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[bookmark: _Toc221211174][bookmark: _Toc228194300]Abstract
[bookmark: _Toc228194099][bookmark: _Toc228194301]This research investigates the influence of precise geometric barrel refinements on muzzle velocity using a quantitative, simulation‑based methodology. Internal ballistics theory demonstrates that muzzle velocity is highly sensitive to bore diameter, gas sealing efficiency, frictional resistance, and barrel length, yet limited research has examined the effects of micro‑scale dimensional changes within a controlled modelling environment. This study evaluates full‑length bore narrowing of 0.01" and 0.015", muzzle‑only constriction of the same magnitudes, ±1" barrel length adjustments, and combinations of these refinements. A validated internal‑ballistics simulation model is used to run multiple iterations for each configuration, with averaged outputs providing statistically reliable comparisons. The objective is to determine whether these refinements produce measurable improvements in simulated muzzle velocity and to identify the most effective modification. Expected outcomes include increased muzzle velocity from constriction‑based refinements and barrel lengthening, with combined modifications potentially offering the greatest gains. The study contributes to defence engineering by providing evidence‑based insights into manufacturable barrel optimisation and demonstrating the value of simulation‑driven internal ballistics research.
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[bookmark: _Toc228194302]1. Introduction
The internal ballistic performance of small‑arms systems is governed by the interaction between propellant gas expansion, projectile motion and barrel geometry. Among these factors, barrel dimensions and internal profile play a decisive role in determining muzzle velocity, which directly influences accuracy, effective range and terminal performance (Carlucci, 2018). Muzzle velocity is therefore a critical performance parameter and even small improvements can yield meaningful operational benefits. Traditionally, research has focused on broad geometric parameters such as barrel length, rifling type and chamber design. However modern defence engineering increasingly requires fine‑scale geometric optimisation to achieve incremental performance gains without altering ammunition, propellant or weapon platform architecture.
Recent advances in simulation tools have enabled researchers to explore subtle geometric refinements that were previously impractical to test experimentally. Studies demonstrate that small changes in bore diameter, constriction, and barrel length can meaningfully alter pressure–time behaviour, frictional resistance and gas sealing efficiency (Silva‑Rivera, 2021) (Hoffman, 2019). These findings suggest that micro‑scale refinements such as narrowing the bore by thousandths of an inch may influence muzzle velocity more than previously assumed. However the literature remains fragmented: most studies examine single modifications in isolation and few investigate micro‑scale dimensional changes within a controlled modelling environment.
The purpose of this research is to evaluate how precise barrel refinements influence muzzle velocity using a controlled simulation environment. These refinements include full‑length bore narrowing (0.01" and 0.015"), muzzle‑only constriction, ±1" barrel length adjustments, and combinations of these modifications. These refinements represent realistic manufacturing tolerances and potential design adjustments that could be implemented without altering weapon architecture. This study is necessary because small‑scale geometric changes are rarely analysed systematically, despite their potential to improve performance or compensate for manufacturing variability (Thompson, 2018).
The key independent variables are the specific geometric refinements listed above, while the dependent variables include muzzle velocity, peak chamber pressure, frictional work and gas sealing efficiency. The hypothesis is that barrel constriction and lengthening will increase muzzle velocity by improving gas sealing and extending projectile dwell time, consistent with established internal ballistics theory (Courtney, 2013) (Anderson, 2016). The scope is deliberately limited to simulation‑based analysis using a single ammunition type and fixed propellant characteristics to ensure controlled comparison.



[bookmark: _Toc228194303]2. Literature Review

[bookmark: _Toc228194304]2.1 Internal Ballistics Theory
Internal ballistics describes the processes occurring from ignition of the propellant to the projectile’s exit from the barrel. Classical models describe projectile acceleration as a function of propellant burn rate, chamber pressure and barrel resistance (Carlucci, 2018). These models highlight the sensitivity of muzzle velocity to friction, gas leakage, and barrel length variables directly influenced by barrel refinements. (Anderson, 2016) emphasises that even small changes in bore geometry can alter pressure distribution and gas expansion behaviour, making micro‑scale refinements relevant to performance modelling.
Figure 1. Internal Ballistics Pressure–Velocity–Travel Relationship illustrates the classical internal ballistic cycle, showing the coupled evolution of chamber pressure, projectile velocity, and projectile travel from ignition to muzzle exit. After ignition, chamber pressure rises rapidly from the shot start, reaching a peak value . During this period, the projectile experiences its highest acceleration, and its velocity increases continuously as it travels down the bore. Once combustion ends (point E), pressure begins to decay as the projectile moves forward and the chamber volume increases. Despite this decay, the remaining gas expansion continues to accelerate the projectile until it exits the muzzle at velocity . This pressure–travel relationship underpins the sensitivity of muzzle velocity to barrel geometry: changes in bore diameter, constriction, or barrel length alter the pressure curve, frictional resistance, and dwell time, thereby influencing the final muzzle velocity (Carlucci, 2018) (Courtney, 2013).
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[bookmark: _Toc228194305]2.2 Bore Diameter and Constriction
Research on constriction effects shows that narrowing the bore increases pressure behind the projectile and improves gas sealing (Silva‑Rivera, 2021). Although most studies examine larger constrictions, such as those used in shotgun chokes the underlying principles apply to micro‑scale refinements such as 0.01" and 0.015" reductions. (Hoffman, 2019) demonstrate that frictional forces increase with tighter bore dimensions, but this may be offset by improved gas sealing and reduced leakage. This trade‑off is central to the present study.

[bookmark: _Toc228194306]2.3 Muzzle‑Only Constriction
Muzzle‑end constriction influences projectile exit dynamics and gas escape timing. Simulation studies suggest that muzzle‑only narrowing can increase velocity with smaller pressure penalties than full‑length constriction (Zhang, 2020). This refinement may therefore offer a performance benefit without significantly increasing chamber pressure or projectile engraving forces.
[bookmark: _Toc228194307]2.4 Barrel Length Adjustments
The relationship between barrel length and muzzle velocity is well established: longer barrels allow more complete propellant burn and sustained acceleration (B, 2017). Shorter barrels reduce dwell time and therefore reduce velocity. (McCoy, 2012) notes that the velocity length relationship is nonlinear with diminishing returns beyond an optimal length. The ±1" adjustments in this study provide a controlled way to validate the simulation model against established trends.
[bookmark: _Toc228194308]2.5 Simulation Approaches in Internal Ballistics
Modern internal ballistics research increasingly employs CFD (Computational Fluid Dynamics), FEM(Finite Element Method), and explicit dynamics solvers to model gas expansion, projectile motion, and structural deformation (Zukas, 2004) (Wang, 2020). These methods allow investigation of parameters that are difficult to isolate experimentally. However few studies compare multiple barrel refinements within a unified simulation framework, representing a clear gap this research addresses.
[bookmark: _Toc228194309]2.6 Manufacturing Tolerances and Micro‑Scale Refinements
Manufacturing tolerances in small‑arms barrels can influence performance, with deviations as small as a few thousandths of an inch affecting friction, gas sealing, and wear  (Thompson, 2018). This highlights the practical relevance of the refinements examined in this study.



[bookmark: _Toc228194310]3. Aims and Objectives
[bookmark: _Toc228194311]Aims
1. To investigate how precise geometric barrel refinements influence muzzle velocity using a controlled internal‑ballistics simulation environment.
2. To quantify the performance impact of micro‑scale bore narrowing, muzzle‑end constriction, and ±1" barrel length adjustments through repeated simulation runs and averaged numerical outputs.
3. To identify the optimal barrel refinement or refinement‑set that produces the greatest simulated improvement in muzzle velocity.

[bookmark: _Toc228194312]Objective

To determine whether specific geometric barrel refinements produce a measurable improvement in simulated muzzle velocity by running multiple simulation iterations for each modification averaging the results to ensure numerical reliability and comparing these averaged outputs to identify the most effective refinement or combination of refinements.



[bookmark: _Toc228194313]4. Research Questions
1. How do full‑length bore reductions of 0.01" and 0.015" affect simulated muzzle velocity compared to a baseline barrel?
2. What is the effect of muzzle‑only constriction (0.01" and 0.015") on muzzle velocity and pressure behaviour?
3. How do ±1" changes in barrel length influence simulated muzzle velocity under identical ammunition and propellant conditions?
4. Do combinations of constriction and length changes produce additive, synergistic or diminishing‑return effects on muzzle velocity?
5. Which single refinement or refinement‑set yields the highest average simulated muzzle velocity across repeated runs?


6. [bookmark: _Toc228194314]Hypothesis

[bookmark: _Toc228194315]Primary Hypothesis
Barrel refinements that increase gas sealing efficiency or extend projectile dwell time specifically full‑length narrowing, muzzle‑end constriction and barrel lengthening will produce measurable increases in simulated muzzle velocity relative to the baseline configuration.
[bookmark: _Toc228194316]Secondary Hypotheses
1. Full‑length narrowing will produce the largest velocity increase due to reduced gas leakage and increased pressure retention.
2. Muzzle‑only narrowing will increase velocity with lower peak‑pressure penalties than full‑length narrowing.
3. Barrel lengthening will increase velocity; shortening will reduce it.
4. Combined refinements will produce greater improvements than single refinements, unless pressure‑related diminishing returns occur.




7. [bookmark: _Toc228194317]Methods

[bookmark: _Toc228194318]6.1 Research Design
A quantitative simulation‑based design is appropriate because it allows precise control of micro‑scale refinements and avoids the safety and cost implications of live‑fire testing (Zukas, 2004). The study uses repeated simulation runs to generate statistically reliable averages, consistent with best practice in computational ballistics research (Zhang, 2020).

[bookmark: _Toc228194319]6.2 Simulation Environment
The research will be conducted entirely within a controlled internal‑ballistics simulation environment that replicates the pressure, motion and thermodynamic behaviour of a projectile travelling through a barrel. A validated baseline model will be constructed using established engineering parameters, ensuring that the simulated pressure time and velocity travel curves align with published internal ballistics theory. Each geometric refinement full‑length bore narrowing, muzzle only constriction and ±1" barrel length adjustments will be applied to this baseline model in isolation to allow clear comparison. The simulation software enables precise control of micro‑scale dimensional changes and provides numerical outputs such as muzzle velocity, peak pressure, frictional work and projectile acceleration. Multiple runs will be performed for each configuration to minimise numerical variation, with averaged results used for analysis. This environment is fully virtual, requires no physical testing, and allows the study to focus on the mechanical and mathematical behaviour of the system without involving any real world equipment or materials. The approach ensures consistency, repeatability and safety while providing a robust platform for evaluating how small geometric refinements influence internal ballistic performance.

[bookmark: _Toc228194320]6.3 Independent Variables
1. Full‑length narrowing:
i. -0.01"
ii. -0.015"
2. Muzzle‑only narrowing:
i. –0.01" at muzzle
ii. –0.015" at muzzle
3. Barrel length changes:
i. +1"
ii. –1"
4. Combinations:
i. Narrowing + lengthening
ii. Narrowing + shortening
iii. Muzzle‑only narrowing + length changes

[bookmark: _Toc228194321]6.4 Dependent Variables
1. Muzzle velocity (primary)
2. Peak chamber pressure
3. Pressure–time curve shape
4. Projectile acceleration profile
5. Gas leakage behaviour
6. Frictional work

[bookmark: _Toc228194322]6.5 Procedure
1. Build and validate the baseline barrel model.
2. Apply each refinement individually.
3. Apply combined refinements.
4. Run multiple simulations per configuration (e.g., 5–10 runs).
5. Calculate the mean muzzle velocity for each configuration.
6. Compare averaged results to baseline and between refinements.
7. Conduct sensitivity analysis to quantify the influence of each variable.


[bookmark: _Toc228194323]6.6 Methodological Justification
Simulation allows precise control of micro‑scale refinements that would be difficult or unsafe to test physically. It also enables isolation of variables and rapid iteration across multiple design configurations. The method aligns with modern defence engineering practice (Wang, 2020).



[bookmark: _Toc228194324]7. Expected Results
Based on existing literature, full‑length narrowing is expected to increase muzzle velocity due to improved gas sealing  (Silva‑Rivera, 2021). Muzzle‑only narrowing may increase velocity with lower peak‑pressure penalties (Zhang, 2020). Barrel lengthening is expected to increase velocity consistent with empirical findings (B, 2017). Combined refinements may produce additive or interacting effects, though diminishing returns may occur due to pressure limitations (Carlucci, 2018).


8. [bookmark: _Toc228194325]Evaluation

[bookmark: _Toc228194326]8.1 Potential Impact
This research contributes to defence engineering by providing evidence‑based insights into manufacturable barrel optimisations and demonstrating the value of simulation‑driven internal ballistics research (Wang, 2020). The findings may inform future barrel design, manufacturing tolerances and performance optimisation strategies.

[bookmark: _Toc228194327]8.2 Limitations
i. Simulation accuracy depends on material models and propellant data.
ii. Real‑world manufacturing tolerances and wear effects are not modelled.
iii. Only one ammunition type is used, limiting generalisability.
iv. Time constraints limit the number of refinement combinations tested.


[bookmark: _Toc228194328]8.3 Justification

These limitations are appropriate for a quantitative study and do not diminish the value of the comparative analysis.



[bookmark: _Toc228194329]9.Conclusion
This research proposal presents a structured, quantitative approach to evaluating how micro‑scale barrel refinements affect muzzle velocity. By focusing on realistic, manufacturable modifications such as bore narrowing, muzzle‑end constriction and incremental length changes the study addresses a clear gap in the internal ballistics literature, where such fine‑scale geometric influences remain under‑explored. The use of repeated simulation runs and averaged outputs ensures methodological robustness and supports meaningful comparison across configurations. The anticipated findings have practical relevance for defence engineering, offering insights that could inform future barrel design, manufacturing tolerances and performance optimisation strategies. While the study is bounded by simulation assumptions, fixed ammunition parameters and time constraints, these limitations are appropriate for investigation and do not diminish the value of the comparative analysis. Overall, the proposed research has the potential to advance understanding of internal ballistic sensitivity and contribute to evidence‑based refinement of small‑arms barrel design.
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