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Abstract

Hybrid rocket engines (HREs) provide a compelling propulsion pathway to enhance global access
to space due to their inherent safety, throttling capability, and reduced system complexity. However,
widespread implementation has been limited due to low combustion efficiency, arising from diffusion-
controlled fuel-oxidiser mixing. Improving the internal mixing efficiency is thus a critical challenge in
enabling scalable, cost-effective propulsion systems, aligning with the IAC 2026 theme of “The World
Needs More Space”.

This paper presents a comprehensive numerical-experimental investigation of passive mixing devices in
the post-combustion chamber, in combination with the development of a novel semi-empirical performance
prediction model incorporating efficiency improvements within HRE internal ballistics. The work expands
beyond existing studies by linking local flow physics introduced by mixing devices directly to full HRE
performance across multiple operating scales.

A comprehensive computational fluid dynamics (CFD) campaign investigates a broad range of mixing
device geometries and operating conditions within the combustion chamber. Reacting flow and turbulent
simulations quantify the vortex generation, combustion efficiency improvement, and pressure losses as-
sociated with the implementation of a passive mixing device. Numerical predictions are validated using
hot fire test data obtained from both mid-scale and large-scale HREs tested with Rice University and
the University of Sydney, respectively, demonstrating a 2.88% error in characteristic velocity efficiency.
This provides novel, experimental evidence of mixing device performance under representative propulsion
conditions. Materials testing has been conducted in addition, identifying thermally and mechanically
robust options capable of sustained operation in extreme combustion environments.

The combined numerical and experimental results are used to develop a staged semi-empirical model
that predicts engine performance by sequentially resolving processes throughout the combustion, includ-
ing initial oxidiser injection, solid-fuel regression, diffusion-controlled combustion, and nozzle expansion.
Unlike conventional HRE performance models that assume axisymmetric diffusion flames and neglect
internal flow changes, the proposed model directly integrates the effect of mixing devices on combustion
efficiency, pressure evolution, and thrust generation.

Results demonstrate consistent combustion efficiency improvements upwards of 7.4%, with manageable
pressure penalties and strong agreement with the predicted and measured engine performance across
scales, with a 1.34% error in average thrust. The developed methodology enables the rapid design of
hybrid propulsion systems, removing the need for an excessive iterative testing campaign.

By introducing a predictive capability for mixing devices in hybrid propulsion, this research estab-
lishes a scalable pathway toward higher-efficiency HREs, accelerating propulsion development cycles and
supporting the growing global demand for reliable, adaptive, and sustainable space transportation.
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