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The oxidizer system in a hybrid rocket motor needs to deliver the flow from a pressurized storage tank to
multiple combustor ports. Pressure losses in the oxidizer system directly impacts combustor pressure and
consequently the vehicle performance. However, oxidizer feed line designs till date have been done using simple
1D tools. Higher fidelity flow analysis methods have not been reported in the literature to identify loss generating
features. Therefore, a design improvement study was carried out to identify and alleviate the impact of unde-
sirable flow features in a typical oxidizer system design. An experimentally calibrated 3D RANS approach is
applied to a typical LOx feed system which includes steps, splitters, ports, and pipes with multiple bends. These
design features result in varying degrees of flow separation, secondary flows and vortical flow features and result
in total pressure losses of up to 7 %. This loss means that the storage tank needs to be pressurized further to
accommodate such losses and ensure combustor performance. A targeted design improvement approach that
features simple, alternative, implementable solutions in the loss-generating regions is discussed. The best of these
design improvements can reduce the total pressure loss to 4 %, indicating a 43 % reduction in the losses and
reduced impact on storage tank design and combustor performance. Therefore, this paper demonstrates that a
higher fidelity design enhancement process of the oxidizer feed system, which is often neglected in such detailed

studies, can result in overall vehicle level design improvements to ensure mission targets are met effectively.

1. Introduction

Hybrid rocket motors, with liquid oxidizer and solid fuel, are
increasingly becoming attractive due to several reasons that combine
the best features of liquid and solid rocket motors. Even though hybrid
rocket motors exhibit lower performance metrics compared to liquid
rockets and lack the simplicity of solid rocket architectures, they can be
appropriate for specific mission choices. In such cases, hybrid rocket
motors are often the solution where there is a clear trade-off between
simplicity and performance. Hybrids are characterized by simpler,
cheaper, safer, and more robust architectures for near comparable per-
formance with liquid motors. This benefit is pronounced in the case of
hybrid rocket motors that use cryogenic oxidizers with solid fuels for
enhanced performance, because of the requirement to only manage the
on-board storage and distribution of a single cryogenic component.
Additionally, hybrid motors are throttleable, a feature that is not easily
feasible in solid rockets. Moreover, the ability to use non-toxic pro-
pellants in hybrid rocket motors is an important feature that will ensure

* Corresponding author.
E-mail address: d.rajendran@cranfield.ac.uk (D.J. Rajendran).

https://doi.org/10.1016/j.actaastro.2024.09.023

sustainable, eco-friendly access to orbit. Therefore, the development of
hybrid rocket motors is one of the potential growth strategies being
considered across the world for enhancing accessibility to space in the
future [1-5]. One of the key technological elements that unlock the
potential benefits afforded by hybrid rocket motors is the efficient
design and development of the cryogenic liquid oxidizer feed system.
The delivery of the liquid oxidizer at the required flow rate, pressure,
and temperature from the storage tank to the combustion chamber
throughout the flight profile of the rocket is critical to achieve the
mission targets. The oxidizer properties play a major role in various key
phenomena in a hybrid motor such as the fuel regression rate, com-
bustion stability and efficiency [6-9]. This fluid dynamic challenge is
further accentuated by the accompanying mechanical and structural
design challenges associated with the handling of a cryogenic liquid
on-board the vehicle. Therefore, improvements in the elements of the
liquid oxidizer storage and delivery system are of interest in optimizing
the performance of hybrid rocket motors.

The oxidizer system in hybrid rocket motors is typically pressure fed
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to retain the architectural simplicity of overall vehicle. The delivery
system of the oxidizer from the pressurized tank involves feed line
ducting from the storage tank. There is a single duct that is connected to
the tank to retain the simplicity and robustness of the storage system.
Thereafter, the flow from the single duct from the tank is divided into
multiple feed lines that provide radially distributed flow at the com-
bustion chamber entry. The duct from the tank is centrally positioned at
the tank outlet, while the ports in the combustion chamber are arranged
around the outer periphery to ensure uniform oxidizer distribution.
Therefore, the feed lines to the ports are bent radially to distribute the
flow from a central position to peripheral positions. Moreover, addi-
tional bends may be introduced in the feed lines to reduce the packing
volume and accommodate other rocket vehicle systems to enable an
optimized overall assembly configuration. The estimation of the flow
field properties, which include total pressure loss and flux rates, after
this ducting and feed line in the oxidizer system is important to ensure
optimal rocket performance and can contribute directly to better design
optimization of the vehicle system [10,11].

The flow property requirements from the oxidizer feed system are
estimated from system level, low fidelity overall vehicle performance
models. Thereafter, the configuration design of the oxidizer system is
done by using 1D piping system models. These models utilize standard
pipe flow engineering correlations like Darcy-Wiesbach coefficient maps
as implemented in commercial system dynamics tools like EcoSim,
Simcenter AMESIM etc. to estimate the total pressure losses and flux
rates in the feed system. Several examples of such 1D modelling for
system design in electric pump-based feed systems and control strategy
development is reported in the literature, predominantly for liquid
rocket motors and to a limited extent in hybrid motors. A few of these
are highlighted in Refs. [12-15]. Subsequently, the ability of the
oxidizer system design to deliver the required flow properties are
experimentally verified, after which the vehicle performance model is
updated to ascertain the vehicle’s ability to meet the mission re-
quirements [16-18]. Higher fidelity flow simulations that include 3D
(U)RANS analysis are used for other elements of the storage system,
injector spray modelling, combustion process and the like to aid in the
detailed engineering of the respective components [19-21]. On the
other hand, the feed lines of the distribution system are generally not
explored in higher fidelity and reported in the literature due to
perceived conceptions regarding the lower level of benefits achievable
from such an investigation. The typical design elements used in such
systems like steps, splitters and bends have been explored in canonical
fluid dynamic studies — selected examples of which are available in Refs.
[22-24]. These canonical flow fields are like those observed in liquid
oxidizer systems and serve as a qualitative validation for focused high
fidelity feed system design explorations as in the present study. Addi-
tionally, few studies have described design methods to improve the flow
field past such design features, as highlighted in Refs. [25-27]. But these
canonical and design studies have focused on a generalized flow field
improvement with no geometric or flow property constraints to the
scope of modifications. The implementation of such improvements is not
feasible for realistic liquid oxidizer systems because of restrictions on
volume packaging, and interaction with other rocket systems. Therefore,
a research gap exists as to the identification of alternate, implementable
design improvements with constraints regarding the delivery of a fixed
flow rate and packaging for specific application to liquid oxidizer sys-
tems in hybrid rocket motors. Additionally, it is desirable that these
design improvements are advised by the reported knowledge regarding
flow field improvements from the previous canonical studies and does
not indicate significant departure from present day practice to ensure
optimal integration with the rest of the system and ease of adoption.

Therefore, in this study, the use of higher fidelity flow analyses to
improve the total pressure loss characteristics for the required mass flow
rates with packaging constraints are investigated using geometry ele-
ments that are associated with a realistic liquid oxidizer feed system. The
paper demonstrates that higher fidelity flow field exploration studies for
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the elements in a piping system and simple, implementable design
modifications identified from such studies can significantly reduce the
pressure losses and provide added value in the overall optimization of
the hybrid rocket vehicle. Such a first-in-kind identification of the extent
of benefits achievable in terms of reduction in total pressure loss in the
oxidizer feed system, demonstrates the importance of utilizing high fi-
delity analysis for this system, the design of which has hitherto relied
only on simplified 1D models.

2. Model description and methods
2.1. Geometry choice for exploration

Three geometry features that are typically found in oxidizer feed
lines, as shown in Fig. 1, are chosen for the design improvement studies.
These three features are considered because they completely represent
design features that are necessary to feed fuel to multiple ports from a
central supply. The features and the reason for inclusion in liquid
oxidizer systems are explained below:

1. A radial step element in the central ducting from the storage tank.
This appears due to concentric pipe arrangements that are usual in
cryogenic systems for thermal management and robust mechanical
design.

2. A conical flow splitter that transitions the duct flow into annular flow
before division into the individual feed lines. Associated with the
conical splitter are small radial steps in the flow path that are
necessary to transition the whole annular flow into split flows for the
several feed pipes. In addition to the radial steps, there are also
circumferential steps due to the requirement of the annular flow to
enter discrete feed pipes that are arranged around the circumference
of the flow distribution plane.

. Several individual feed pipes that feature multiple bends to accom-
modate distribution from a central pipe to peripheral ports and for
minimizing package volumes. An exemplary feed pipe with two
bends of representative radius of curvature and bend angles are
considered in this study. These geometries are put together to
represent a baseline configuration that is used in pressure fed
oxidizer systems after an engineering correlation-based design pro-
cess. The boundaries of the volume considered for flow modelling is
the part of the oxidizer system that is after the tank and up to the feed
pipes before for the combustion chamber.

2.2. Domain discretization

A hybrid computational domain discretization approach is adopted
for the geometry elements considered in the analysis. Such hybrid dis-
cretization approaches have been used to resolve the flow field with high
accuracy in cases where good resolution of boundary layers is required
as in the present study [28,29]. A tetrahedral core region is combined
with a prismatic near wall region to optimally resolve the flow devel-
opment. This is done with an explicit aim of capturing the boundary
layer development that is critical for the estimation of the total pressure
loss. The near wall region inflation layer is chosen to resolve the flow
into the inertial sub-layer with appropriate choice of grid y + along with
ensuring that enough elements are placed throughout the boundary
layer. Y+ values of less than 1 are used in high gradient change regions,
while ensuring that the y + value never exceeds more than 3 in the
entirety of the computational domain. These values are sufficient to
appropriately resolve boundary layer development. Additional refine-
ment of core nodes is intentionally done in high curvature and step re-
gions to ensure solver robustness and accuracy at possible high flow
gradient regions. Several levels of grid refinement are tested before
second order of accuracy in the interpolated results based on Richardson
Extrapolation method is ascertained [18]. The selected grid size is
ensured to be in the asymptotic region of the total pressure loss value
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Fig. 1. Geometry elements considered in the analysis. a) Increasing diameter feature b) Conical splitter that transitions the duct into annular flow ¢) An exemplary

bent feed pipe d) Assembly of these features.

with a significant margin away from regions of change. Additionally, the
independence of the predicted flow properties of interest, viz. static
pressures at discrete pipes, components of flow velocities into the
splitter, and overall total pressure loss from the entry to the port exit for
each pipe, to the degree of grid resolution is verified before finalization
of the grid size. The total number of grid elements in the finalized grid
used for the baseline geometry is around 25 million elements. The
representative grid used for the analysis is shown in Fig. 2. Similar
computational discretization strategies as in the baseline are followed
for the subsequent design improvement studies as well.

2.3. Computational solution methods

The oxidizer fluid considered in this study is cryogenic Liquid Oxy-
gen (LOx) because of its significant engineering usage experience in both
liquid and hybrid rocket motors. Cryogenic LOx has higher performance

than other oxidizers because it is not diluted with inert elements and can
be used with a wide variety of fuels. Moreover, even though other
fluorine-based oxidizers have better performance, LOx is preferred
because of its low toxicity. Therefore, it is a generally favored oxidizer
due to its availability, and ability to deliver required performance when
combined with paraffin based solid propellant fuels, and low toxicity
[301.

In this study, the fluid behavior of LOx is generated from a full
thermodynamic Equation of State (EoS) model. This is subsequently
integrated into the solver setup for the total pressure loss estimation in
both the baseline and the improved configurations. Fig. 3 shows the
pressure-enthalpy diagram for oxygen from the EoS model. The oper-
ating region of pressure fed LOx systems are annotated within the
Figure. By design, LOx is stored at pressures and temperatures away
from the vapor dome as a cryogenic liquid to minimize the tank storage
volume. LOx storage at these conditions results in fluid properties that

Prismatic
inflation layers

Fig. 2. Representative grid of the baseline geometry indicating hybrid discretization approach.
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Fig. 3. Pressure-enthalpy diagram of oxygen showing LOX system operating region in pressure fed hybrids.

are within £10 % around a density of 1000 kg/m°, dynamic viscosity of
170e® Pa.s and a feed pipe diameter based Reynolds number of 4
million. Absolute values of pressure and temperature corresponding to
these storage conditions are within +10 % of 40 bar and 100 K [31]. The
extents of total pressure loss in the feed system can amount to a
worst-case limit of not more than 10 %. This would result in changes of
LOx fluid properties of not more than 2 % in terms of density, specific
heat capacity at constant pressure and thermal conductivity. Therefore,
computed averages of thermodynamic and fluid properties in the
operating regime of the LOx line are considered in the fluid model for the
analysis. The near negligible changes in density across the LOx feed line
warrants the adoption of a viscous incompressible algorithm to accu-
rately predict the flow field features and properties.

The flow field solutions are carried out in an implicit finite volume
implementation with Green-Gauss based interpolation method and
higher order flux splitting schemes in ANSYS Fluent. The prescription of
total pressure and total temperature at the inlet and chamber static
pressure at the feed pipe outlet results in a well-posed numerical prob-
lem for the solver. Alternative implementations with mass flow rates
specified in the feed pipe outlets are used to verify the static pressure in
the chamber. This is then iteratively implemented in the baseline static
pressure outlet boundary condition to match the mass flow rates. Tur-
bulence closure in the RANS equations is implemented using the two-
equation turbulence kinetic energy (k) — turbulence dissipation rate
(w) Shear Stress Transport (SST) model. At least second order accurate
advection and turbulence numeric schemes are used in the solution of
the discretized equations in the computational domain. Parametric and
solver residual-based convergence criteria are used to determine
convergence in the steady state flow field analyses when the iterative
differences in the parameters of interest are less than 0.1 % and in a
maximum equation residual tolerance of less than 1e~*. Second order
backward Euler time-stepping schemes are used for exploratory un-
steady analyses. These (U)RANS analyses were used to shed light on the
possible transience of feed flow at the feed pipe outlets. The computa-
tional solutions are carried out in the High-Performance Computing
(HPC) facility, ‘DELTA 2’, that has a peak processing power of 60 Tflops
with 1888 cores. Using a block of 128 cores, and a Message Passing
Interface (MPI) parallelization scheme, each steady state analyses
require around 3 h to complete. Each iteration in the unsteady run with
at least 10 inner loop iterations for ensuring spatial convergence before
time marching requires 10 min. A full unsteady run with very fine
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advection time scales to capture high vortex shedding frequencies re-
quires around 48 h for resolving multiple flow passes of ~3s real time.

The computational methods are initially applied to the baseline ge-
ometry to identify flow features and their associated loss generating
mechanisms. Based on the flow field results, targeted design modifica-
tions to address individual design features that are responsible for
increased total pressure loss are implemented. These design modifica-
tions deal with methods to suppress flow separations by eliminating
adverse pressure gradients or geometric discontinuities [32], and for
managing secondary flow components that result in a loss generating
vortical flow field [33]. Each of these zonal design modifications are
discretized and computationally solved using the same method as the
baseline geometry to provide an indication of the extent of total pressure
loss reduction possible. The individual design modifications are ensured
to respect manufacturing, structural and assembly constraints and are
therefore representative of achievable simple improvements in engi-
neering practice.

2.4. Experimental calibration of computational approach

The key element in the application of higher fidelity computational
methods for design improvement as attempted in this study is the extent
of confidence in the generated results and the general applicability of the
computational method chosen to resolve the flow field. Therefore, the
study utilized an experimental campaign in a similar LOx feed line
system to pre-calibrate and ascertain the ability of the approach to
predict the flow field properties. The experimental setup model included
a conical flow splitter arrangement with several feed pipes with bend
parameters. However, the experiments did not include the radial step in
the central duct as in the baseline geometry. This is because the radial
step feature is typically used in the vehicle for thermal and structural
considerations and are not necessary in the experimental arrangement.
Even though the omission of the radial step would impact the overall
pressure loss in the system, the test set up supports to ‘calibrate’ the flow
analysis for investigation of pressure loss reducing features. Further-
more, the key challenging element of the investigation regarding the
flow division into discrete pipes from the central duct is achieved
through the experiments. Additionally, the individual feed pipe geom-
etries also featured differences compared to the flight geometry at the
combustor outlet port. In the typical flight geometry, the feed pipe
diameter and the outlet port have the same diameter. However, in the
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experiments, the outlet port diameter was only a third of the feed pipe
diameter. This is shown in inset of Fig. 4. The remaining circumferential
two-thirds were blocked using an annular piece of metal to match the
mass flow rate available for the experiments. The inclusion of this
feature introduces an adverse pressure gradient that is numerically more
challenging to simulate than the increasing step feature. Therefore,
calibrating the method with this feature increases the confidence in the
subsequent results.

The experimental geometry was solved using the same computa-
tional approach that was considered for the design improvement study.
The experiments measured static pressures and temperature upstream of
the conical splitter — station 1 and downstream of the second bend in the
feed pipe - before the diverging portion to the outlet — station 2, and the
pressure at the outlet that is representative of the chamber pressure. The
static pressure taps were located at a single outboard location on the
pipe circumferential periphery and the temperatures were measured at a
single point. The experimental conditions were specified in terms of the
tank conditions of the liquid oxygen and the mass flow rates during the
run. The non-dimensional static pressure contours at a mid-surface plane
in the central duct and in one of the pipes from the experimental setup
are shown in Fig. 4. Fig. 4 shows one of the several discrete pipes that
branch off from the central duct. The analysis was carried out with all
the pipes around annulus and the boundary conditions specified at all
the pipe outlets. The static pressures at station 1 and 2 annotated in the
figure as numerical results are averages computed at the outer annulus.
These values show 0.3 % and 1.9 % difference at stations 1 and 2
respectively. The uncertainty in the static pressure measurements in the
experiments are around 0.5 % and are single point measurements. The
imposition of the chamber pressure measured in the experiments
resulted in a computed mass flow value that has a variation of less than
0.1 % from the measurements. All the temperatures in the experiments
were matched in the model within 0.1 %. Furthermore, in all the mea-
surement locations, the computations under-predict the static pressure
which would consequently lead to higher predicted flow velocities and
losses than in the experiments. This makes the computational solutions
conservative in their estimate of subsequent quanta of improvements
achievable in the design modifications. Therefore, from this calibration
study it is noted that the computational approach developed in this
study is sufficient for the purposes of a design improvement study due to
the ability of the numerical model to estimate the measured parameters
within a narrow error band.

Exp =0.959
Num=094 =0 |
Station-2
A=1.90%
Outlet
i Station-1
0.8
Py
Pref
Exp =0.993
Num=0.99

A=03%

Fig. 4. Non-dimensional static pressure contours in rig setup used for calibra-
tion of computational approach.
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3. Results and discussions

To highlight the specific loss generating mechanisms and associated
exemplary design improvements, the discussion is organized as follows:

1. Initially, the flow field signatures associated with each of the three
chosen design features in the baseline geometry is described for flight
operating conditions. This discussion will quantify the extent of total
pressure losses associated with each of these flow mechanisms due to
the design elements.

. Based on the results of the baseline flow field, a zonal design
improvement approach that aims to ameliorate the undesirable loss
generation mechanisms associated with each design feature is
adopted. The improvements in the total pressure loss achievable by
each of these modifications are explained.

. Finally, the wider applicability and added value from the higher fi-
delity flow analyses vis-a-vis the traditional engineering correlation-
based approach is qualitatively examined.

3.1. Baseline flowfield features

Central Duct Radial Step Feature. The presence of the discontinuous
radial step increase in the LOx flowpath — Fig. 1a — would be expected to
result in an increased total pressure loss from typical engineering cor-
relations. The classical approach using correlations for sudden step
expansion in pipes based on the Darcy friction factor. The resistance
coefficient (K) for such expansion in high Reynolds number flows is
computed by the equation below

Dj,
D2

out.

2

K=(1+0.8f) {1 -

where f is the Darcy friction factor, Dy, is the diameter of the smaller pipe
and D, is the diameter of the larger pipe [34]. The pressure loss is then
given by the resistance coefficient multiplied by the dynamic head. The
application of this formula for the increasing diameter feature results in
a total pressure loss of 0.4 %. Such a value of total pressure loss from the
correlation does not provide information on the flow distribution
downstream of this sudden increase in diameter. The streamlines of the
flow from the tank to the conical splitter is shown in Fig. 5 using
non-dimensional total pressure contours on a mid-surface plane. The
streamlines in the baseline case without step is shown for reference in
Fig. 5.

The LOx flow stream tube from the tank ducting continues in the
radial bounds of the upstream pipe before the radial step without any
significant spread-out, as is expected in dense liquids. The regions
beyond the stream tube bounds are occupied by regions of recirculation.
The recirculation is primarily fed by the pressure gradient imposed by
the stream tube outer bounds. The dynamics of flow and pressure evo-
lution around the stream tube indicates that a negligible amount of flux
rate is sufficient to saturate this outer periphery into a metastable
recirculation region. The development of this recirculation region is
further bolstered by the diverging portion in the higher diameter pipe.
This diverging portion is used to ensure a smooth transition into the
conical flow splitter before subsequent division into the feed pipes. The
tightness of the LOx stream tube and the surrounding impact of the
recirculation region causes a squeezing of the central LOx stream tube.
This causes the flow that enters the conical splitter to be attached to the
inner annulus around the cone. The outer annular regions around the
cone are occupied by the recirculating flow. Moreover, there are minor
signatures of circumferential asymmetry in the conical splitter annular
exit plane before the division into the feed pipes due to the recirculation
flow. The net effect of this flow field in terms of the total pressure loss,
defined as the ratio of the drop in total pressure across the feature to
inlet total pressure, amounts to ~3 %. This computation for the total
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Fig. 5. Non-dimensional total pressure contours and streamlines due to the
baseline increasing diameter feature.

pressure loss considers a plane 0.25D upstream and downstream of the
design feature. The traditional estimate utilizing engineering co-
relations, as mentioned above, cannot provide accurate levels of pres-
sure loss estimates or any additional insight into the stream tube con-
centration along the inner annulus of the larger diameter duct.
Therefore, the use of such correlations can have significant impact on
the total pressure loss estimate of any downstream components that
would need to handle such a flow field.

Conical Splitter. The conical splitter — Fig. 1b — transitions the flow
from a pipe flow into an annular flow and subsequently divides the
annular flow into discrete feed flows. The conical splitter includes radial
and circumferential steps due to the requirement to split the flow into
individual feed pipes, which are manufactured and assembled sepa-
rately. Conventionally, these steps are often considered to be significant
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loss generating mechanisms in the splitters into the discrete pipes and
are as such used as handles to access the total pressure loss correlations.
However, these correlations cannot account for the flow property dis-
tribution before the splitter and is therefore not attempted for this
feature. But instead, the differences caused by the centrally bound tube
in the realistic case is highlighted by comparison with a notional uni-
form stream tube case. The non-dimensional total pressure contour in
the notional uniform case and the realistic central stream tube case is
shown in Fig. 6. The projected surface streamlines at planes upstream,
P1, and downstream, P2, of the division into a single feed pipe are also
shown in Fig. 6.

In the notional uniform case, the division of the annular flow into
discrete feed pipes is characterized by the pre-divisional organization of
the streamlines. Since the flow must develop through radial and
circumferential steps before entering the individual pipes, the corre-
sponding minor changes in the streamline are visible in plane P1.
However, the flow field is predominantly uniform before the division
into the individual pipes. Immediately after the flow enters the feed
pipes for the notional case, the effect of the radial and circumferential
step appears as a region of low-pressure separated flow around the
circumference of the feed pipe. An outboard flow migration due to radial
deflection of the stream tube in the conical splitter is observed. There-
after, a swirling flow field with two counter rotating vortices is observed
due to the circumferential pressure gradient. The net effect is that the
inboard regions of the feed pipe are starved of the flow. This region
occupies nearly a third of the flow area.

In the realistic case, the radial skew in flow distribution accentuates
the non-uniformity in the flow field. In the plane P1, the pre-divisional
streamline spread indicates a radial skewness with the outer annular
region occupied by the recirculating region. This introduces residual
swirl to the flow before division into the feed pipes. The signature of the
flow occupying the inner annular region and spreading between the
circumferential steps is also visible as regions of high total pressure. Two
counter rotating vortices are observed in the plane P2 due to the swirl
introduced by the radial and circumferential steps before the flow enters
the individual pipes. Further, owing to the larger extent occupied by the
low momentum flow in the feed pipe inboard regions, the separated flow
region also indicates residual recirculation. The net effect of all these
pressure gradients, flow migrations and vortical flow fields appear as a
larger pressure drop than the notional uniform case. The total pressure
loss due to the conical splitter, by considering the measurement planes
0.25D upstream and downstream of the feed pipe division, in the

Fig. 6. Non-dimensional total pressure contours and projected surface streamlines due to the baseline conical splitter.
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realistic case is ~3 %, while in the notional case it is ~1.4 %. The
doubling of the pressure loss in the realistic case indicates the impor-
tance of resolving flow non-uniformity that is typically neglected in
oxidizer feed line design process. Additionally, the effect of upstream
flow features affecting the pressure loss of the component is demon-
strated. Such upstream effects cannot be captured using typical Darcy-
Weisbach correlations for estimating pressure loss.

Feed Pipe. The flow development in the individual feed pipes through
the bends result in the appearance of vortical flow features and sepa-
rations that contribute to the total pressure loss. The non-dimensional
total pressure loss contours with the projected surface streamlines for
one such feed pipe in a mid-surface plane and in cut planes along the
flowpath are shown in Fig. 7. The surface streamlines on the cut planes
are projected streamlines which indicate regions of vortical flow
development perpendicular to the plane. The overall bulk flow as indi-
cated in the mid-surface plane clearly indicates the convection of the

Acta Astronautica 225 (2024) 273-284

separated flow features and the subsequent response of the flow to the
bends.

At the first bend at the lower radius, the inward turning of the flow
helps in the redistribution of the outward migrated streamlines. This
redistribution helps in reducing the extent of the separated flow region
that would be expected in the inward region of the first bend. The
signature of the canonical Dean vortices associated with flow turning
with the bend are noticed in the 3 cut planes, 2 to 4, showing the flow
evolution through the bend. As the flow traverses the bend, the counter
rotating vortex pair develops in the inboard regions before they are
suppressed by the bulk flow development beyond the inward separated
region. Therefore, the vorticity of this turn vortices is greatly reduced in
the cut plane 5 at the middle of the feed pipe between the bends.

At the second bend at the higher radius, the pressure gradient
induced by the bend appears again as vortices that occupy the complete
pipe diameter. This is because the second bend has a tighter radius of

Fig. 7. Non-dimensional total pressure contours and projected surface streamlines on a feed pipe.
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curvature which induces a stronger pressure gradient. The bulk flow in
the second bend separates from the inboard side and is deflected radially
outwards. It is in this region of deprived flow in the inboard side that the
vortex core is located. Therefore, these vortices, though they appear
elongated does not significantly affect the flux rates other than inducing
additional minor secondary swirl components of velocity. Beyond the
second bend, there are no relieving pressure gradients that can aid the
flow reattachment in the inboard side. Therefore, the flow continues
along the outboard side before it redistributes based on the potential
field induced by the feed outlets. This flow distribution induces addi-
tional swirl and radial components that break the coherence of the turn
vortices before it feeds the feed outlets. Even though the overall flow
field in the feed pipes appear to be dominated by vortices, the separated
flow regions in the bends are the dominant loss generation mechanisms.
This is because vortical regions in liquid flow are associated with low
shear values. The net effect of the feed pipe in terms of the pressure loss
coefficient from the conical splitter outlet calculation plane and the feed
outlet plane is ~1 %. The flow field development in the notional uniform
case, without the radial step, is also similar with slightly different levels
of vorticity and total pressure loss because the bend flows respond pri-
marily to the upstream flux distributions which are not significantly
different in both cases.

3.2. Zonal design adaptations

A zonal approach that targets alleviation of specific flow field fea-
tures without compromising manufacturability, structural integrity and
assembly requirements are explored. This is done to identify achievable
improvements in the total pressure loss over the baseline geometry
designed using the classical approach with engineering correlations.

Contoured Sleeve Insert with Ogival Splitter. This design modification is
targeted to manage the tight stream tube that occupies the inner annulus
in the central duct. This would reduce the consequent total pressure loss
and the non-uniform flow property distribution introduced by the
increasing diameter feature. Contoured sleeve inserts which could be
placed within the baseline geometry is posited as a feasible solution to
manage the sudden discontinuous change in the flow path diameter. The
schematic of the design modification is shown in Fig. 8. The design
modification is shown in a darker schematic to emphasize all changes
are within the flowpath and geometry of the baseline case. Therefore,
the concentric pipe arrangement that is required for managing thermo-
structural issues is retained externally. The sleeve could be either
metallic or a polymer-based material with metal edges to enable welding
or other alternative modes of assembly depending upon the mission
flight time. The key feature of this design modification is that it does not
involve any change in the LOx feed system external geometry because it

Sleeve
insert

Baseline
slider

Ogival
splitter

Fig. 8. Contoured sleeve insert with ogival splitter shown in dark colour.
Baseline geometry is shown in grayscale.
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could be completely fitted within the existing geometries. The sleeve
insert would match the inner radius of the central duct step and the
conical splitter annular plane outer radius at its extremities through a
contoured flowpath that controls the flow splitting and diffusion. Since
the discontinuous step in the geometry is just upstream of the splitter
and the flow field generated by it affects the annular transition of the
flow, the sleeve design modification is combined with a change of the
internal conical geometry with an ogival splitter geometry. This change
to the ogival geometry can be done internally within the flow path
following traditional manufacturing methods without affecting the
overall assembly. The combination of the ogival geometry and the
contoured sleeve provides a controlled flow splitting and area progres-
sion to the annular division plane. The inner radial step in the feed pipe
division plane is removed by mating it with the end of the ogival splitter.
This could be done by an additional insert from the annular plane or as
part of the ogival splitter.

The flow field change with the contoured sleeve insert in terms of the
non-dimensional total pressure contours is shown along with the base-
line in Fig. 9. The contoured sleeve with the ogival splitter can effec-
tively distribute the LOx stream tube and transition it smoothly into an
annular flow. The outboard recirculation regions in the central duct are
eliminated and the only total pressure loss generating mechanism is wall
shear. Consequently, the total pressure loss in the region of the radial
step in the baseline has reduced from 2.5 % to less than 1 % in the
contoured region. The total pressure loss calculation in the improved
design includes the ogival splitter because of its close integration with
the sleeve. In addition to improving the total pressure loss in the central
duct, the effective transition to annular flow has resulted in better flow
characteristics down into the feed pipe as well. The overall total pressure
loss in the complete geometry including the feed pipe outlets have
reduced by 3 %.

‘Flower’ Circumferential Inserts. The improved flow field highlighted
in the contoured sleeve-ogival splitter in the section above indicates
separation in the flow splitting region that feeds the individual feed
pipes. The reason for this separation is only the circumferential step
around the discrete feed pipes that is fed by the combined annular flow.
The radial steps are removed by the ogival splitter matching with the
feed pipes. Therefore, to smoothly ease the combined annular flow into
the feed pipes, simple 3D contoured inserts that can potentially be stuck
or welded on to the transition plane is proposed. A schematic of the
inserts is shown in Fig. 10. These inserts are placed in the circumfer-
ential steps on the transition plane in such a way that there is a smooth
curvature onto the feed pipe entry. Since these inserts are individual
small pieces, the arrangement around the circumference results in a
distinctive petal like arrangement as in flowers and hence these are
termed so. This design modification is implemented along with the
contoured sleeve-ogival splitter design to isolate this affect over an
already improved configuration. The change in the flow field with the
‘flower’ circumferential inserts over the contoured ogival reference is
shown by using non-dimensional total pressure contours in the mid-
surface plane and in two cut planes in the vicinity of the transition re-
gion in Fig. 11.

The smooth guidance of the flow into the feed pipes with the ‘flower’
inserts effectively eliminates the circumferential separation as observed
in the cut planes P1 and P2. In the plane P1, the flow contour with the
‘flower” insert is uniform except for minor radially inboard and outboard
depressions associated with the upstream end wall boundary layer
development. The plane P2 clearly indicates the smooth contoured
transition into the feed pipe that eliminates the concomitant edge sep-
aration. The elimination of this circumferential separation is felt all the
way up to the feed ports in the availability of a higher-pressure flow that
effectively reduces the separation at the first bend and results in a
reduction in the loss at the second bend. The net effect of this ‘flower’
insert appears as a ~1 % improvement in the total pressure loss in the
complete geometry over and above the already improved flow field of
the contoured sleeve — ogival splitter modification.
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Fig. 9. Non-dimensional total pressure contours comparison between baseline and contoured sleeve with ogival splitter design modification.

6300

Inserts are in
the step

Transition
plane

‘Flower’

Fig. 10. ‘Flower’ circumferential insert to smooth the flow into the individual
feed pipes.

Like the elimination of the circumferential step using these inserts, a
concurrent modification in the baseline geometry that removes the
radial step using a smooth ellipsoidal geometry was also explored. This
resulted in an overall total pressure loss improvement of 0.6 %. As ex-
pected, this is lower than the circumferential insert because of the
smaller step and the larger region of influence along the circumference.

Parametric Bend Manipulation in Feed Pipes. The baseline geometry
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indicated that the higher radius second bend has a higher influence on
the overall total pressure loss due to having a smaller radius of curva-
ture. The effect of this total pressure loss is further accentuated due to
the proximity of the second bend to the feed outlet. Moreover, the
alleviating effect of the radially skewed flow due to the central duct
radial step feature in comparison with a notional uniform flow was
noted in the previous section. Therefore, to isolate the benefits due to the
bend parameter manipulation in a more compromised flow field, the
notional uniform flow geometry that sets up a higher loss generating
flow in the feed pipe is considered for this design modification. Addi-
tionally, the manipulation is attempted only in the second bend to retain
much of the original geometry without any change. The extent of
parametric change explored was restricted by the assembly constraints
imposed due to other rocket elements. An exemplary design modifica-
tion and its impact on the non-dimensional total pressure contours at the
mid-surface plane and in a cut plane after the second bend is shown in
Fig. 12. The radius of curvature in the design modification is increased
by a factor of 1.3 compared to the baseline. The increase in the radius of
curvature is sufficient to significantly suppress the separation in the
second bend. The change in the back pressure due to the reduction in
separation also improves the flow throughout the feed pipe by reducing
the separation in the first bend as well. The suppression of the separation
also significantly reduces the flow vorticity in the plane P1 downstream
of the bend leading to lower secondary components of velocity in the
proximity of the feed pipe. The improvement in the overall flow
throughout feed pipe also appears as more symmetric and lower levels of
vorticity in the first bend as well. The net impact of the increase in the
bend radius results in a 0.4 % reduction in the overall total pressure loss
across the feed pipe. The higher radius of curvature in this study is
selected in such a manner as to be able to ensure tangential continuity
with the straight part of the pipe into the combustor port. Further in-
crease in radii of curvature would compromise the flow development
into the combustor port and are hence not explored.
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Fig. 12. Non-dimensional total pressure contours for different bend radius of curvatures in the feed pipe.
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3.3. Applicability to general LOx feed system design

The computational approach as applied in this study utilizes design
elements that are found in LOx feed systems of hybrid rocket motors.
The total pressure loss and flow property distribution results observed in
the study are dependent on the shape and form factors of the LOx line
delivery elements rather than the specific dimensional forms. This in-
cludes general radius ratios introduced by radial step feature mecha-
nisms, the geometric features of the conical flow splitter like axial
positioning, annulus to central duct area ratio, radius ratios of the radial
and circumferential steps, number of feed pipes, and their bend geo-
metric parameters. While a generalized non-dimensional study of all
possible combinations of these geometric parameters would provide a
comprehensive map of the total pressure loss in the ducting, the results
from this study provide value in operating within the most likely ranges
of these parameters to identify critical flow features and their associated
loss mechanisms. The identified loss mechanisms are ameliorated by
using targeted design approaches that respect other vehicle level con-
straints and most often include easily implementable solutions that can
provide significant improvements in the vehicle performance. All the
computations are carried out by considering the fluid as cryogenic liquid
oxygen in a representative thermodynamic property range that is likely
to found in flight vehicles. Such a choice, combined with an experi-
mental calibration of the computational approach makes the study to
provide insights into the extent of potential total pressure loss im-
provements possible in-flight geometry of any general LOx feed system.

4. Conclusions

This work has demonstrated the way short burst, quick, experi-
mentally calibrated, higher fidelity flow analyses can aid in the design of
lower total pressure loss LOx oxidizer feed systems for hybrid rockets by
optimizing the geometries rather than an engineering correlation-based
classical approach This was explored by utilizing a notional baseline
flight geometry of the LOx feed system that incorporates commonly used
design features developed using a correlation-based approach. The key
conclusions around the design elements considered in this study are:

1. The use of engineering pressure loss correlations based on Darcy
friction factor for radial step features under predicts the pressure loss
due to the discontinuity in the flow path. Contrastingly, a higher
fidelity characterization can provide information on the stream tube
development driven non-uniformity in the flux distributions which
subsequently affect the performance of the entire LOx feed system
downstream of this feature.

. In the conical splitter, the presence of a non-uniform, skewed flow
property distribution is likely to introduce differences up to 1.5 % in
the estimate of the total pressure loss as compared to a notional
uniform flow field assumed in typical design approaches. An inboard
radially skewed flow field as in the baseline geometry with the
splitter affects the subsequent division of flow in the feed pipes by
introducing higher levels of non-uniformity. This was observed to
result in unexpected benefits in managing separations in the bends
due to the geometry and the pressure gradients developed from the
skewed flow distribution as compared to a notional uniform flow.

. A reasonable prediction of total pressure loss in the LOx feed system,
as possible from a calibrated higher fidelity approach can help in the
development of pre-experimental system models to verify vehicle
capabilities.

. A zonal design modification study indicated that a contoured sleeve
with ogival splitter geometries can improve the total pressure loss by
up to 3 %. The elimination of circumferential and radial steps can
reduce the total pressure loss by up to 1 % and 0.6 % respectively.
Additionally, increasing the radius of curvature at higher radius
bends can reduce the total pressure loss by up to 0.4 %. Such an
increase in the delivery pressure through such design improvements
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will have first order impact on the vehicle performance and can feed
back into the development of further optimized vehicle geometries.

A more generic optimization framework with assembly-based con-
straints imposed is planned to generate a notional geometry that can
divide the central duct flow into several discrete feed pipes with mini-
mum total pressure loss. While the experimental calibration of the
computational approach provides reasonable confidence on the im-
provements predicted for the design modifications, a further validation
campaign of few design elements will be helpful in establishing a multi-
disciplinary optimization enabled ‘CFD-in-the-loop’ framework for
future design optimizations.
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Nomenclature
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EoS Equation of State
f Darcy friction factor
HPC High Performance Computing
k turbulence kinetic energy
K resistance coefficient
LOx Liquid Oxygen
MPI Message Passing Interface
RANS Reynolds Averaged Navier-Stokes
SST Shear Stress Transport
(U)RANS Unsteady RANS
y+ Non-dimensional distance
® turbulence dissipation rate
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