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ABSTRACT

The present numerical work investigates the effect of a combination of two known regression rate enhancement
techniques, namely diaphragm located in the port and swirling oxidizer flow at the inlet. Diaphragm enhances
regression rate by heat transfer enhancement due to recirculation zone whereas swirling flow enhances regression
rate by enhancement in radial diffusive transport. The use of diaphragm in combination with swirl was found to
be more effective in enhancing regression rate compared with the individual enhancements by the two techniques.
However, the net enhancement in regression rate using combined techniques was less than the arithmetic sum of
enhancement from two individual techniques. Interestingly, the characteristic exhaust velocity C* is enhanced only

if diaphragms are sufficiently tall.
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1. INTRODUCTION

One of the most significant design parameters in hybrid
rocket motor is the regression rate, defined as the rate at
which the solid fuel regresses normal to the surface. Decades
of research has contributed greatly towards understanding of
fundamental operation of hybrid rocket motors. A theoretical
explanation of processes inside the hybrid motor was first
proposed by Marxman?, where a regression rate model based
on the turbulent boundary layer theory for heat transfer was
described. In a hybrid rocket motor, the fuel and the oxidizer
react forming a diffusion flame front inside the combustion
chamber. A part of the heat released in the reaction is used
in the pyrolysis of solid fuel. Therefore, the attempts to
enhance regression rate are primarily focused on increasing
the heat feed back to the solid fuel. Some of the methods for
increasing the regression rate of the solid fuel include addition
of energetic additives to solid fuel grain?, introduction of swirl
in the oxidizer flow®* or provision of turbulence generators® or
diaphragms in the port®”’.

Extensive numerical studies had already been performed
to assess the effect of diaphragms® and inlet swirl® on the
regression rate and performance of hybrid rocket motor.
However, the effect of these two techniques in combination
has not yet been investigated. In the present work reported
here, a systematic parametric study is performed to investigate
numerically the effect of diaphragms and swirling inlet oxidizer
flow in combination.

2. NUMERICAL MODEL

The numerical model used in the present study is explained
in detail in recent works by the authors®®. Hence, only the aspects
of model relevant to this study are briefly discussed here.

2.1 Geometrical Configuration and Computational

Domain

A laboratory scale motor with a single port grain is chosen
for carrying out simulations as this configuration is amenable
to experiments. Figure 1 (a) presents the schematic of a generic
single port hybrid rocket motor with the following grain
dimensions; the outer diameter - D, the initial inner diameter -
D,, the port diameter at an arbitrary instant of burning of grain
- D, the length of the motor - L,the nozzle throat diameter - D,,
and the nozzle exit diameter - D,.

The computational domain is assumed to be axially
symmetric for numerical simplicity. Hence the numerical model
is presented in 2-D axi-symmetric configuration. In Fig. 1 (a) the
region shaded by inclined stripes represents the computational
domain which comprises of the grain port at an arbitrary
instant of burning and the nozzle. The grain port diameter (D)
is taken as 30 mm and the port length (L) is 150 mm. The
nozzle throat diameter (D,) is 14 mm and nozzle exit diameter
(D,) is 30 mm. Mesh is constructed in the computation domain
with quadrilateral cells. Fine mesh is used near boundaries is
shown in Fig. 1 (b) to resolve the gradients accurately. Grid
independence study was conducted by reducing the size of
smallest grid by an order till the difference between predicted
average regression rates for two finest meshes was within 5%.
The grid size used in the computation domain reported in the
present work is 176 x 111.

2.2 Governing Equations

The transport processes occurring in a hybrid rocket
combustion chamber are described adequately by the basic flow
equations of continuity, momentum, energy and species. The
turbulence in the flow is modeled using Menter’s two-equation
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Figure 1 (a) Schematic diagram of a hybrid rocket motor with boundary types used in computation and (b) Grid used in the

computation (with a diaphragm)

SST k- model®. The governing equations in 2-D cylindrical
co-ordinates are described®®.

2.3 Gas Phase and Solid Phase Chemistry Models

A global one step chemistry is used to model the
oxidation of butadiene (monomer of HTPB) to final products
CO, and H,0. The gas phase kinetics is adopted from work
of Cheng!?, et al. Although detailed chemistry is desired for
accurate predictions, such a reaction mechanism and related
kinetics are not yet available in the literature. Nevertheless, the
thermodynamic effect of product disassociation is incorporated
by tuning the heat of combustion to match the temperature
with one obtained accounting for product dissociation at
thermodynamic equilibrium?®2. The solid fuel (HTPB) pyrolysis
is modeled®® by a zero™ order Arrhenius equation.

2.4 Boundary Conditions

The boundary types are illustrated in Fig. 1 (a). The
boundary condition at gas-fuel interface is implemented by
applying mass and energy balance. The energy balance at the
interface is given below®®.

7\’eff (%jg _}\‘s (%JS +psrb(H p) =0 (1)

The terms on the left hand side represent the heat convected
from reaction zone and conducted to the fuel surface (q
heat conduction into the solid fuel (q
solid fuel pyrolysis (qpymlysis).

The oxidizer mass flux at the inlet is set to 132 kg/(m?2.s)
for both swirling and non-swirling flow simulations. The inlet
swirl is quantified by a non-dimensional parameter called
swirl number, S . S is defined™ as the ratio of the axial flux of
angular momentum to the axial flux of axial momentum, non-
dimensionalised by inlet radius.

Ipu v,rédr
R Ipu rdr

The profiles for axial and swirl velocities* are also
prescribed at the oxidizer inlet. The nozzle wall is defined as an
adiabatic wall and ambient pressure is specified at the outlet.
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2.5 Numerical Method of Solution

The governing equations and the models for solid and
gas phases along with the boundary conditions discussed
above are solved numerically using a pressure based, double
precision, unsteady solver®. Unsteady solver is used to predict
any transient phenomena like vortex shedding that might occur
in the combustion chamber. Second order upwind scheme is
used for spatial discretisation of the convective terms whereas
second order central scheme is used for all other terms in the
transport equations. The second order implicit formulation is
used for temporal discretisation.

The discretised governing equations are iterated with the
time step of 0.0002 s and with 50 iterations for every time
step. The converged solution is typically attained in about
1000 time steps. The model was validated® for the prediction of
regression rate against the experimental results®®. The ability
of the numerical model to predict swirl flow in a pipe was also
demonstrated® against experimental results’.

3. RESULTS AND DISCUSSIONS

The following methodology is adopted in the present work
to investigate the effect of diaphragm and swirling oxidizer
inlet flow in combination.

First, the base motor (one without any enhancement
technique) is discussed. This is followed by a brief discussion
on a motor with any one regression rate enhancement technique
(diaphragm or swirl). With the basic understanding obtained
from the above studies simulations with a combination of
diaphragm and swirl were carried out in two sets. In the first
set, a representative inlet swirl was chosen (inlet S, = 1) and
the diaphragm height is varied from 1 mm to 7 mm. In the
second set of simulations a representative diaphragm (7 mm
tall) was chosen and the inlet S is varied from 0 to 2.5. The
results obtained are discussed below.

3.1 Base Case Motor

Figure 2 presents the components of heat flux at the
interface Eqn. (1), local regression rate and fuel surface
temperature along the axial length of the fuel grain. It can be
noticed that the heat flux component q__ . is the only source
of heat feedback to the fuel surface. Thus the regression rate
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Figure 2. Components of heat flux, local regression rate and
surface temperature of solid fuel, along the axial
length of the hybrid rocket motor for base case.

and the surface temperature follow the trend of q_ ...

The heat flux components and the local regression rate
decrease along the axial length of the grain up to a certain
distance (here, about 30 mm) and then increase. This is caused
by two competing phenomena occurring in the combustion
chamber. Near the head end (< 5 mm) the flame is very close
to the fuel surface and the regression rate is high. Downstream,
the flame is pushed away from the fuel surface due to fresh fuel
addition. Hence, the heat transfer and thereby the regression
rate decreases. However, due to progressive addition of fuel
vapour, the local mass flux increases along the axial length.
This increases heat transfer and consequently the regression
rate. The effect of flame being pushed away is dominant near
the head end (X < 30 mm) and the effect of increasing mass
flux is dominant downstream (X > 30 mm).

3.2 Effect of Individual Regression Rate
Enhancement Techniques
The effect of diaphragms on regression rate is explored®.
To describe the effects of diaphragm here we only discuss a
single diaphragm of height 4 mm located at 0.25 L (37.5 mm)
from the head end of the base motor.

Figure 3 shows the convective heat flux and local regression
rate for representative cases to demonstrate the effect of a
single diaphragm or inlet swirling oxidizer flow. For the case
with diaphragm it can be noted that the heat feedback reduces
and thus regression rate decreases considerably upstream of
the diaphragm. This is because the diaphragm diverts the flow
(and the flame) away from the fuel surface there by reducing
the heat transfer upstream of diaphragm. Downstream of the
diaphragm, the regression rate recovers and increases sharply
over a short distance. This is because of a recirculation
zone formed downstream of the diaphragm that entrains the
hot gases from the reaction zone towards the fuel surface.
Therefore, the local regression rate is enhanced attaining a
peak value at the tip of the recirculation zone (here, about 60
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Figure 3. Effect of asingle diaphragm located at x =37.5 mm or
swirling oxidizer flow at inlet on convective heat flux
along the axial length of the hybrid rocket motor

mm). Further downstream of the recirculation zone, the hot
products are progressively cooled by addition of fuel vapour
and consequently the regression rate decreases.

For the case with swirl (inlet S =1) it can be noted that the
local regression rate follows the decreasing-increasing trend
similar to the base case. However, the local minimum in the
regression rate attained is higher and much closer to the head
end. The presence of swirl velocity in the flow results in higher
velocity magnitude in the combustion chamber. This enhances
the radial heat and momentum transport in the combustion
chamber. Thus the heat flux components at the interface are
enhanced thereby enhancing the regression rate.

3.3 Effect of Regression Rate Enhancement

Techniques in Combination

Now we look atthe combined effect of the two enhancement
techniques to the base motor. Figure 4 illustrates the effect of
diaphragm height on the local regression rate for simulations
in the presence and absence of inlet swirl. One may note that
in both the cases (i.e. with or without swirl in the flow), the
local regression rate increases significantly downstream of
the diaphragm, attains a local peak value and then decreases.
However, in the presence of swirling flow the peak in the local
regression rate increases and location at which the peak value
occurs shifts closer to the diaphragm. The diaphragm in the
port diverts the flow towards the core. However, the enhanced
radial transport associated with swirling flow expands the flow
steeply downstream of the diaphragm resulting in a smaller
recirculation zone (inferred from peak regression rate location
which is also the tip of the recirculation zone). One can also
note that the regression rate attained with both the techniques
in combination is higher than the regression rate attained
with individual enhancement techniques indicating that both
diaphragm and swirl complement each other in regression rate
enhancement. However, it is also to be noted that cumulative
enhancement (2.00 mm/s — 0.68 mm/s = 1.32 mm/s) over
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Figure 4. Effect of diaphragm height on the local regression
rate along the axial length of the fuel grain for
simulations in the presence (a) and absence (b) of
swirling oxidizer flow at the inlet.

the base motor value (0.68 mm/s) is less than the sum of the
enhancements with the individual techniques (0.82 mm/s
enhancement for swirl and 0.79 mm/s enhancement for
diaphragm). This is because while the diaphragm enhances
regression rate by forming recirculation zone behind the
diaphragm, the flame downstream of diaphragm is pushed
farther from the fuel surface. Similarly the swirl in the flow
increases velocity magnitude and radial transport, however, the
centrifugal force causes the low density flame to move towards
the axis away from fuel surface. Thus the negative effects of
the two techniques also complement each other.

Figure 5 presents variation of average regression rate,
overall O/F ratio and characteristic exhaust velocity C* for
the case with a single diaphragm. The solid lines show the
variation of parameters in the presence of swirling flow and the
dashed lines show those in the absence of swirling flow in the
combustion chamber. The average regression rate and C* for
any diaphragm height is higher in the presence of swirling flow
compared to that in the absence of swirling flow. The average
regression rate increases with diaphragm height in the presence
or absence of swirling inlet oxidizer flow. However, for the
case with swirling flow, the enhancement in average regression
rate is not significant for shorter diaphragms (here, < 4 mm).
In both cases C* is seen to show a decreasing-increasing trend
with increase in diaphragm height. The diaphragm increases
mixing of reactants in the recirculation zone at the same time it
also holds the flame farther from the fuel surface. This leads to
progressive addition of un-reacted fuel vapor between reaction
zone and fuel surface. While the former effect (mixing) increases
C* the later effect (unreacted fuel vapor) decreases C*. For
short diaphragms addition of un-reacted fuel vapor is dominant
causing a reduction in C*, whereas for tall diaphragms (> 4
mm), mixing in the recirculation zone becomes dominant due
to larger recirculation zones resulting in enhanced C*. It is to
be noted that the motor considered in the present study contains
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Figure 5. Effect of diaphragm height on performance parameters
of the motor with inlet S = 1(solid lines) and inlet
S,= 0 (dashed lines).

a short grain with L/D ratio of 5. One can note that the O/F
values are far from the stoichiometric value of 3.25 indicating
fuel lean operation. Thus all the oxidizer is not consumed at
the end of combustion chamber. With the increasing regression
rate in the presence of taller diaphragms the O/F ratio is seen
to decrease.

The swirl number was kept constant in the simulations
discussed in Fig. 5. Next we look at effect of inlet S on the
regression rate, overall O/F ratio and C* in the presence or
absence of a diaphragm of fixed height (here, 7 mm) as shown
in Fig. 6. Both in the presence and absence of a diaphragm, the
average regression rate is seen to increase monotonically with
increase in inlet S,. This is because, larger inlet S, results in
larger velocity magnitude and thus increased radial transport.
This increases the heat flux at the interface and as a consequence
the regression rate increases. With increased regression rate for
the same inlet oxidizer flow, the O/F ratio decreases. Increase
in swirl also enhances C* owing to increased radial mixing®.
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Figure 6. Effect of inlet S, on performance parameters of the
motor in the presence (solid lines) and the absence
(dashed lines) of a 7 mm diaphragm located at 0.25
L from the head end.
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The average regression rate is higher in the presence of
diaphragm than that in the absence of diaphragm at any inlet S
Consequently the O/F ratio is always lower in the presence of
diaphragm compared to no diaphragm case. One can note that
the stoichiometric O/F is achievable here with this short motor
for S, > 2. Strong recirculation zone behind the diaphragm
promotes mixing gases in the recirculation zone thereby result
in higher C* compared to no diaphragm cases at all inlet S .

4. CONCLUSIONS

A numerical study was carried out on single port laboratory
scale hybrid rocket motor to understand the combined effect of
diaphragm and swirl in flow in enhancing regression rate and
the performance of the rocket motor. A systematic study was
first carried out to assess the effect of a single diaphragm of
various heights in the presence and absence of swirling oxidizer
flow at the inlet. Further study was carried out to assess the
effect of inlet swirl strength (characterized by swirl number,
S,) in the presence and absence of a diaphragm. Based on the
above discussions, the following conclusions may be drawn.

The local regression rate along the fuel grain length in a
hybrid rocket motor is seen to follow the heat transferred from
the gas phase to the fuel surface. Presence of diaphragm in the
port causes a recirculation zone downstream of diaphragm. This
recirculation zone transports hot gases from the flame closer to
the fuel surface and enhances heat feedback to the fuel. Mixing
in the recirculation zone also promotes C*. Swirling oxidizer
flow at the inlet contributes an additional swirl component
to the velocity thereby increasing velocity magnitude in the
combustion chamber. Thus the radial gradients are higher
and the radial diffusive transport and mixing of gases are
enhanced.

The positive effect of both diaphragm and swirl (enhanced
heat transfer at the fuel surface) complement each other.
Therefore, the combination of the two techniques is seen to
enhance the regression rate better compared to the individual
contribution of the techniques. For a given inlet S, the average
regression rate is enhanced with increase in diaphragm height.
The enhanced mixing in the recirculation zone promotes C*
enhancement and is dominant for taller diaphragms. The flame
that is held farther from fuel surface by diaphragm demotes C*
enhancementand is dominant for shorter diaphragms. Hence C*
has a decreasing-increasing trend with increase in diaphragm
height. On the other hand for a given diaphragm height, the
average regression rate as well as the C* are enhanced with
increase in inlet S . The negative effect of both diaphragm and
swirl (flame held farther from the fuel surface) also complement
each other. Therefore, the combined enhancement of regression
rate by diaphragm and swirl in combination is lesser than the
arithmetic sum of the regression rate enhancement contributed
by diaphragm and swirl individually.
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