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NOMENCLATURE:

ρ . . . . . . . . . . . . Density

ω̇ . . . . . . . . . . . . Production rate

η . . . . . . . . . . . . Radial coordinate

λ . . . . . . . . . . . . Thermal conductivity

µ . . . . . . . . . . . . Dynamic viscosity

A . . . . . . . . . . . . Area

Apyr . . . . . . . . . . Arrhenius pre-exponent

cp . . . . . . . . . . . Heat capacity

D . . . . . . . . . . . . Diameter

Dm . . . . . . . . . . . Diffusion coefficient

Ea . . . . . . . . . . . Activation energy

G . . . . . . . . . . . . Mass flux

∆H◦
f . . . . . . . . . . Formation enthalpy

h . . . . . . . . . . . . Step height

hi . . . . . . . . . . . Enthalpy

Iturb . . . . . . . . . . Turbulent intensity

N . . . . . . . . . . . Total number of species

P . . . . . . . . . . . . Pressure

Qrad . . . . . . . . . . Radiation

ṙ . . . . . . . . . . . . Regression rate

R2 . . . . . . . . . . . Coefficient of determination

Re . . . . . . . . . . . Reynolds Number

R . . . . . . . . . . . . Gas constant

T . . . . . . . . . . . . Temperature

U . . . . . . . . . . . . Velocity

x/h . . . . . . . . . . . Length-to-height ratio

x/l . . . . . . . . . . . Step position

y . . . . . . . . . . . . Mass fraction

ABSTRACT:

In this work, a novel approach to increase the perfor-
mance of a Hybrid Rocket Engine (HRE) by approx-
imating any idealized fuel port geometry by steps
inside the fuel grain is proposed. This work serves
as a first investigation into the effect of single steps
inside the fuel grains of a typical HRE. In numerical
simulations, it is shown that forward- and backward-
facing steps have the potential to increase the av-
erage regression rate as they promote the turbu-
lence and heat transfer inside the turbulent bound-
ary layer. Both types of steps are more effective at
lower oxidizer mass fluxes. Finally, as a first esti-
mation, a set of best practices for the distribution of
steps along a profile could be derived.

1. INTRODUCTION

The unique features of Hybrid Rocket Engines
(HREs) such as safety and simplicity make them
promising candidates for low cost space access.
The downsides like low regression rates, slower
transients, possibly high fuel slivers and low matu-
rity, however, need to be addressed.

In short, we propose to approximate an ideal-
ized fuel port profile by a set of cylinders with dif-
ferent inner diameters (refer to Fig. 1). The flow
will therefore display flow phenomena resembling a
flow over backward- (BFS) and forward-facing steps
(FFS). This way, the engine can profit both from the
regression rate enhancement due to the steps, and
exhibits the benefits of an idealized profile. Adding
to this, the design is easy to manufacture, since
there is no need for additive manufacturing of com-
plex port geometries.

In order to elaborate the idea, this article is struc-
tured as follows: First, the existing research regard-
ing regression rate enhancement in HREs through
steps and diaphragms is briefly collected and anal-
ysed. Diaphragms are considered here, because
the flow phenomena they induce lie somewhere be-
tween a forward- and backward-facing step. The lit-
erature review is followed by a numerical study using
the multi-physics solver CEDRE of ONERA. Here,
the effect of a single step on the flow inside a hybrid
rocket combustion chamber is investigated. Further-
more, in evaluating several step configurations such
as forward- and backward-facing steps with different
heights, an important height-to-length relationship
for the recirculation zone can be derived. An exten-
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sive case study for a HRE with steps (and its unique
interdependence of fuel addition from the fuel sur-
face, mixing, heat transfer and regression rate) is
lacking to the knowledge of the authors.

2. THE CONCEPT

Starting point is the fact that the characteristics of
HREs can be altered by changing the fuel port pro-
files. These profiles can be optimized according
to different criteria. For example, a genetic algo-
rithm (previously developed at ONERA) [1] can be
fed with different optimization criteria (e.g. constant
oxidizer-to-fuel ratio or low fuel residuals) to calcu-
late an idealized fuel port profile. However, produc-
ing these geometries with conventional fuel casting
methods is difficult. Hence, additive manufacturing
is often the only possibility to create the desired pro-
files. Moving to larger scales, this leads to increased
complexity and cost. This is where a second obser-
vation comes into play. Over the years, several re-
searchers investigated the effect of diaphragms and
other obstacles (such as steps) in the HRE combus-
tion chamber. Overall, the results were the same;
due to the turbulence and enhanced mixing after the
obstacles (introduced by the recirculation zone) the
heat transfer and the regression rate increased.

The proposed design approach is therefore the
following: If an idealized profile can be approxi-
mated by a set of steps (as depicted in Fig. 1), one
could theoretically achieve three major advantages:
1) The profile no longer needs to be printed but can
be approximated by a finite number of fuel cylin-
ders with different inner diameters. 2) The idealized
profile provides the characteristics it was optimized
for, e.g. lower O/F shift during operation. 3) Due to
the turbulence introduced by the steps, the regres-
sion rate and mixing increases. In this paper, the
main goal is to derive a set of considerations and
guidances on how to best distribute a set of steps
along any desired profile. This is done by simulating
the impact of single BFS and FFS for different step
heights on the fuel surface temperature, regression
rate, fuel mass flow and recirculation zone length
(RZL). These data allow to understand which is the
most efficient way to distribute a set of BFS and FFS
along a predefined profile.

3. DIAPHRAGMS AND STEPS IN THE
LITERATURE

The concept of steps or diaphragms in the fuel port
to promote turbulence and mixing is not new. ON-
ERA employed a diaphragm in the LEX (Lithergol
Experimental) rocket in the 1960s [2], making it the
first diaphragm in a hybrid rocket motor with flight
heritage. Gany and Timnat [3] observed average re-
gression rate increases of 50 % when employing a
diaphragm in the middle of their polyester fuel grain
already in 1972. Grosse [4] extensively conducted
studies on diaphragm form and position in paraffin

Profile to be approximated

Fuel grain following an idealized profile

Oxidizer flow

a) Smooth fuel grain

b) Profile approximated with steps

Cylindrical fuel grains

Recirculation

Figure 1: The proposed stepped concept

HREs (a work that has been continued at University
of Padua [5]). The common results show regres-
sion rate increases downstream the diaphragms by
up to 90 % for lab-scale motors and combustion ef-
ficiency increases from 76 % to 95 %. Zhang et
al. [6] pointed out that the regression rate after the
diaphragm peaks consistently at the point of the re-
attachment of the flow. This effect was exploited by
Kumar and Kumar [7] (numerically) and Dinesh and
Kumar [8] (experimentally): Both teams placed mul-
tiple diaphragms in the fuel grain to further extend
the effect of diaphragms. They evaluated that the
diaphragms are best to be placed after the recir-
culation zone of the preceding diaphragm. Quan-
titatively speaking, for Kumar and Kumar the ideal
spacing was 8-10 times the height of the diaphragm
in numerical simulations [7], which corresponds to
the observed RZL. Interestingly, Dinesh and Kumar
observed the optimal spacing to be about 2.7 times
of the RZL.

Concerning the use of steps in HREs, first
records of a hybrid rocket motor with a backward
facing step can be found in Korting et al. [9] in 1987.
It was shown that a BFS at the port entrance (hence,
technically the step is not inside the fuel grain) dou-
bled the local regression rate after the step. Note-
worthy, the peak of the regression rate enhance-
ment appeared at the point of the re-attachment of
the flow after the step, as has been pointed out for
diaphragms also. Lee et al. [10] proposed the use
of a backward facing step instead of a diaphragm
to avoid the pressure oscillations often induced by
diaphragms. The stepped geometry was achieved
by combining two fuel grains with different inner di-
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ameters. With a 7.5 mm step, the regression rate
increased by about 50 % downstream the backward
facing step. Sakashi et al. [11] used multiple steps
with alternating inner diameters. Their so-called
concave-convex design effectively resembles a se-
quence of BFS and FFS with a maximal height dif-
ference of 9 mm. In doing so, the regression rate
could be increased experimentally by up to 100 %.
Kumar and Joshi [12] used 5 cylindrical fuel grains
with either 25 mm or 35 mm inner diameter. Com-
bining them, a BFS/FFS fuel port could be created
that increased regression rates between 30-50 %.
Contrary to the multi-diaphragm research, for steps,
the optimal spacing due to the RZL has not been
exploited.

Distributing a set of BFS and FFS along an opti-
mized profile has neither been proposed nor investi-
gated. This is where our proposal to distribute a set
of BFS and FFS to follow a predefined optimized
profile comes into play.

4. NUMERICAL SET-UP

The simulations are carried out with the multi-
physics solver CEDRE of ONERA [13]. This section
provides a brief overview of the underlying numer-
ical models and assumptions of the hybrid rocket
simulations. As this paper is focused on the ap-
plication of the model rather than the numerical
implementation, the concepts are only briefly de-
scribed. For a detailed and thorough understand-
ing it is highly recommended to refer to the work of
Durand et al. [14, 15] who implemented the HRE
regression rate model into CEDRE. The base-line
of the simulation is based on the HYCAT (Hybride
avec CATalyseur ) facilities of ONERA. The HYCAT
family uses H2O2 and High-Density Polyethylene
(HDPE) as propellants. The hydrogen peroxide is
decomposed with a catalyst into hot water steam
and gaseous oxygen. This is why only the gas
phase has to be considered for the simulations, de-
creasing also the numerical complexity. As for the
pyrolysis products of HDPE, only gaseous ethylene
(C2H4) is assumed. Together with the decomposed
hydrogen peroxide this leads to the following chem-
ical species in the simulations: H2O, CO, CO2, O2
and C2H4.

Given the significant difference of fuel regres-
sion rate (mm/s) and oxidizer flow velocity (m/s),
the flowfield is considered as quasi-steady. The
simulations are 2D-axisymmetric and the flow is
described by the compressible Reynolds-Averaged
Navier-Stokes equations. The set of equations is
closed with the Shear Stress Transport (SST) model
of Menter [16], combining the benefits of the k-ϵ
model in the core flow and the k-ω model near the
walls. Due to the fuel injection at the fuel surface,
the correction of Wilcox [17] for the specific dissi-
pation at the fuel wall is considered. The fuel inlet
is modeled with an Gas Surface Interaction (GSI)
model using an Arrhenius-type description to calcu-

late the regression rate based on the fuel surface
temperature.

4.1. Chemical reaction

The combustion inside an HRE is described by a tur-
bulent diffusion flame. The two-step kinetic chem-
ical reaction denotes according to Westbrook and
Dryer to [18]:

C2H4 + 2O2 −→ 2CO + 2H2O (1)

CO + 0.5O2 + H2O ←→ CO2 + H2O (2)

The detailed rates of production and destruction can
be found in Ref. [14].

4.2. Gas-surface interaction model

The GSI model at the fuel surface used in CEDRE
of Durand et al. [14, 15] is based on an energy- and
mass balance at the fuel surface. It allows to couple
the fuel surface temperature to the regression rate,
allowing to calculate the regression rate rather than
fixing it at the fuel surface.

According to mass conservation at the fuel sur-
face, the mass flux of the fuel (Gfuel) can be written
as:

Gfuel = ρs · ṙ , (3)

with ρs being the solid fuel density and ṙ the regres-
sion rate. The production rates ω̇i of each species
i are considered source terms and yield the mass
balance:

yi ·Gfuel − ρDm,i
∂yi

∂η
= ω̇i , (4)

with Dm being the diffusion coefficient, y the mass
fraction and η the radial coordinate. We consider
the sum of the mass source terms ω̇i to be equal
to the total fuel mass flux and ethylene as the sole
pyrolysis product:

N∑
i=1

ω̇i = Gfuel . (5)

Moreover, the energy balance (gas phase left, solid
phase right) denotes to :

λg
∂T

∂η
+ Qrad −

N∑
i=1

ω̇i · hi

= λs

(∂T

∂η

)
s
−Gfuel · hfuel .

(6)

λg/s : Thermal conductivity gas/solid
T : Temperature

Qrad : Net radiation
h : Enthalpy

N : Total number of species

Assuming a quasi-steady heat flux through the solid
fuel:

λs

(∂T

∂η

)
s

= Gfuel · cp,fuel ·∆T , (7)
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Eq. 6 simplifies to (by neglecting radiative heat
transfer) [14]:

λg
∂T

∂η
=

N∑
i=1

ω̇i · hi −Gfuel ·∆H◦
f,fuel , (8)

with cp,fuel and ∆H◦
f,fuel being the heat capacity and

formation enthalpy respectively. Finally the produc-
tion rate of ethylene (C2H4) – hence the fuel mass
flow Gfuel – is given by the Arrhenius law:

Gfuel = Apyr · exp (− Ea

R · T
) . (9)

The values for the pre-exponent Apyr, the activation
energy Ea and the formation enthalpy ∆H◦

f,fuel for
HDPE are listed in Tab. 1.

Table 1: Properties of HDPE [14]

Apyr [ kg
m2s ] Ea [ J

mol ] ∆H◦
f,fuel [ J

kg ]

3.5*106 125.6*105 -6.365*105 ± 1.14*104

4.3. Computational domain

The computational domain in this article is based
on the HYCAT facilities at ONERA, allowing to be
able to validate the simulations and their continua-
tion in the future. In order to decrease the number
of influences on the results of the fuel surface, at
this stage of the research the HYCAT family is ap-
proximated by a 2D axisymmetrical academic do-
main, as depicted in Fig. 2 for the BFS case. The
open source software GMSH is used to create the
meshes. The total fuel grain length is 240 mm. The
inlet fixes the oxidizer mass flux (Gox) and the inlet
temperature. The fuel surface is modeled according
to the GSI presented in Sec. 4.2 and the outlet is a
pressure outlet which fixes the pressure to a value
representative to a nozzle. The mesh is chosen to
be Cartesian because it lessens the number of cells
(as compared to triangles) and allows to refine the
mesh size close to the fuel surface to approximate
the boundary layer region. The minimal cell size at
the fuel surface is calculated to ensure an y+ < 1
for all possible total cell counts. The inner diameter
before the step is fixed to 25 mm as this represents
the minimum diameter of HYCAT. The diameter af-
ter the step is dependent on the step height (h). For
a maximum step size of 10 mm this leads to a diam-
eter after the step of 45 mm.

Changing from BFS to FFS domain is conve-
niently achieved by switching the inlet and outlet
conditions. This signifies that for the FFS cases, the
diameter after the step is always fixed to 25 mm and
the diameter before the step changes according to
the step height. Translated to a real world applica-
tion this means that a cylindrical fuel grain with two
different inner diameters is simply turned around.

In
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Figure 2: Computational domain for BFS case

4.4. Mesh convergence

Since at this stage of the research we are not yet
able to validate the simulations experimentally, it is
of upmost importance to prove that the results are
independent from the mesh. In order to do so, six
different meshes with increasing cell count (from
roughly 15,000 to over 400,000) are created for a
BFS domain with a step height of 2 mm. All meshes
ensure a y+ < 1 at the fuel surface. The results are
presented in Tab. 2. Mesh 1 (14,902 cells) serves
as starting point and the cell count is approximately
doubled with each mesh. After each individual sim-
ulation is converged, the average values of surface
pressure, surface temperature, total fuel mass flow
and RZL are gathered for 10,000 iterations with 100
data points for the same physical time. Mesh 1
presents the base case, the values for meshes 2-6
give the relative change compared to the preceding
simulation. For example, for mesh 4, the total fuel
mass flow increased by 0.16 % as compared to the
fuel mass flow of mesh 3. The boundary conditions
of the mesh convergence study are loosely based
on the conditions inside a typical HYCAT firing and
can be found in Tab. 3.

Looking at Tab. 2, it becomes obvious that the
average values of pressure and temperature con-
verge very fast and could be considered mesh in-
dependent starting from mesh 1. For the fuel mass
flow, however, the values can be considered con-
vergent somewhere between mesh 2 and 3. The
largest changes in values can be seen for the RZL.
After the first refinement to mesh 2, the length of the
recirculation zone increased by almost 20 %. This
is due to the fact that the coarse mesh 1 is not able
to properly capture the eddies that are separating
after the step. After mesh 3, the RZL finds a more
stable value. However, in order to correctly judge
the mesh independence for the RZL, it is necessary
to also consider the shape of the recirculation zone.
Fig. 3 depicts the appearance of the recirculation
zone for Meshes 1,4 and 5. It becomes apparent
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Table 2: Mesh convergence study

Mesh no. Cell count Pressure [Pa] Temperature [K] Fuel mass flow [g/s] Recirculation zone [mm]
1 14,902 3,602,121 924.74 5.978 8.56
2 26,199 +0.025 % +0.139 % +2.11 % +19.77 %
3 56,263 +0.027 % +0.032 % +0.56 % +2.91 %
4 96,683 -0.0002 % +0.011 % +0.16 % +3.77 %
5 208,307 +0.013 % +0.051 % +0.9 % -2.73 %
6 412,097 -0.004 % +0.017 % +0.6 % +1.87 %

Table 3: Boundary conditions of mesh convergence
Tinlet Poutlet Gox yH2O yO2 Iturb

1000 K 36 bar 200 kg
m2s 0.59 0.41 1 %

that the RZL for case 1 is not at all developed and
too short. For mesh 4, however, the length and the
height of the RZL seems to have a more consistent
appearance. Nonetheless, a smaller second recir-
culation zone inside the bigger zone is observable,
which could have a non-negligible effect on the sim-
ulations. Moreover, the contour of the flame zone
is less consistent as compared to mesh 5. Mesh 6
only changes the RZL by under 2 %, but uses dou-
ble the cells. For this reason, mesh 5 with 208,307
cells is considered as the most suitable mesh for the
numerical test campaign in terms of mesh indepen-
dence and computational cost.

2800 K1800 KT: 800 K

Mesh 1:

Mesh 4:

Mesh 5:

Figure 3: Recirculation zone after the step for differ-
ent meshes

5. RESULTS AND DISCUSSION

First, the test matrix and the decision process of the
boundary conditions are explained. In a next step,
the outcome of the simulations is presented and ex-
plained. The results to be exploited are: a) Temporal
and spatially averaged regression rates. b) Temper-
ature and regression rate profiles in axial direction
at the fuel surface. c) Height-to-length relationship
for the RZLs.

Before going into the details of the results, we
present in short the basic characteristics of the flow
phenomena of a flow over a BFS and FFS respec-
tively. Fig. 4 shows the temperature fields and ve-
locity streamlines for a representative flow without
step, a BFS with 5 mm height and a FFS with 5 mm
height. For the BFS case, the flame zone detaches
after the step and re-attaches after the recirculation
zone. The flow before the step is unaltered. For
the FFS case, however, the step already lifts up
the flame zone the closer it gets to the step and a
first recirculation zone is already formed before the
step. After the step, the flow re-attaches consider-
ably faster than for the BFS case. This is due the
fact that in the BFS case, the diameter increases
and therefore the flow velocity decreases for a con-
stant mass flow. In the case of the FFS, on the other
hand, the diameter decreases and the flow acceler-
ates. This fundamental difference has to be kept in
mind when discussing the flow phenomena in the
succeeding sections.

28001800T [K]: 800

Reference:

BFS:

FFS:

Figure 4: Temperature contours of axisymmetric
HRE simulation

5.1. Test matrix

The simulations will be carried out on the domain
displayed in Fig. 2. The boundary conditions are
being held close to the HYCAT data. Using only a
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single step at this stage allows to single out the ef-
fects of the steps. The interactions between multiple
steps will be considered in future work. The follow-
ing major investigations need to be carried out:

1. Height study:
The impact on different step heights h.

2. Position study:
The effect of the axial position of the step (x/l).

3. Mass flow study:
The importance of the oxidizer mass flux
Gox = ṁ

A given by the mass flow ṁ.

These studies are carried out both for the BFS and
FFS cases. Between the three different parametric
campaigns, all other values are being held constant.
The different inlet conditions, step heights and posi-
tions can be found in Tab. 5, the boundary condi-
tions (based on typical HYCAT firings) that are sim-
ilar throughout all calculations are listed in Tab. 4.
The results of all studies are collected and their im-
pact on the average regression rate, recirculation
zone and temperature and regression rate profiles
assessed in the respective subsections.

Table 4: Constant boundary conditions
Tinlet Poutlet yH2O,inlet yO2,inlet Iturb

900 K 36 bar 0.59 0.41 11 %

5.2. Backward facing step cases

In the following section, first the BFS cases are an-
alyzed separately.

5.2.1. Average regression rate

Fig. 5 depicts the spatially and temporal averaged
regression rate values for the BFS cases limited to
behind the step. It allows to evaluate the impact
of all parametric studies in one single image. The
green graph represents the reference cases without
any step. The blue line and the crosses correspond
to the average regression rate values downstream
the step. The label S2 i.e. corresponds to a step
height of 2 mm, the label S5 end refers to the case
of 5 mm step height at the position x/l = 0.75. Ad-
ditionally, the Marxman [19] fit is given as

ṙ = a ·Gn
ox (10)

where a and n are parameters used to best fit the
data points. For the Marxman fit, only the data
points of the mass flow study are considered. This
allows to extrapolate approximated values even out-
side of ranges that have been simulated.

Comparing the Marxman fits of the reference
cases and the BFS cases, the most prominent ob-
servation is that the average regression rate of the
BFS cases is inferior at mass fluxes above approx-
imately 100 kg/m2s. Below this value, the average

Figure 5: Regression rate after step for BFS

regression rate behind the step is higher than the
reference cases without step. Moreover, the cases
S1, S2, and S5 end are below the reference cases;
whereas the cases S10 and S5 front are above the
reference cases. This observation hints at the ex-
istence of two competing effects: Directly after the
BFS, the flame zone is further from the fuel surface,
therefore decreasing the fuel surface temperature.
On the other hand, the step introduces a recircu-
lation zone that promotes mixing and heat transfer.
If the recirculation zone is too small (as it seems
to be the case for 1 mm and 2 mm for higher mass
fluxes), the regression rate after the steps never re-
covers from the flame zone being further from the
fuel surface directly after the step. This is also why
the case of S5 front, where the step is positioned at
the beginning of the fuel port rather than the middle,
is superior to the references cases: The turbulence
induced by the step has more time and space to
compensate the decrease of the surface tempera-
ture directly after the step. In order to discuss this
effect we introduce the temperature and regression
rate surface profiles of the different cases in the next
part.

5.2.2. Surface profiles

Fig. 6 shows the temperature distribution along the
fuel port surface along the x-axis of the fuel port.
Moreover, the gray boxes indicate the length of the
recirculation zone induced by the step. The green
dotted line specifies the profile of the respective
reference cases. Keeping in mind that the diam-
eter of the fuel port increases after the step, we
need to consider a different reference case after the
step than before. For example, with a mass flow
of 100 g/s in a 5 mm case, the reference Gox be-
fore the step yields 203 kg/m2s. After the step it
decreases to around 104 kg/m2s due to the larger
diameter. The step position is at 0 m distance.

With the help of these surface profiles, the
aforementioned competing effects of recirculation
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Table 5: Values for parametric studies

Study h [mm] x/l [-] ṁ [g/s] Labels

Height [1, 2, 5, 10] 0.5 100 [S1, S2, S10]
Position 5 [0.25, 0.5, 0.75] 100 [S5 front, S5 end]

Mass 5 0.5 [50 , 100, 200] none

zone and flame distance from the surface becomes
clearer: In all cases, the surface temperature di-
rectly after the step drops significantly, given that
the flame is further from the surface. However, the
surface temperature increases exactly until the re-
attachment point (after the recirculation zone). From
there on, the heat transfer and the mixing is in-
creased, clearly visible in steeper temperature pro-
files as compared to the reference case. With the
help of Fig. 6 it can be explained why the cases for
S1 and S2 are inferior to the reference cases: The
increased heat transfer induced by the step is too
small to compensate the loss of surface tempera-
ture directly after the step. Starting with S5, the aug-
mented heat transfer is considerably higher than the
loss of temperature immediately after the step and
can in total increase the surface temperature.

Fig. 7 displays the regression rate profiles of

Figure 6: Temperature of the BFS height study

the same cases as Fig. 6. The regression rate pro-
files follow the exact same trend as the temperature
profiles. This is little surprising given that the sur-
face temperature was modeled in the GSI (recall
also Sec. 4.2) to be the main influence of the re-
gression rate. Knowing this, we will continue from
here on to only consult the regression rate profiles
for the sake of efficiency. The regression rate pro-
files confirm the competing effects: Directly after
the step, the regression rate descends well below
the reference value. At the re-attachment point, the
regression rate peaks (an effect also observed by
Refs. [3, 6, 9]) and after a smaller rebound contin-
ues with a steeper profile than the reference cases.
The effect of the steeper profile can be further illus-

Figure 7: Regression rate of the BFS height study

trated with the results of the step position study in
Fig. 8. Here, the step height is constant at 5 mm
but the position moved from 25 % (front) to 75 %
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(end) of the total grain length. It becomes appar-
ent that a BFS at 75 % of the grain length dimin-
ishes the effect of the step. Contrarily, for a BFS at
25 %, the steeper regression rate profile consider-
ably increases the regression rate for over the half of
the total fuel grain. This explains also why the spa-
tially averaged regression rate of the S5 front case
in Fig. 5 is superior to the other S5 cases.

Figure 8: Regression rate profile for different step
positions. The step height is constant at 5 mm.

5.2.3. Regression rate for averaged mass flux

To conclude the investigation of the BFS simula-
tions, we draw another comparison to the reference
cases using the spatial and temporal averaged re-
gression rate. This time, however, we also average
the mass flux for the BFS cases. As known, the
mass flux Gox is given by the mass flow ṁ and area
A as:

Gox = ṁ

A
= ṁ

0.25 · π ·D2 . (11)

For stepped cases like the BFS and FFS cases, the
diameter changes after the step. That is why we
define an average mass flux Gox,avg as:

Gox,avg = ṁ

Aavg
, (12)

where the average area Aavg depending on the step
position (x/l) is defined as:

Aavg = 0.25 · π · [(x/l) ·D2
1 + (1− (x/l)) ·D2

2] (13)

with D1 and D2 being the diameter before and af-
ter the step respectively. With this expression we
can now compare the temporal and spatial averaged
regression rate of the whole domain with the refer-
ences case. Fig. 9 illustrates the results. The overall

trend is similar to Fig. 5, nonetheless, the average
mass flux where the BFS cases become superior to
the reference moves up to around 130 kg/m2s. It
becomes apparent that lower mass fluxes and step
heights of 5 mm and higher yield the best results,
while the position of the step should be as early as
possible.

Figure 9: Regression rate of averaged mass flux

5.3. Forward facing step cases

Following the same procedure as for the BFS cases,
this section discusses the outcome of the FFS sim-
ulations.

5.3.1. Average regression rate

Fig. 10 reports the average regression rate behind
the FFS in red and compares them to the reference
cases without a step. The prominent observation is
that – contrary to the BFS cases – all FFS cases
exhibit a higher regression rate than the reference
cases. However, the difference declines with in-
creasing mass flux. Preliminary, this leads to the
conclusion that FFS are better suited to increase the
regression rate through turbulence and enhanced
heat transfer than BFS. This conclusion will be elab-
orated further in the next section when looking at
the surface profiles. The reason why most of the
FFS cases are clustered at the same Gox value is
that for the FFS domain, the diameter after the step
is fixed to 25 mm, whereas the diameter before the
step changes depending on the step height. That
is why in Fig. 11 a more detailed view of the area
labeled Detail A is provided.

Here, it is to be noted that the S1 case has
about the same regression rate as the reference
cases. Starting with S2, the difference grows. In-
terestingly, there seems to be a negligible difference
between the S5 and S10 cases. A trend opposite to
the BFS cases where the S10 BFS was by far supe-
rior to all other cases. Moreover, for the BFS cases,
the regression rate was highest when the step posi-
tion is in the front. For the FFS, on the other hand,
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Figure 10: Regression rate after step for FFS

Figure 11: Detail A of regression rate after FFS

the step position at the end exhibits the highest re-
gression rate. This observation will also be further
investigated with the help of the surface profiles in
the next section.

5.3.2. Surface profiles

Before taking the surface profiles into account, it
is reminded that we will concentrate solely on the
regression rate profiles. This decision is justified,
since we showed in the BFS section that the tem-
perature and the regression rate profiles follow the
exact same trend, as it is expected from the imple-
mentation of the Arrhenius law in the GSI. Likewise
to the BFS surface profiles, Fig. 12 compares the re-
gression rate to the reference cases while indicating
also the RZLs. Due to the diameter being smaller
after the step (leading to increased Gox) the refer-
ence cases before and after the step are different in
order to refer to the proper mass flux.

The first observation is that contrary to the BFS
cases, the influence of the FFS is already noticeable
before the step. This is due to the step ’pushing’ the
flame further away from the surface the closer it gets
to the step. As soon as the recirculation zone before
the step is reached, the regression rate drops dras-

tically. This leads to an overall smaller regression
rate before the step as compared to the reference
cases. For the 10 mm case, this effect is the most
visible. After the step, the regression rates show

Figure 12: Regression rate of the FFS step height
study

a steep increase with a distinct peak exactly at the
re-attachment point. For the BFS cases, this peak
was visible, but less pronounced. Moreover, for the
BFS cases, the recirculation zone is considerably
larger than for the FFS cases. This translates to the
regression rate peak being reached earlier than for
the BFS cases. After the peak, the regression rate
follows approximately the same angle as the refer-
ence case. Interestingly, the difference between the
5 mm and 10 mm step is almost negligible after the
step, whereas the negative effects before the step
itself are considerably higher. This leads to the con-
clusion that the the FFS should not be higher than
5 mm. Another fundamental differences to the find-
ings of the BFS cases, where the 10 mm case is to
be preferred.

If we turn now to the step position study that is
detailed in Fig. 13, we can observe another discrep-
ancy to the BFS cases: For the FFS cases, the step
position further downstream increases the regres-
sion rate the most. At the 25 % position, the peak is
not only smaller but also less pronounced. Addition-
ally, the decrease in regression rate before the step
is noticeable already before the recirculation zone
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starts. Given that the turbulent boundary layer and
its flame zone is less developed at the 25 % posi-
tion, we can assume that the disturbance of the flow
at the earlier position is stronger.

Figure 13: Regression rate profile for different step
positions. The step height is constant at 5 mm.

5.3.3. Regression rate for averaged mass flux

Following Eq. 12 that was derived to average the
mass flux not only after the step but over the whole
domain, Fig. 14 displays the averaged regression
rate over the average mass flux. In line with Fig. 10,
nearly all FFS cases are superior to the reference
cases. Additionally, the effect increases with de-
creasing mass flux. Unexpectedly, the S5 end case
drops below the expected trend of the FFS Marx-
man fit, although in Fig. 13 this case seemed supe-
rior. Since the step in this case is at 75 % of the to-
tal canal length, the increased regression rate after
the FFS only contributes to 25 % of the total canal
length. Therefore the disturbances at 75 % of the
total length caused before the step dominates dur-
ing the averaging process. Nonetheless, the S5 end
case lies still above the reference cases.

5.4. Height-to-length relationship

In this section, we put the length of the recirculation
zone (x) in relation to the height of the step (h) that
is inducing the recirculation zone. This yields the
height-to-length relationship x/h. In order to com-
pare the different relations amongst each other, we
introduce the step Reynolds number Reh, following
a common approach in the literature [20, 21]:

Reh = U · ρ · h
µ

, (14)

Figure 14: Regression rate of averaged mass flux

with U being the free stream velocity, ρ the flow den-
sity and µ the dynamic viscosity. All values are cal-
culated at the domain inlet. Fig. 15 displays the RZL
for the BFS case. For the FFS, the two recirculation
zones (before and after the step) are given. Addi-
tionally, a power law fit is plotted for each data-set
and the coefficient of determination (R2) specified.
The values of the BFS recirculation zones lie be-
tween 4.9 and 6.9 and their evolution is coherent
with the trends that are found in (non-HRE) litera-
ture of BFS flows (eg. Ref. [20]): With increas-
ing Reh, the x/h ratio increases and shows saturat-
ing behaviour. This also can serve as one possible
explanation why the BFS cases benefit from lower
mass flows and thus, lower Reh values. The regres-
sion rate for BFS cases has shown to be inferior to
the reference cases within the recirculation zone. It
is typically after the recirculation zones that the re-
gression rate overtakes the reference cases (refer to
Fig. 7). Hence, with smaller recirculation zone rela-
tive to the step height, the BFS cases become more
competitive. Given that the x/h decreases with de-
creasing mass flow, this could be an explanation for
the trend.

For the x/h ratio before the FFS, the trend also
is well in line with what is reported in (non-HRE)
FFS literature [21]: With increasing mass flow and
Reynolds number, the recirculation zone ratio be-
fore the FFS step decreases. Unexpectedly, the
data for the x/h ratio after the FFS is inverse to
what is found in (non-HRE) literature [21]. Litera-
ture reports the x/h after the FFS to increase with
the Reynolds number. However, for our FFS cases,
the ratio decreases with increasing Reynolds num-
ber. The reason for this behaviour could not be fully
understood yet and is part of on-going investigations
in the future. One possible explanation can be the
differences between the cases in the literature and
our HRE related set-up. For example, in the FFS
literature, usually the flow is not axisymmetric but
on flat surfaces. In the HRE FFS case, we have an
axisymmetric geometry, where the flow significantly
accelerates after the FFS due to the smaller diam-
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Figure 15: Length-to-height ratio of recirculation
zones

eter. Moreover, according to the Marxman law, the
regression rate increases with increasing mass flux
after the FFS. This leads to increased blowing from
the surface, especially at the end of the recirculation
zone where a pronounced peak of regression rate
was observable. All these alterations to the typically
planar literature case could serve as explanation for
the discrepancy of the (non-HRE) literature and our
results.

6. CONCLUSION AND OUTLOOK

In this work, we proposed a novel approach to in-
crease the performance of HREs. The concept is to
approximate any idealized profile inside a fuel port
with a set of BFS and FFS (recall also Fig. 1). This
way, potentially, the engine can profit from the ide-
alized fuel profile, while also exhibiting higher re-
gression rates due to the turbulence inducing steps.
Since there is few available data on the effects of
BFS and FFS in HREs, the first step to promote
the idea was to understand the effect of single steps
on the regression rate. These results will build the
foundation of future algorithms to distribute multiple
steps. Hence, the following main observations are
to be recalled:

1. FFS cases exhibit in all but one case higher
regression rates than the non-step references.

2. BFS cases are assumed to have a ’break-
even’ point (below around 130 kg/m2s oxidizer
mass flux) where they are superior to the ref-
erence cases.

3. Both BFS and FFS have shown to be more
effective with decreasing oxidizer mass flux.

4. In all cases, the peak in regression rate was
observed to be at the re-attachment point.

5. For BFS, the higher the step, the better the re-
gression rate enhancement; for FFS, the aug-
mentation has shown to be saturated for 5 mm
step height.

6. For BFS cases, the regression rate increases
more after the recirculation zone than within,
that is why a step at the beginning of the fuel
port yielded better results than at the other po-
sitions downstream. This trend is considerably
less pronounced for FFS, and might even be
inverse.

Concluding these investigations, a first careful con-
clusion can be drawn, serving as an initial best prac-
tice for the distribution of steps along an approxi-
mated profile: It is advised to use fewer but taller and
longer BFS, preferably upstream the fuel port, while
the height of the FFS should be limited to 5 mm.
FFS are less susceptible to its length and axial po-
sition inside the fuel port.

For the future, it is necessary to validate these
first findings not only numerically but also experi-
mentally. Moreover, this work has been concen-
trated solely on single steps. It is of importance to
confirm the results for multiple steps and validate
if the interaction of several steps is benefiting the
regression rate increase or maybe even diminish-
ing it. Another concern is the evolution of the steps
with time. If the steps dissolve rapidly as the burn
continues, the turbulence enhancing effects would
also get lost. Nonetheless, the profile that was once
approximated by steps would be now smooth and
could still benefit from the profile optimization (while
it was less complex to manufacture as compared to
printed solutions). This will be investigated in con-
tinuation of this work.

In conclusion, we have demonstrated that BFS
and FFS have a turbulence and regression rate en-
hancing effect on HREs and can thus be potentially
used to approximate fuel port geometries. The re-
sults of the parametric study will serve as a start-
ing point to develop an algorithm to distribute steps
along an idealized profile. Even though the research
is still in an early stage, we believe that BFS and
FFS can be a promising addition to HREs, espe-
cially when they are used to minimize manufacturing
effort while also increasing the performance.
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