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In this work, the effect of swirl on regression rate (rb) in a hybrid rocket motor is investigated
numerically. The rb increased monotonically with inlet swirl number and was also found to depend on
the inlet swirl profile. The swirl velocity profiles with the peak closer to the axis yielded higher rb .
Parametric study on fuel grains of various lengths and diameters (L/D � 25) shows that swirl is more
effective in improving the average rb for short grains (L/D < 5) and large diameter grains.

© 2013 Elsevier Masson SAS. All rights reserved.

1. Introduction

Hybrid rockets have many distinct advantages over conventional
chemical rockets, including simplicity, fuel costs, hardware costs,
and safety. However, one concern with the operation of these rock-
ets is low rb of the solid fuel [14,15]. While multi-port complex
grain design can be used for obtaining reasonable thrust with
low regression rates, this results in larger residuals and low fuel
loading. Further the grain integrity also becomes a factor of con-
cern [1].

Extensive research over the past few decades on hybrid rocket
motors has contributed greatly towards the fundamental under-
standing of its working. One of the rb enhancement techniques
established uses swirling flow inside the combustion chamber [9,
10,16,22,24]. Swirling flow in the combustion chamber can be
achieved by either tangentially injecting oxidizer from the tail end
[10], or using a swirl type injector [9,16,22,24] or using helical
grain configuration of solid fuel [16,24].

Although rb improvements are reported in the literature [9,10,
16,22,24], the amount of swirl is most often not quantified. There
is a lack of basic understanding of the effect of swirling flow on rb
of the hybrid rocket motor. The present numerical study aims to
systematically understand the underlying physics and relate rb to
swirl strength, quantified by a non-dimensional swirl number.
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2. Numerical model and solution

2.1. Geometrical configuration and computational domain

Fig. 1 presents the schematic of the hybrid rocket combustion
chamber. Invariance in azimuthal direction is assumed to reduce
the computational domain to a 2D axi-symmetric configuration.
The shaded region in Fig. 1 is the computational domain. The
domain consists of a combustion chamber and a CD nozzle. The
dimensions of combustion chamber, nozzle and the details on grid
are discussed later in Section 4.

2.2. Governing equations

The processes occurring inside the hybrid rocket combustion
chamber can be adequately described by basic flow equations of
continuity, momentum, energy and species. The governing equa-
tions in 2D cylindrical coordinates are summarized below.
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Nomenclature

A, As Arrhenius pre-exponential factor for gas phase reac-
tion and solid fuel pyrolysis

C Concentration of species
C∗ Characteristic exhaust velocity . . . . . . . . . . . . . . . . . . . . m/s
Di,m Diffusivity of species i in the mixture . . . . . . . . . . . m2/s
Di, D0 Initial and final port diameter . . . . . . . . . . . . . . . . . . . . . . . m
Dω Cross diffusion term
Dt Throat diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Ea, Eas Arrhenius activation energy for gas phase reaction,

solid fuel pyrolysis
G̃k, Gω Production of k and ω
h, hi Sensible enthalpy of mixture and species i . . . . kJ/kg/s
H R , H P Heat of gas phase reaction and solid fuel pyrolysis
�J j Diffusion flux of species j
k Turbulent kinetic energy
kr Reaction rate constant
L Fuel grain length. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
p Pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N/m2

rb Regression rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s

R0 Radius of the combustion chamber . . . . . . . . . . . . . . . . . m
Ru Universal gas constant
Sct Turbulent Schmidt number
Ts, T∞ Surface temperature and initial temperature of

fuel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
vx, vr, vz Axial, radial and swirl (tangential) velocity . . . . . m/s
W , W i Global reaction rate and consumption rate of

species i . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . mol/m3/s
x, r, z Cylindrical coordinates in axial radial and tangential

direction
Yi Mass fraction of species i
Yk, Yω Dissipation of k and ω
α Thermal diffusivity
Γk, Γω Effective diffusivities of k and ω
λeff Effective thermal conductivity
λs Thermal conductivity of the solid fuel
μ, μt Molecular and turbulent viscosities . . . . . . . . . . . . N s/m2

ρ Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/m3

ω Specific dissipation rate

Fig. 1. Top: Schematic of a single port cylindrical hybrid rocket motor showing solid
fuel grain, combustion chamber and a convergent–divergent nozzle. The shaded re-
gion is the computational domain. Bottom: Schematic of the computational domain
and the boundary types.

Radial momentum equation
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In the above equation the gradient of velocity vector is defined
as
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Tangential momentum equation
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The flow in the combustion chamber and nozzle is likely to be
turbulent, therefore, an appropriate turbulence model is required.

The detailed turbulence models like RSM require rigorous closure
strategies and grid quality requirements and involve complexities
in computation and convergence [11]. Hence these are not suited
for the parametric study intended here. Simpler models like low-
Re k–ε turbulence models are widely popular in literature [3–5,15].
However, under intense injection the k–ε model fails in qualitative
flow prediction [26]. Although the standard k–ω model overcomes
this deficiency, it is sensitive to the free stream values of ω [20].
Hence, SST k–ω model was developed [21] which combines the
advantages of both k–ε (free stream accuracy) and standard k–ω
(near-wall accuracy). Thus SST k–ω was used to predict turbulence
in the present study.

SST k–ω equations are given by
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Species transport equation
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