional transport equations for the average mixture fraction and its variance combined to the probability density
function combustion model and thermochemical equilibrium are solved, coupled with a suitable sub-model to describe
the fuel pyrolysis and regression, based on the local mass, energy and mixture fraction balance. Two test cases,
represented by the combustion in a laboratory small scale hybrid rocket burning gaseous oxygen with either HDPE or
ABS fuel grain have been simulated. In both cases, the model has been demonstrated to capture the fundamental
features of the motor internal ballistics, which involve recirculation at the grain port inlet with the characteristic heat
transfer mechanism leading to a point of maximum regression rate, not only from a qualitative standpoint. The
numerical results compared to the fuel regression rate experimental data show a fair agreement, as well as the
comparison between the calculated and the measured chamber pressures.

Results of the numerical simulation carried out in the test case with HDPE have been used as input to the combined
simulation of the gaseous flow through the nozzle coupled to the unsteady thermal field in the solid component; two
cases of a graphite nozzle and of a ceramic nozzle have been analysed. Because of the lower thermal conductivity, in
the latter case the component is subjected to high temperatures and severe temperature gradients. Future numerical and
experimental studies are foreseen to validate the numerical model employed and to confirm the expected behaviour.
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