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Nowadays, numerical simulations of combustion processes in hybrid rockets are generally considered as a qualitative
tool used mainly to describe the flow field inside the rocket engine. A research effort is of major importance in order to
change this trend. It can be done by obtaining results that are quan-titatively accurate, to be used as a support for
experimental research, reducing costs, and increasing efficiency in the development of better fuel formulations. The
importance of such an effort relies on the fact that hybrid rockets are one of the most promising technologies in the
aerospace propulsion field, with applications in hypersonic atmospheric flight, launch vehicles’ upper stages, and space
tourism, which is seen as a prelude for an economically feasible mass access to space. This is possible because of
hybrid propulsion’s low cost, intrinsic safety, and operational flexibility with potentially high per-formances. This
research contribution aims to develop an accurate combustion model for traditional rubber-based hybrid rocket fuels
(hydroxyl-terminated polybutadiene). Results of the simulations are presented as temperature distribution, axial
velocity, and the products’ mass fractions. A discussion about local and average fuel regression rates is presented,
with particular attention to the effects on both the local and average regression rate, due to an increase in oxidizer
mass flux and in pressure. Results of the present work suggest that an increase in oxidizer mass flux gives an
increase in the average regression rate, while an increase in pressure gives a reduction in the average regression rate.

KEY WORDS: regression rate, hybrid rocket combustion, numerical modeling, turbulent combustion, partially stirred
reactor (PaSR), GO2-HTPB system

1. INTRODUCTION

Hybrid rockets conjugate the best features of both liquid and solid rocket engines, e.g.,
ability to throttle and intrinsic safety with design simplicity and low cost. However, the
low regression rate of traditional rocket fuels is still an important issue, because it leads
to inadequate performance levels of the hybrid engine. Several techniques are able to
face the challenge of obtaining a high regression rate, such as the use of high energetic
materials (nanosized metals, metallic hydrides) or the use of nontraditional fuel for-
mulations (liquefying paraffin-based fuels). The numerical modeling of the combustion
process in hybrid rocket engines (HRES) is very challenging because of the complex
physical mechanisms involved. The flowfield inside such an engine is turbulent, mul-
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NOMENCLA TURE
Acronyms P pressure [Pa]
2D two dimensional R universal gas constant
3D three dimensional [cal/mol - K]
CFD Computational fluid dynamics o regression rate [mm/s]
COOLFIuiD Computational object oriented T temperature [K]
library for fluid dynamics t time [s]
GMRES Generalized minimum residual U velocity component [m/s]
HRE Hybrid rocket engine Y chemical species mass
HTPB Hydroxyl-terminated polybutadiene fraction
MPI Message passing interface
PaSR Partially stirred reactor Greek symbols
PSR Perfectly stirred reactor 5 Kronecker delta
PETSc Portable, Extensible Toolkit for Ahg  formation enthalpy [J/kg]
ScientificComputation Ahpy  fuel pyrolisis enthalpy [J/kg]
K PaSR characteristic time
Roman Symbols ratio
A Arrheniuslaw pre-exponential A thermal conductivity
constanfm3/mol - s] [W/m - K]
C turbulence mixing time model n viscosity [Pa s]
constant v stoichiometriccoefficient
Cu turbulence model constant p density [kg/n¥]
Cp specificheat at constant pressure oy turbulence kinetic energy
[J/kg - K] model constant
Ea activation energy [cal/mol] Ow turbulence frequency
Gou oxidizer mass flux [kg/fh- s] model constant
h enthalpy [J/kg] T laminar tress tensor [Pa]
J laminarmass diffusion flux T chemical reaction
[kg/m? - g] characteristic time [s]
k turbulence kinetic energy [A1s?],  Tmix  turbulence mixing
Arrheniusconstant time [s]
Le Lewis number Tk turbulent Reynolds stress
M molarmass [kg/mol] tensor [Pa]
Nr number of chemical reactions w chemical reaction mass
Ns number of chemical species source term
Pr Prandtl number w turbulence frequency {3]

tispeciesmultiphase, reacting, with conductive, convective, and radiative heat transfer.
Therefore the current research effort is mainly experimental. On the other hand, the de-
velopment of a reliable and accurate numerical tool for the simulation of the behavior of
hybrid rocket engines is of utmost importance. Two main achievements are possible by



numericalsimulationof HREs.First,we cangetana priori estimationof hybrid rocket
engineperformanceavithout the needof experimentatesting,the latter beingusedasa
comparisorandvalidationtechnique Secondthe numericalmodelingcanenhancehe
developmenof innovativefuel formulationsby reducingthe numberof experimental
teststhereforeincreasinghe efficiencyof researchAnalytical investigationsof hybrid
rocketcombustiorhaveusuallybeenbasedon the classicalboundary-layeanalysisof
Marxmanet al. (1963)to determinethe heatflux to the fuel surfaceandconsequently,
the surfaceregressiorrate. Typically, the regressiorrateis given with simple correla-
tionssuchasr, = aGg, whereGj is the flow rate of the oxidizer andn is generally
in the range0.5-0.8.However,suchsimplified correlationscannotaccountfor all the
variationsin operatingconditions,chamberpressureradiation,and finite-rate chemi-
cal kinetics.In particular,the modeldevelopedy Marxmanet al. (1963)includedthe
contributionof the radiationtermto the hybrid rocketregressiomrate. The resultswere
comparedwith Plexiglascombustionexperimentsradiantheattransferwas quantified
as5-10%of total heatflux. Chiaveriniet al. (2000) proposeda modelwith a modified
radiationtermin orderto betterfit experimentatesults.Neverthelesssuchsimplified
modelsarelimited to providing qualitativetrendsandarenot adequatdor giving quan-
titative data. Venkateswarammnd Merkle (1996) developeda computationaimodelfor
hybrid rocketflow-field simulation.The focus of this modelis on the characterization
of the fuel regressiorrate by comparingand calibratingthe numericaldatausing the
experimentatesultsby Chiaveriniand co-workers(Chiaveriniet al., 2000;2007). All
the computationatesultsshownin Venkateswara@and Merkle (1996)are two dimen-
sionalandobtainedusinga quasi-steadassumptione.g.,thefuel portdimensionsvere
held fixed at valuescorrespondingo different burning stages.Steady-statesolutions
were usedto provide the instantaneousurning ratesat the operatingconditions.The
gquasisteadyassumptionis adequatebecausehe fuel surfaceregressiorrate is typ-
ically much smallerthan the axial velocity in the port. A recentstudy by Coronetti
and Sirignano(2013) predictsthe regressiorrate of the hydroxyl-terminatedpolybu-
tadiene(HTPB)/gaseousxygenformulationandits sensitivitiesto someoperatingpa-
rameterssuchas combustionchamberpressure pxygeninlet temperatureand mass
flow rate.Hu et al. (2013)developa numericalmodelto predictthe regressiomatefor
the solid fuel surfaceof the hybrid rocket motor underdifferent operationconditions.
The multidimensionalFavre-averagedompressibld¢urbulentNavier-Stokesquations
are usedas the governingequationsof the reactingflow, the two-equationturbulence
modelis usedto simulatethe turbulentflow, andthe eddy breakupmodelis usedto
simulatethe gascombustionTheresultspresentedrefor hydroxyl-terminategolybu-
tadienefuel and gaseousxygen.The model predictionsindicatethat fuel surfacere-
gressionratesare considerablyimpactedby both the size and geometryof the config-
uration.Otherrecentworks focuson specificaspectsof HRE modeling.For example,
Li etal. (2013)focuson three-dimensionatumericalsimulationsof HRE with hydro-
genperoxide(HP) andhydroxyl-terminatedpolybutadiengpropellantcombinationand



investigates the fuel regression rate distribution characteristics of different fuel types.
Simulation results, including the temperature contours and fuel regression rate distribu-
tions, are presented for different grain geometries. Chen et al. (2011) present a numer-
ical model with real-fluid properties and finite-rate chemistry to predict the combustion
flow field inside a NO-HTPB hybrid rocket system. A very recent contribution by Sun

et al. (2012) attempts to research and predict the effect of the aluminum particle ad-
ditives on the performance of the HTPB/98HP hybrid rocket motor with a numerical
approach. Despite the large amount of research (mostly qualitative) ongoing in the field,
the computational fluid dynamics (CFD) models of hybrid rocket engines need to be
improved (Kuo and Houim, 2011). In particular, further investigation is needed in order
to model multiphase flows, turbulence, and solid-gas-phase interface combustion and
radiation.

2. PHYSICAL MODEL

The flow field inside a hybrid rocket is turbulent, multispecies, multiphase, and chemi-
cally reacting. Direct numerical simulation is computationally unfeasible and also, large
eddy simulation is too demanding for full-scale simulations. For this reason, Reynolds-
averaged equations have been chosen as an acceptable compromise between model ac-
curacy and computational efforts. The Favre average is applied in order to avoid the
modeling of density fluctuation correlations (Gatski and Bonnet, 2009), which is present
when applying the usual Reynolds average. The Favre average is denoted by the tilde
symbol, whereas an overbar denotes the usual Reynolds average. The Favre-averaged,
unsteady, viscous, compressible Navier-Stokes governing equations used are detailed
in the present section. Species continuity equations are added in order to account for
multispecies, turbulent combustion conditions. In this paper the Einstein convention on
repeated indexes is used.
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Total energy equation:
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Favre-averaged total energy includes the turbulence kinetic ekeagy is defined
asé; =¢é+ %azal + k; Favre-averaged total enthalpyis equal toé; + p.
Turbulence closure is modeled with the Wilckx- w model (Wilcox, 2006).
Turbulence kinetic energy equation:
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Specific dissipation rate equation:
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whereP is defined as . - i
=% 9, (7)
andej% = —57;;7179’ is the turbulent Reynolds stress tensor. The specific values of the

closure coefficient$*, o*, «, 3, ando that appear in Egs. (5) and (6) can be found in
Wilcox (2006).

3. PHYSICAL MODEL CLOSURE

Laminar diffusion fluxes can be rigorously computed by solving the Stefan-Maxwell
equations’ linear system (Ferziger and Kaper, 1972) of dimenSiefy Ns. A com-
putationally cheaper approach that still ensures the conservation of mass is the modified
Fick's law of Ramshaw (1990). An ever simpler approach that satisfies mass conserva-
tion is Fick’s law with a constant Lewis number (Le). All the chemical species have the
same diffusion coefficient which is equal id = A/(pc,Le). In this paper we have se-
lected the third approach for the computation of laminar diffusion fluxes with: l1e4.

The averaged laminar diffusion flux reads

J; = —pD3 " = D (8)

where the termD”0Y,” /0x; has been neglected (Gatski and Bonnet, 2009). The aver-
aged laminar viscous stress tensor reads
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where again we have neglected products of fluctuations of viscosity and of velocity
(Gatski and Bonnet, 2009). Finally the averaged laminar heat flux, still neglecting prod-
ucts of fluctuations (Gatski and Bonnet, 2009), reads

Ns
k=1

< OT
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h;, beingthe averaged enthalpy of species

—

The turbulent transport of mass terﬁu;.’Yk” , iIs closed with a gradient hypothesis,
defining turbulent Prandtl and Lewis numbers;{P¢ 0.7 — 0.9, Ler ~ 1.0— 1.4), as
shown in Eq. (11): .
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Prr = 0.9 and Le- = 1.0 were chosen for the computations shown in this paper.

The Reynolds stress tenserpu;u}, is computed with the eddy viscosity hypothesis
(Wilcox, 2006):
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In literature, Veynante and Vervisch (2002), as well as Veynante and Poinsot (2011),
proposed a simple closure for the turbulent transport of total enthalpy m?:/g’ as
¢, VT'. However, in this work a more accurate, new approach is introduced. In fact, the
exact expression for turbulent transport of total enthalpy, from the mass-averaged energy
balance equation (4), is
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whereh” is the thermodynamic sensible enthalpy of speéieend ARk is its forma-
tion enthalpy. The terms appearing in Eq. (13) are stated respectively. Term 1 represents
the transport of averaged thermodynamic enthalpy (sum of sensible enthalpy and forma-

tion enthalpy) by means of the turbulent transport of mass téu%ﬁi”, that appears



in Eq. (2). Term 2 represents the turbulent flux of mixture sensible enthalpy. Term 3
represents the work performed by the Reynolds stress tensor. Term 4 is related to the
transport of turbulence kinetic energy by velocity fluctuations. Model self-consistency
requires to close term 1 by means of Eq. (11) and not with a gradient-type hypothesis.
Term 2 instead can be closed with a gradient hypothesis, term 3 is computed exactly by
means of Eq. (12), term 4 is summed witfr ;;, and the two are closed with a gradient
hypothesis (Wilcox, 2006). Equation (13) now reads
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wherel, is the averaged sensible enthalpy of the mixture.

3.1 Chemistry Closure

This work uses two different closure models for the source term of chemical reactions.
The first one, as in Venkateswaran and Merkle (1996), considers chemical reactions
in a pseudo-laminar condition, the perfectly stirred reactor (PSR) hypothesis. The sec-
ond one, as in Golovitchev (2001), corrects the pseudolaminar model by chemistry and
turbulence characteristic times in order to obtain a fully turbulent representation of the
chemistry source term. This is the partially stirred reactor (PaSR) approach. The schemes
will be discussed in the next two sections.

3.1.1 Perfectly Stirred Reactor

In the PSR model, the effect of fluctuations of species mass fractions and temperature is
neglected and the chemical source term foritrespecies reads
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This modelis valid only whenthe characteristidcime of turbulentmixing is much
shorterthanthe characteristi¢cime of chemistryandthe chemicalcompositionis practi-
cally homogeneous in evegomputationacell.



3.1.2 Partially Stirred Reactor (PaSR)

In order to obtain more accurate results for turbulence-chemistry interaction, a partially
stirred reactor approach is also implemented. Initially proposed by Golovitchev (2001),
the PaSR model overcomes the simplified approach given by a pseudo-laminar chemistry
by considering that only a fraction of the volume of each computational cell is affected
by the presence of a chemically reacting zone. The reacting volume fraction of each
computational cell is proportional to the ratioof chemical reaction time. and total
time T. + Tmix, @S shown in Golovitchev and Chomiak (200%),4 is the turbulent
mixing time). The chemistry source term is modified using the aforementioned time
ratiok, as .

— — c =

Wi T = KWL = mwk (16)
It can be noticed that when,,;x < T. the PSR model is recovered. Several defini-
tions for these characteristic times are possible, as proposed by Golovitchev (2001),
Golovitchev and Chomiak (2001), Nordin (2001), or Sabelnikov and Fureby (2013).
The cited references all propose the choice of a single chemistry characteristic.time
However, choosing a common time for several chemical reactions, which might have
different characteristic times, can be difficult, and a poor choice of the common time
could degrade the model accuracy. In this work we have tried to overcome this problem
with a multitime PaSR model. For each chemical reaction a characteristic time is cho-
sen from the chemical system Jacobian matrix, therefore representing the sensitivity of
a chemical reaction to variations in concentration of a given species. Fahtheaction
the characteristic time], , associated with the variation &th chemical species partial
density (or concentration, being these two quantities strictly linked) is

1 9dy(p1---pns,T) (17)
szk opk

whered, is defined in Eq. (15). Among all the characteristic tlm% the minimum

one is chosen as a characteristic time of ttiereaction. This speC|f|c choice is made

by considering that in the PaSR model the influence of turbulence is greater for small
chemical times. On the other hand, if the chemistry time is large enough, the volume
fractionk is not influenced by turbulence becaugg, becomes negligible with respect

to t. andk is close to unity. Therefore, within the PaSR framework, the fastest chemical
reactions (small chemical time) are more influenced by turbulence, while the slowest
chemical reactions (large chemical time) are less affected by turbulence. The use of a
too larget, for a given reaction scheme might unphysically make the turbulent mixing
time negligible; this results in a PaSR approach that actually falls back into PSR. For the
considered reaction scheme (see Section 3.1.3), the multitime PaSR model results in a
characteristic chemical time for each one of the six reactions involved.



Theturbulent mixing time is chosen according to Nordin (2001); therefore

Tmix = Cﬁ = ¢
e Cuw

(18)

C beinga model constant, with values ranging from 0.001 to 0.03. The value chosen
for this work is 0.005 (Nordin, 2001; Amini and Khalegi, 2018), is the turbulence
model constant 0.09 (Wilcox, 2006).

3.1.3 Reaction Scheme

The six reaction, nine species global reaction mechanism from Jones (1983) is chosen
as a compromise between the number of chemical species involved and the computa-
tional cost. This model considers gaseous butadiene as the only pyrolisis product of
solid HTPB, which is in agreement with the work of Risha et al. (1998). Arrhenius-type
reaction rate coefficients are used and are expressed as

Fa

k= AT" exp (_RT> (29)

The chemical kinetics model is reported in Table 1.

4. GAS-SOLID FUEL INTERFACE BOUNDARY CONDITION

In order to estimate fuel regression rate of pyrolizing HTPB, it is necessary to implement
an adequate boundary condition at the interface between the gas fluid domain and the
solid fuel grain. In order to achieve a physically consistent and accurate formulation,
the boundary condition is analytically derived using a two-phase approach according
to Kataoka (1986). Three main assumptions were made: first, no diffusion is present
inside the solid fuel; second, the bulk of the solid fuel is not moving, and finally, no
surface chemical reactions are present at the gas-solid fuel interface, like, for example,
reactions promoted by heterogeneous catalysis. Several contributions are neglected in the

TABLE 1: Chemical reaction scheme

Reaction A Ea n | ReactionRate a b
[cal/mol]

(1) C4Hs+20, —— 4CO+3H; [3.08 x 10°8 | —30000| 0 | k1[C4Hs]%[02]° | 0.5]1.25
(2) C4Hg+H,0 —— 4CO+7H;|3.79 % 10'' | —30000| O | k5 [C4Hs]“[H20]° | 1.00/1.00
(3) CO+H,0 «— COy+H, [2.75x 10°? | —20000| 0 | k3[CO]*[H,0]* |1.00/1.00
(4)Hy+0.50, «—— H,O  [7.50x 10| —40000 |-1| k4[H2]?[02]® [0.25/1.50
(5) O+M «—— O+0O+M  [1.50x 107 | -113000 0 k5[0]® 1.00 —
(6) H,O+M «—— OH+H+M |2.30x 10?2 | -120000 -3 ke[H20]* 1.00 —




enepgy boundary condition at the gas-solid fuel interface: the work of viscous stresses,
kinetic energy flux, and radiation. The work of viscous stresses and the kinetic energy
flux are negligible for combustion flow conditions because their contribution is much
smaller than fuel pyrolisis enthalpy. The introduction of a model for radiation that can
contribute up to 5-10% of the total heat flux (Marxman et al., 1963), is considered as a
next step for future development of the current model. The contribution of radiation is
mandatory when solid fuel formulations include particulate (either metals or soot) or are
additivated with carbon black (in order to increase radiation heat flux back to the fuel
grain). However, in our case the fuel is pure HTPB and the radiation contribution can be
neglected. In this section, bold symbols denote vectorial quantities.

Mass balance for the full mixture at the gas-solid fuel interface reads:

Vg.n:_wvl.n:urb (20)
pg pg
wheresubscripty stands for gas phase and subscfifor solid fuel;n is the normal to
the gas-solid fuel interface;, is the gas phase velocity vecter; is the gas-solid fuel
interface velocity. We notice that the bulk of the solid fuel is fixed, but the interface is
moving.v; is determined by the fuel regression rate: n = —ry,.

Energy balance at the gas-solid fuel interface gives

Ns

pfhgrb — }\QVTQ -n -+ <Z Jgﬂ'hg,i) 1N = prb(hgf — Ahpf) — )\fVTf 'n (21)
i=1

whereh, is the fuel enthalpy in its gaseous state @, the fuel pyrolisis enthalpy.

Taking into account that there are no surface chemical reactions at the interface and
that the fuel is made of pure HTPB, the mass fraction boundary condition is written

(Yii— Yyi)pry ifi=fuel
Jg,i ‘n = (22)
=Ygipfrp else

Equations (20), (21), and (22) constitute a nonlinear system with respect to mass
fractions, temperature, and velocity components n, where the unknowns are all lo-
cated at the gas-solid fuel interface. Therefore, an iterative solution procedure for solv-
ing this system has to be applied. The closure of this nonlinear problem requires also
a model for the fuel pyrolisis law. This is obtained by applying an Arrhenius-type law
from Chiaverini et al. (1999):

(23)

( E, ) {A =11.04 mm/s, FE, =4.91kcal/mol ifT > 722K
ry = Aexp | —

RTy A =3965mm/s, F, =13.35kcal/mol ifT < 722K



The previous law is based on 1 bar operative conditions; however, it is reasonable
to assume (Evans et al., 2009) that, at leastlfas 850-900 K, there is no significant
effect of pressure. Solid fuel data such as density and pyrolisis enthalpy are also needed
to fully close the boundary problem. These are shown in Table 2 and are collected from
SPLab work (Merotto et al., 2011), where a study of traditional butadiene-based and
innovative paraffin-based fuels is described. In addition, in order to obtain the gradient
of solid fuel temperature at the interface, the one-dimensional heat conduction problem
is analytically solved inside the solid fuel (Cai et al., 2018)bging the coordinate
locally perpendicular to the gas-solid fuel interface).

Tl = prerrvy
(y) = To + (Ty — To) exp <—7\f> (24)

Ty is the temperature of the fuel grain that is far from the gas-solid interface; in
the computations it has been assurfigd= 300 K. At the interface, wherg = 0, the
temperature gradient is

—}\fVTf N = prfTb(Tf — TQ) (25)

5. COOLFLUID COMBUSTION CODE

The system of equations previously introduced is implemented in the COOLFIuiD object-
oriented scientific computing environment, developed at von Karman Institute for Fluid
Dynamics [see Lani (2008); Quintino (2008); and Wuilbaund (2008)]. This is an MPI
parallel code, constituted by a kernel with a dynamic plugins structure which solves
multiple physical models (on 2D and 3D meshes) and offers multiple discretization
techniques (finite differences, finite elements, and finite volumes). In order to solve the
multispecies, turbulent reacting flow for the modeling of HRE, a specific mix of exist-
ing or realized ad-hoc plugins was chosen. The Navier-Stokes system of equations is
discretized with a second-order accurate cell-centered finite volume method. The con-
vective terms are discretized with the Liou (2006) AUSM+-Up flux-splitting scheme.
Diffusive fluxes, which are also dependent on variable gradients, are calculated by nodal
extrapolation on a diamond-shaped volume, as described in Lani (2008). Source terms

TABLE 2: Solid fuel data used in this work

Solid fuel data
Property Symbol Value
Fueldensity Py 960kg/m?
Specificheat cy 2860J/kg K
Pyrolisisenthalpy Ahyr | 11000000/kg
Thermalconductivity Ar 0.217W/m K
Fueltemperature, far from interface Tj 300K




arediscretized in the same fashion as diffusive fluxes but using cell center values and cell
volume (instead of diamond-shaped volumes). An implicit Euler discretization scheme
is used for time advancement until steady state is reached. The resulting linear system is
solved using PETSc (Balay et al., 1997) libraries with the generalized minimum residual
(GMRES) technique.

6. RESULTS AND DISCUSSION

The computations were performed on a two-dimensional domain whose geometry re-
produces the inner combustion liner from SPLab facilities at Politecnico of Milano
(Mazzetti, 2010). The computational domain represents the combustion chamber of a
hybrid rocket, in particular, considering ideally the central section of the combustor. A
sketch of the combustion chamber is shown in Fig. 1;s;hdirection is stretched for

sake of clarity. The chamber is rectangular: 6 mm high (transverse direction) and 125
mm long (axial direction). In the head-end section, injector/swirlers and pre-burners are
not included in the computational domain. Thus the domain starts just after the oxidizer
flux is assumed to be made fully turbulent by the injection system. A transverse inlet
for fuel is present in the lower wall of the combustion chamber. The fuel inlet starts at a
distance of 25 mm from the oxidizer inlet and is 50 mm long. The computational domain
extends up to 50 mm after the fuel inlet end, with an outlet boundary at fixed pressure.
Thus the domain ends after the combustor section and does not include a nozzle. A good
compromise between accuracy, boundary layer resolution, and computational time is
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FIG. 1: Sketch of the combustion chamber.



grantedby an 8000 cell mesh, with 80 cells in height and 100 cells in width. Boundary
conditions are summarized in Table 3, with turbulence considered to be fully developed
at oxidizer and fuel inlets. Physical walls, outside of the fuel inlet region, are reproduced
by isothermal no-slip walls.

6.1 Temperature, Speed, and Product Mass Fractions

Computations are performed for different pressure and oxidizer mass flux conditions
in order to assess their effect on the flame and combustion parameters. In particular,
pressures of 1, 2.5, 5, and 10 bar are investigated. Each pressure case is investigated
for increasing oxidizer mass flux: 1 bar case is investigated for 8, 13, 19, 26, 33, 39,
46, and 52 kg/rfs oxidizer inlet mass flux; 2.5 bar case is investigated for 19, 39, 52,
and 65 kg/ms oxidizer inlet mass flux; 5 bar case is investigated for 19, 39, 65, and
98 kg/nts oxidizer inlet mass flux; 10 bar case is investigate for 39, 78, 130, and 195
kg/m?s oxidizer mass flux.

Results are presented in Figs. 2—6, where profiles of temperature, axial velocity, and
chemical compositions are shown at several transverse sections inside the combustion
chamber. This set refers to fully turbulent boundary conditions with 10 bar pressure
and 39 kg/ms oxidizer mass flux. The results for the other pressure and oxidizer mass
flux conditions are qualitatively similar to the ones shown in Figs. 2—6. Figure 2 shows
the temperature profiles at different sections along the modeled combustion chamber;
the maximum temperature is located above the fuel inlet. The temperature peak, near
3250 K, and the flame geometry are coherent with the nature of the turbulent combus-
tion problem. The shape of the peak temperature region corresponds effectively to a
turbulent flame, whereas laminar flames are characterized by a narrower profile, as in
Venkateswaran and Merke (1996) and in Law (2006). In fact, with the PaSR approach,
only a fraction of each computational cell takes part in the combustion process.

TABLE 3: Boundary conditiorfs

Boundary u [m/s] v [m/s] T[K] | k[m?/s?] w(s™1] p [Pa]
Oxidizerinlet case 0 300 1x107% | 1.11x 10 —
dependent
Fuelinlet 0 rb Enegy | 1x10% | 1.11x 10° —
dependent balance
Upperwall 0 0 300 0 wall law* —
Lower wall — 0 0 300 0 wall law* —
pre-inlet
Lower wall — 0 0 600 0 wall law* —
post-inlet
Outlet — — — — — 101325

“Wall law from Menter'sk — w model (Menter, 1994).
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Therefore, oxidizer and fuel species do not fully react inside each cell as with the
PSR approach, but a part of them is transported further by molecular diffusion and by
turbulence. This process creates a wider zone where the oxidizer-fuel ratio is still ade-
guate for sustaining the combustion process. Figure 3 shows the axial velocity profiles
at several locations along the combustor. As expected, an axial acceleration of the fluid
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is observedwith a peaknear24 m/s(oxidizerinlet velocity is 3 m/sfor this case) Fig-
ures4—6showthesectionprofilesfor themaincombustiorproductsH, O, CO,andCO..
It is noticeablehow the peakof combustionproductsfollows the temperaturgeak,as
expectedrom thechemicalreactionschemeCO,, whichappearsn thechemicaimodel
only as a reactioproduct, is generatdadomogeneously along the flame. It is also possi-



CO2 Mass Fraction

S ections
——————e— X =50 mm

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Y CO2

FIG. 6: CO, Mass fraction section profilep:= 10 bar,Go, = 39 kg/n?s.

ble to notice a separation between the regions whef@ &hd CQ are present, because
H,0 is a reactant in the production of G@see the third reaction in Table 1).

6.2 Regression Rate Evaluation

The fuel regression rate is the main parameter used to assess hybrid rocket perfor-
mances and to comparatively evaluate different fuel formulations. The previously de-
scribed boundary condition is used within the simulation code to estimate fuel regres-
sion rate for the pressure and oxidizer mass flux conditions detailed in Section 6.1. It
is important to point out that determining an overall behavior of combustion in hybrid
rockets under the effects of different pressure conditions is still an open question in the
research community. The regression rate trend at different pressure conditions is par-
ticularly important. In general, for standard operating conditions of hybrid rockets, the
regression rate is considered to be slightly or not affected by pressure, as stated by Evans
et al. (2009) and Lewin et al. (1992). On the other hand, previous work from Price and
Smoot (1965) describes the complex behavior of regression rate based on three different
oxidizer mass flux conditions (low, intermediate, and high) and three pressure regimes
(low, medium, and high). The work from Price and Smoot (1965), with 10-1203y/m
oxidizer mass flux range and 1.4-11 bar pressure, shows that the pressure effect on re-
gression rate is negligible at low oxidizer mass flux and it is increasingly stronger with
increasing oxidizer mass flux; for high mass fluxes the regression rate should increase
with pressure. More recent work from Yash et al. (2011) also shows an increase in re-
gression rate with pressure. On the other hand, the work of Risha et al. (1998) shows a
decrease in regression rate with increasing operating pressure. This work is based on ex-



perimentalpyrolisis tests inside a windowed combustor and cannot be truly considered
as a regression rate evaluation test for a real hybrid rocket engine. Pressure conditions
were ranging from 7.9 to 35.5 bar, while the total oxidizer mass flow rate is between
0.001 and 0.002 kg/s. In the present work, a similar behavior is identified in all pressure
conditions at varying oxidizer mass flux.

Some general considerations can be drawn from thepcaskebar shown in Figs. 7
and 8. We show the temperature (Fig. 7) and the fuel regression rate (Fig. 8) for the fol-
lowing values of the oxidizer mass flow ra®g),: 8, 13, 26, 52 kg/rts. They correspond
to an inlet velocityUp, of 6, 12, 20, 40 m/s, respectively. Noticeably, the regression rate
is not constant along the fuel grain but has a peak in the fuel grain head-end. This cor-
responds to the peak in fuel surface temperature and it is coherent with the presence
of the hotter flame zone very close to the fuel in the head-end region (see Fig. 2). It is
also in agreement with experimental results, as shown in De Luca et al. (2011). More-
over, an increase of oxidizer inlet velocity corresponds to an increase of fuel temperature
and therefore regression rate at the fuel grain head-end. Overall the results are consis-
tent with the modeling assumptions introduced. However a large-eddy simulation (LES)
model would be more accurate than our RANS approach for the modeling of the typi-
cal recirculation region at the fuel inlet that our boundary condition does not take into
account. In addition, the extrapolation of the pyrolisis law of Eq. (23) from 1 bar to the
whole pressure range might reduce the accuracy of the present model for the section of
the fuel slab with a surface temperature below 850 K. Moreover, the fuel layer where
pyrolisis takes place is assumed to be vanishingly thin and located at the gas-solid fuel
interface. Subsurface pyrolisis is neglected, and this could be important for low oxidizer
mass flow rate conditions, because it reduces the fuel surface temperature.
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Figures 9 and 10 show the fuel surface temperature and the fuel regression rate,
but in this case with a fixed oxidizer mass flGp, = 39 kg/n?, (Re = 11,700) and a
comparison of the four investigated pressures. Near the head-end side of the fuel slab,
the peak temperature, and therefore the regression rate, are noticeably higher at lower
pressures. On the other hand, proceeding downstream along the fuel grain an inversion
of this phenomena is present: after a certain section at higher pressures corresponds
higher local regression rate. This section advances toward the combustor end with de-
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FIG. 9: Fuel surface temperatur€y, = 39 kg/n?s and varying pressure.
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creasingoressureThis could partially explainthe differentexperimentatesultspresent
in hybrid rocketliteratureconcerningaverageregressiorrate.In fact, the inspectionof
Fig. 9 and10 showsthatanincreasingdecreasinger neutralbehaviorcanbeidentified
with dependencen fuel grainlength,pressureandlocationof theregressiomatemea-
surementlevicesalongthefuel slab.In particular,theratio betweerthe head-endzone
length(wherealocal regressiomatepeakis noticeable andthelengthof thewholefuel
slabshouldbetakeninto accountlt is reasonabléo assumehatthe averageegression
rateof longerfuel grainswill belessinfluencedby head-endocal regressiomatepeaks.
In addition,the positionof theregressiomatemeasuremerdevicescouldinfluencethe
averagaegressiomateby including or excludinga differentnumberof increasingde-
creasingpr neutrallocal regressiomateregions.

In the presentwork the averageregressiorrate hasbeencomputedby numerical
integrationof the local regressiorrate over the full length of the fuel slab. Figure 11
compareghe meanregressiomatevaluesat eachpressurdor the varying valuesof the
oxidizer inlet massflux. The resultsshowthat pressurehasan overall reducingeffect
on the averageregressiorrate andthat an increasen oxidizer inlet massflux greatly
increaseshe averageregressiorrate. In addition, it is noticeablethat the reducingef-
fect of pressureon the averageregressiorrate decreasewith increasingpressurefFor
very high pressuresa neutrally asymptoticinfluenceof pressurancreaseon average
regressionmate isforeseeable.

Testshavebeencarriedout to quantify the effect of modelingassumption®n the
computedegressiomate.In particular,for the 1 barpressurease[conditionfor which
thepyrolisislaw of Eq.(23)is notextrapolatediegressiomateresultsarecomparedor
thefollowing three cases:
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Case 1. The PSR approach is used for the computation of the chemical source term, the
contribution of species enthalpy, carried by diffusion [the t@fyﬁl Jgihg, Of
Eqg. (21)], to wall heat flux is neglected (Coronetti and Sirignano, 2013; Cai et al.,
2013).

Case 2. The PaSR approach is used for the computation of the chemical source term
and the contribution of species enthalpy, carried by diffusion, to wall heat flux is
neglected.

Case 3. The PaSR approach is used and the contribution of species enthalpy, carried by
diffusion, to wall heat flux is taken into account.

A comparison between case 1 and case 2 shows that the computed regression rate
is, on average, 23% higher in case 2 than in case 1. The flame peak temperature region
in considerably wider in the PaSR approach than in the PSR approach (Mazzetti and
Barbante, 2013). This wide hot region enhances the heat flux to the wall, increasing wall
temperature, and therefore the fuel regression rate. The contribution of species enthalpy,
carried by diffusion, to wall heat flux has a small, albeit non negligible, effect on the fuel
regression rate. The computed regression rate for case 3 is, on average, 5% higher than
the regression rate computed in case 2.

Figure 12 shows a comparison between the numerical results and regression rates
from literature, in which pure HTPB formulations are used as fuel grain. In order to
compare a significant number of cases, different configurations (e.g., motor size, oxidiz-
ers, radial vs. slab fuel grains) are considered. Regression rate data from Sutton (Sutton
and Biblarz, 2001) are for pure HTPB/GO2 (i.e., oxygen is stored in gaseous state and
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FIG. 12: Meanregressiomratescomparisorbetweemumericalcomputationandliter-
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(Cai et al., 2013), SPLab(Merotto et al., 2011), Chiaverini (Chiaverini et al., 2000),
Shanksand Hudson (Shanks and Hudson, 1994).

injectedin sucha stateinsidethe combustionchamber}combustionn a 2 in. diameter
lab-scalemotor. Datafrom Cai-Zeng(Cai et al., 2013)arefor a HTPB/H20225 mm
inner diameterlab-scalemotor. Although in this casethe oxidizer is hydrogenperox-
ide, thesimplifiedreactionschemeusedby the authorgthe sameof Venkateswaraand
Merkle (1996)]doesnottakeinto accounseparatelyhecombustiorof excesdydrogen
andit is in practiceequivalentto the combustionof HTPB with gaseou®xygen.Data
from SPLab(Merottoetal., 2011)arefor asingleslab HTPB/GOdJab-scalecombustor
with a5 mm high combustiornport. Regressiomatafrom Chiaverini(Chiaverinietal.,
2000)arefor a double-slatHTPB/GO2lab-scalecombustomwith a 9.5-12.5mm high
combustomport; Amroc (Chiaveriniet al., 2000) resultsrepresenthe classicalcorrela-
tion for aHTPB/LO2 (i.e., oxygenin storedin liquid state)large-scale’5 in. diameter
hybrid rocket. Finally Shanksand Hudsons(1994) resultsare for a HTPB/GO22 in.
diameterlab-scalemotor. Again, it is noticeable from our computeddata,that an in-
creaseof pressuréhasa decreasingffecton meanregressiomrateandthatanincrease



of oxidizer inlet mass flux has an increasing effect on average fuel regression rate. As
shown in Mazetti (2010), the range of oxidizer inlet mass flux investigated extends over
the typical range of single-slab fuel configurations, and the maximum value shown, near
200 kg/nts, is close to the maximum value reached by experimental facilities. Even if
an accurate modeling of governing equation and regression rate boundary condition are
implemented, the pressure dependence of regression rate is in good accord with pyrolisis
results from Risha et al. (1998), while in actual motor firings the regression rate is found
to be generally independent from pressure. An inspection of Fig. 10 shows a peak of the
regression rate close to the fuel head-end region for low pressure values. The regression
rate peak is very sensitive to pressure changes, and its decrease with pressure accounts
for the computed behavior of mean regression rate. This result is possibly related to the
extrapolation of the pyrolisis law [see Eq. (23)] for pressures above 1 bar and to the
assumption that in the inlet region turbulence is fully developed and the recirculation
region at the combustor head end is not present.

7. CONCLUSIONS

A numerical tool for the simulation of combustion processes occurring in hybrid rocket
engine combustion chambers has been developed based on the COOLFIuiD code. The
first innovative feature of this work is the self-consistent modeling of turbulent transport

of mixture total enthalpy. This choice is made in order to overcome the possible source
of inaccuracy due to the use of a single, specific heat-dependent term for the closure. The
second innovative feature involves the use of a multitime partially stirred reactor model
for the evaluation of turbulent chemical reaction rates in hybrid rocket engines. Thanks to
this, the pseudolaminar combustion hypothesis is surpassed and it is possible to analyze
fully turbulent combustion processes. An accurate boundary condition at the gas-solid
fuel interface is introduced. It also accounts for the effect of chemical species enthalpy
carried by diffusion at the fuel surface, an approach which is not often performed in
literature works.

Computations are performed in order to estimate both local and average solid fuel
regression rates. The effect of the oxidizer inlet mass flux and pressure on regression
rate has been assessed. The effects of pressure on hybrid rocket combustion processes
and therefore on local and average regression rate are still an open research problem.
As discussed, different results are available in literature; even if conflicting, they are all
scientifically sound and need to be considered carefully within their respective limits. In
particular, the average regression rate measurement could be affected by several factors,
such as the length of fuel grain and the sampling measurement positions. Simulated test
cases for a hybrid rocket combustion chamber show a decrease in average fuel regression
rate with an increase in pressure (within the 1-10 bar range). This is in agreement with
pyrolisis experiments available in literature (Risha et al., 1998), while a practically pres-
sure independent regression rate is demonstrated in many actual motors. This suggests



thatfurther improvements of the model, like taking into account the recirculation zone
at the fuel inlet, are needed. In addition, the general trend that assesses a peak in local
regression rate in the fuel head-end region is confirmed.
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