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1. Introduction
HRE is a thermo-chemical propulsion system
that stores fuel in solid form and oxidizer in liq-
uid or gaseous form, offering advantages with
respect to Solid Rocket Motors (SRMs) such
as direct control of oxidizer mass flow rate and
simplicity in design compared to Liquid Rocket
Engines (LREs). However, traditional HREs
face challenges like low regression rates and high
length-to-diameter ratios due to extended pro-
pellant mixing requirements, limiting their effi-
ciency [11, 15–17, 19]. The Vortex Flow Pan-
cake (VFP) system, proposed by Gibbon and
Haag [7, 8], utilizes tangential oxidizer injection
to create a vortex flow field between two solid
fuel discs, resulting in a compact engine with
improved propellant mixing and thermal pro-
tection to chamber walls. This design also re-
duces the O/F shift phenomenon during com-
bustion, which is a commonly observed draw-
back in traditional HREs [7, 10, 12, 14]. The
Space Propulsion Laboratory (SPLab) at Po-
litecnico di Milano is actively researching the
SPLab Vortex Flow Pancake (SVFP), exploring
different fuel formulations and studying the ef-
fects of operating parameters on fuel regression

rates and combustion efficiency [9]. This work
specifically focuses on the cooling process of the
SVFP engine’s nozzle, which features a copper
nozzle embedded in an aluminum cooling cham-
ber. While this design allows for multiple and
longer firings without significant erosion, it in-
fluences engine performance by removing heat
from expanding gases. The research aims to
understand and characterize this phenomenon
through data analysis, thermocouple measure-
ments, and tools such as numerical modeling and
CFD analysis.

2. Experimental Setup
2.1. SPLab Vortex Flow Pancake
The VFP hybrid rocket engine at SPLab com-
prises two flat solid fuel disks encased in AISI-
316 stainless steel rings, separated by a tan-
gential injection device with 4 oxidizer chan-
nels. The combustion chamber’s volume in-
creases during burning due to the regression of
the fuel disks. The assembly is secured by top
and bottom connection flanges with O-ring gas-
kets and nuts and bolts. The engine features a
convergent-divergent copper nozzle with ε = 2
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(Ae/At), enveloped by a water-cooling chamber.
Water flows through pipes connected to the wa-
ter pipeline system, causing some energy loss
but significantly extending the nozzle’s lifespan.
The experimental setup includes the engine test
bench, coolant and propellant feeding system,
and a data acquisition system.

2.2. Test facility
The VFP facility is divided into two main areas.
In the first room, the test bench hosts the engine
fixed to a vertical sled, along with an array of
testing tools. These tools include a pressure sen-
sor on one of the four injection arms, a second
pressure sensor axially positioned opposite the
nozzle, a load cell in the direction of thrust, and
an igniter connected to one of the injection arms.
The second room functions as the control center,
featuring a data acquisition unit and valves to
control the flow of nitrogen, oxygen, and water.
The feed system comprises two primary chan-
nels: the oxidizer line and the nitrogen purge
line, both operating under a feeding pressure of
4 MPa. These lines originate from nitrogen and
oxygen pressure tanks in the engine room, ex-
tending into the control room. The oxygen line
in the control room is equipped with a manual
valve for precise mass flow rate control. After
passing through these components, the lines re-
turn to the engine room, connecting to the four
engine injectors. A check valve prevents haz-
ardous back-flow before the lines merge, and af-
ter the division, four electrovalves enable precise
opening and closing just before the combustion
chamber.

3. Materials and Fuel Ingredi-
ents

The laboratory’s experimental tests involved
various fuel compositions, categorized into two
main groups: acrylonitrile-butadiene-styrene
(ABS) grains and paraffin-based grains, varied
in their percentages of SEBS-MA, with a consis-
tent percentage of carbon powder.

3.1. ABS
ABS, a thermoplastic polymer, is chosen for
its mechanical and thermal properties, as high-
lighted by Bisin et al. [5, 6], and its ease of shap-
ing using 3D printing [5–7]. The enthalpy of for-
mation for ABS was characterized by Whitmore

et al. [18, 20], providing essential data for com-
puting the characteristic velocity in the NASA
CEA code.

3.2. Paraffin
Paraffins belong to hydrocarbons’ family, with
the general formula CnH2n+2. This study
utilizes SasolWax 0907, a commercial micro-
crystalline paraffin wax (C50H102) produced by
Sasol GmbH [1, 2]. With a high melting tem-
perature of 356− 367 K and low melt layer vis-
cosity, SasolWax 0907 is chosen for hybrid com-
bustion due to its favorable response to the
entrainment effect. The formulation involves
mixing paraffin with varying percentages of
Styrene-Ethylene-Butylene-Styrene grafted with
Maleic Anhydride (SEBS-MA) to achieve a bal-
ance between mechanical properties and bal-
listic performance. Specifically, percentages of
5− 10− 20 wt.% SEBS-MA were employed in
this work.

3.3. SEBS-MA
SEBS-MA is a thermoplastic co-polymer com-
mercially produced by Sigma-Aldrich [3]. In this
study, it serves as a reinforcing additive to en-
hance the mechanical properties of the paraffin
matrix. The mechanical and thermal properties
of SEBS-MA, along with its good compatibility
with paraffin, make it a valuable reinforcing in-
gredient.

3.4. Carbon Powder
Carbon powder (CB) is a graphite micron-sized
powder supplied by Sigma-Aldrich [3]. It is
added to all paraffin-based compositions at a
concentration of 1 wt%. The inclusion of CB
offers several advantages, including the enhance-
ment of radiant heat transfer between the flame
zone and the surface. Additionally, it prevents
the thermal wave from penetrating the bulk of
the fuel, thereby preventing degradation of me-
chanical properties and sloughing of the fuel
grain [13].

4. Experimental Procedures
he assembly process initiates with an engine in-
spection in the workshop. NO and N2 fuel
grains are inserted into corresponding metal
rings, weighed, and key dimensions are mea-
sured. Carbon tubes, inserted into the central
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hole of the fuel grains, prevent combustion of the
sidewalls. Once completed, the NO side disk and
its carbon tube are secured in the upper motor
section, ensuring contact with the nozzle. The
N2 disk and its tube are added, and the assem-
bly is transported to the firing site. The disks
are coupled with an injector ring and securing
to a moving sled follow, with connection of wa-
ter pipes, thermocouple, pressure sensors, and
igniter. The igniter, composed of HTPB-AP-
based solid propellant on a Kanthal wire. Gas
flow is enabled by opening manual valves and
tanks. The LabVIEW system is activated for
data acquisition, and manual operations are set
before initiation by pressing the start button.
After reaching the preset burning time, oxygen
valves are closed, nitrogen valves are opened to
stop combustion, cool the nozzle, and purge the
system. Post-test, the operator unplugs the ig-
niter, closes gas tanks, and lifts the engine from
the load cell for disassembly. Back in the work-
shop, fuel disks and carbon tube weights are re-
measured, and final masses are recorded. Grains
are removed from metal rings, which are cleaned
for reuse.

5. Firing-Data processing
During the test, data on pressure, oxygen mass
flow rate, thrust, and temperature are saved in
.txt files. MATLAB® is used for data process-
ing, where files are imported as matrices with
time instances in the first column and corre-
sponding values in the second column. The sig-
nal undergoes Fourier transform to identify char-
acteristic frequencies. A low-pass filter is used to
preserve combustion-induced oscillations while
removing instrument noise. However, selecting a
low cut-off frequency risks eliminating peaks of
interest, and a high cut-off may introduce exces-
sive noise. To address this, a relatively low cut-
off is chosen, and any removed peaks are rein-
troduced by comparing the filtered trace with
the original. If the absolute difference surpasses
a threshold, the corresponding segment in the
original trace is replaced in the filtered trace.

5.1. Pressure
Before applying the pressure trace filter, the raw
data graph is plotted. The final instant of com-
bustion, denoted as tf (just before the nitro-
gen purge-induced pressure peak), and the ini-

tial instant of the burning test, ti, 70% (associated
with reaching 70% of the maximum pressure in
a clean trace), are identified. These instants de-
fine the combustion window for calculating av-
erage quantities, assuming minimal time delays
between thrust, pressure, and mass flow rate
traces. The filtered pressure plot, indicating the
start and end of firing, is displayed in Figure
1. Notably, at t = 12 s, oxygen valves open,
and the flow-meter gradually increases until the
preset flow rate is reached. Ignition occurs at
t = 35 s, and at t = 50 s, nitrogen valves open,
extinguishing the flame and purging the system.

Figure 1: Filtered pressure traces of dual pres-
sure sensor firing, where time 0 is the start of
the test

The average pressure (pavg) is computed using
the formula:

pavg =
1

∆tb

∫
∆tb

p(t) dt (1)

Where the burning time is computed as ∆tb =
tf−ti, 70%. The central pressure sensor (pv) aims
to reveal differences from the vortex-induced
pressure (pcl). As depicted in Figure 1, there
are no significant distinctions between the two
pressure traces.

5.2. Thrust
For the calculation of thrust, it is necessary to
subtract the weight of the engine from the value
measured by the load cell. The average thrust
is then computed as:

Tavg =
1

∆tb

∫
∆tb

T (t) dt (2)
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The burning time (∆tb) is determined from the
pressure trace.

5.3. Oxidizer Mass Flow Rate
The analysis of oxidizer mass flow rate data does
not involve filtering. This is due to the low data
collection frequency from the device, which is
3 Hz. The burning window is determined from
the pressure trace, and the average mass flow
rate is calculated as follows:

ṁox,avg =
1

∆tb

∫
∆tb

ṁox(t) dt (3)

The thrust and the oxidizer mass flow rate plots
are shown in Figure 2 and in Figure 3.

Figure 2: Filtered thrust traces

Figure 3: Filtered oxidizer mass flow rate

5.4. Temperatures
The temperature data is obtained from a ther-
mocouple located at the cooling chamber outlet,
sampled at 1000 Hz. The transition from the
time domain to the frequency domain is achieved
through a Fourier transform. Subsequently, a
low-pass filter with a cut-off frequency of 0.3 Hz
is applied to filter the temperature trace. An ex-
ample of a water temperature curve is illustrated
in Figure 4.

Figure 4: Filtered temperature traces

6. Thermal analysis
The upcoming chapter will focus on developing
a thermal model to address the described prob-
lem. This will involve implementing the model
using MATLAB® code and conducting Compu-
tational Fluid Dynamics (CFD) analysis for ver-
ification and validation. The complete thermal
problem, from the inside to the outside, can be
sketched as:

- heat convection between the exaust gases
and the nozzle internal surface;

- heat conduction inside the bulk material of
the nozzle;

- heat convection between the outer surface
of the nozzle and the water inside the cham-
ber;

- heat convection between the water and the
aluminium sides of the cooling chamber;

- heat convection between the ambient air
and the cooling chamber assembly.
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6.1. Thermal problem
The measured water temperature exiting the
cooling chamber provides an initial insight into
the thermal behavior. As shown in Figure 4, a
plateau is reached approximately 5 seconds af-
ter a ramping period. The first simplification
involves decoupling the top and bottom flanges
of the cooling chamber from the nozzle due to
the insulating layer and O-ring separating them.
The second simplification relates to the water-
cooling chamber walls system. Considering the
maximum achievable temperature difference be-
tween them, the theoretical maximum heat is
orders of magnitude lower than the water-nozzle
exchange. As a result, the cooling chamber-air
heat exchange can be neglected. The third sim-
plification treats the fins as an equivalent surface
of the nozzle, considering their short overhang
results in approximately 90% efficiency. The last
consideration is approximating water and nozzle
as two single nodes at uniform temperatures.
To study the thermal problem, the nozzle has
been divided into two zones: one subjected to
the incoming water flow into the cooling cham-
ber and one that exchanges heat through nat-
ural convection with the volume of water occu-
pying the chamber. To estimate the convection
coefficients describing these two situations, two
empirical correlations for the Nusselt number
were used [4]. In particulare the one proposed
by Churchill and Bernstein for the cylinder in
crossflow and the one proposed by Churchill and
Chu [4].
The equation obtained is:

Q̇wv = hwnAn(Tn − Twv) =

= hFree(1− α)An(Tn − Twv)+

+hForcedαAn(Tn − Twv) (4)

where Q̇wv is the heat power transferred from
the nozzle to the water voume, hwn is the generic
convective heat transfer coefficient, An is the in-
terface surface between nozzle and water, Twv =
(Tw,in + Tw,out)/2, Tn is the solid wall tempera-
ture, hForced and hFree are the forced and free
convective coefficients and α is the unity frac-
tion of the nozzle height on which the water jet
impacts (to be determined).

6.2. Numerical formulation
The thermal model previously described was
adapted into an algorithm capable of solving the
water volume temperature, nozzle temperature,
the various heat powers. The code was devel-
oped in the MATLAB® environment. To obtain
these results, the code needs three parameters to
be determined:

- water jet velocity for the forced convec-
tion model used to compute the dimension-
less numbers expressed in Section 6.1 which
must be comprised between 0 and the veloc-
ity in the feeding tube;

- fraction of the nozzle (α) exposed to the jet;
- a correction factor for the heat transfer

coefficient λ capable of accounting for all
the uncertainties in the formulation that is
adapted from existing models which might
require a correction based on the results of
this specific application

6.3. CFD analysis
By using Computational Fluid Dynamics (CFD)
correctly, it is possible to simulate complex prob-
lems such as the coupled thermal-fluid dynam-
ics of interest. The CFD is a powerful tool that
when combined with experimental data can give
a correct and detailed view of the system. In
this work it is important for the comprehension
of the fluid dynamics inside the cooling cham-
ber and therefore for the selection of water jet
velocity and α. The thermal analysis can pro-
vide a value for λ. The simulation is carried out
by setting up a steady-state problem, choice mo-
tivated by the fact that the temperature traces
collected in the experimental firings reached a
plateau roughly five seconds. An example of the
CFD analysis can be observed in Figure 5.

Figure 5: CFD analysis of the cooling chamber’s
vertical section.
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6.4. Algorithm tuning and accuracy
The CFD analysis allowed to finely tune the
MATLAB® algorithm based on the formulation
taken from the literature in a way that allowed
to produce reliable results with the simulations
for a wide range of operational conditions so that
it can be used on its own to perform predictions
and calculations based on the input files only.
The CFD allowed to define the previously intro-
duced variables:

- α was set at 0.25;
- the water velocity was set at 3.8 m/s;
- the λ parameter was set at 2.23.

Once the code is calibrated with a sample case of
choice representing the best test, it is then ver-
ified with other experimental firings, where the
maximum relative error in the output tempera-
ture was found for the conditions further from
the calibration case, but was always below 15%.

7. Results
The final parameters used in the code regarding
the water velocity for the cylinder in cross flow,
the fraction of chamber assigned to each of the
two heat transfer models and the corrective pa-
rameter found as a result of the CFD analysis are
respectively: 3.8 m/s for the water velocity, 1/4
and 3/4 for the cylinder in cross flow and natu-
ral convection models and 2.23 for the corrective
parameter for the tuning of the heat transfer
coefficients. Thanks to these parameters, it is
possible to obtain the temperature of the water
and the nozzle, as well as the exchanged thermal
power, observable in Figure 6 and in Figure 7.

Figure 6: Temperatures.

Figure 7: Heat flux magnitude.

8. Conclusions
Results demonstrated that the cooling system
is well-designed and maximum predicted nozzle
temperatures do not exceed 555 K. Temperature
is function of the tested fuel formulation as well
of the gas mass flow rate in the nozzle. The re-
sults obtained in terms of power subtracted from
the gas for the transient case modeled span from
4 to over 13 kW, in accordance with the liter-
ature. The produced model is generally accu-
rate, but the hypothesis behind the heat power
associated to the nozzle are strong and errors
might not be negligible. However, their effect on
the final result of the heat loss by the gasses is
damped by the biggest contribute coming from
water cooling heat transfer, which is from 60 to
90% of the total for the tested conditions. Er-
rors drops with longer firing; for more than 20
seconds, a steady state approximation can be
considered.
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