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[bookmark: _Toc231821864]1.0	Introduction And Research Aims
	The United Kingdom’s 2025 Strategic Defence Review (SDR) outlined a requirement for increased lethality and an “always-on” munitions manufacturing capability [1]. For energetic materials (EM) this necessitates the development of high performance formulations and novel methods to accelerate their manufacture. Mixing technologies dictate solid loading limits for EM formulations and significantly impacts manufacturing time, making this a key research focus. Whilst Resonant Acoustic Mixing (RAM) has emerged as a front runner [2] the alternate technology of Dual Axis Centrifugal (DAC) mixing has received significant attention in the field of composite solid rocket propellant manufacture with US firm Anduril targeting this as the core of their future manufacturing capability [3]. This study explores this application, delivering on the following research aims:
1. Develop an optimised DAC mixing process for a representative inert composite solid rocket propellant formulation.
2. Characterise the batch-to-batch and scale-up variation within the DAC mixing process.
3. Compare RAM and DAC mixed materials to assess the impact on mechanical properties.  


[bookmark: _Toc231821865]2.0	Background And Literature Review
Composite solid rocket propellants typically consist of solid crystalline oxidisers and powdered metallic fuels suspended within a liquid-phase polymeric binder which, upon curing, becomes a homogeneous rubbery solid [2] [4]. During mixing, these formulations are viscous pastes which are cast or extruded and cured into the desired final form. Traditionally, high shear bladed mixers have been used for this process, but such methods often need extensive mixing periods and are limited by end-of-mix viscosity constraints [4]. This limits the processing of high solid loading formulations and as the energetic content is typically in the solid phase, hence limits the maximum potential performance of the formulation [5]. DAC mixing promises to resolve both of these challenges, homogenising formulations rapidly whilst also being less constrained by material viscosity limits, enabling increased manufacturing throughput of high performance energetic formulations. 
DAC mixers achieve this fast and efficient mixing by applying revolving (Ω) and rotating (ω) centrifugal forces onto the mixing vessel at an inclined angle (α) [6], [7], as shown in Figure 1.
[image: ]
[bookmark: _Toc231821670]Figure 1 - Simplified schematic of the planetary motion of the mixing vessel in a DAC mixer [7].
At sufficient mixing speeds this induces a chaotic three dimensional flow field within the vessel establishing a recirculating flow loop through which the material is mixed [8] as shown in Figure 2.
[image: ]
[bookmark: _Toc231821671]Figure 2 - A simplified visualisation of the primary flow structure within the DAC mixing vessel [8].
Within this flow, where centrifugal and inertial forces dominate, a region of strong shear force with a high shear rate develop along the wall of the mixing vessel [9], as shown in Figure 3.
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[bookmark: _Toc231821672]Figure 3 - Shear rate concentration within the mixing vessel during efficient operation [9].
[bookmark: _Hlk231554189]This high shear region acts as the primary mixing zone, where large particle velocity gradients promote the breakup of agglomerates and enhance dispersion accelerating homogenisation [9], [8]. Shear thinning materials also experience a large increase in shear rate when passing through this region reducing their viscosity and enabling them to be effectively mixed [9]. This helps to overcome the viscosity constraints of traditional mixers enabling the processing of high solid loading formulations. 
Within published literature the promises of DAC mixing have been realised for formulations with solid loadings from 70 wt% to 85 wt%, [8], [10], [11], [12], [13], [14]. In these studies, DAC mixing was not researched but used as a tool to process novel formulations at small scales repeatably. This study looks to fill this research gap, focusing on the influence of DAC mixing on the final propellant material: exploring the reproducibility, scale-up performance and how this compares to RAM mixed formulations.


[bookmark: _Toc231821866]3.0	Project Design
Delivery of the project will be completed in three phases focusing on each of the research goals. Details on the actions and outcomes expected in each phase are presented below.
[bookmark: _Toc231821867]3.1	Phase 1: DAC Mixing Process Optimisation
Phase 1 will focus on developing a safe and repeatable process for mixing an inert composite solid rocket propellant simulant across three processing scales. Rheology will be used to quantitively analyse the mix quality, comparing samples from across the formulation to ensure a homogenous product [11]. Key deliverables and outcomes during this phase are presented in Table 1.
[bookmark: _Toc231821677]Table 1 - Key deliverables and outcomes for Phase 1 of the research project.
	1.
	Identify a suitable inert composite solid rocket propellant formulation

	2.
	Procure required formulation ingredients and DAC mixing hardware.

	3.
	Produce Safe Systems of Work (SSoW) to cover all processing and analysis tasks. 

	4.
	Develop a rheology methodology to support rapid screening of sample mix quality.

	5.
	Development of an optimised mixing process across all desired scales.


[bookmark: _Toc231821868]
3.2	Phase 2: DAC Mixed Material Characterisation
During Phase 2 inert propellant simulant samples will be manufactured. Multiple samples will be prepared at each scale to assess process repeatability. Samples will then be subject to the tests outlined in Table 2 to characterise their mechanical and physical properties.
[bookmark: _Toc231821678]Table 2 - Material characterisation tests, methods, and objectives.
	Gel Point Rheological Analysis
	Tested via oscillatory shear rheometry.
Determines the point the polymer transitions from a liquid to a gel. Important factor in the time available for casting the mixed propellant [15].  

	Scanning Electron Microscopy (SEM) + Energy-Dispersive X-ray Spectroscopy (EDS)
	Tested using internal Dstl operating procedure.
SEM allows the visual assessment of the propellant grain structure to assess mix homogeneity.
EDS maps the distribution of elements within the propellant helping to evaluate particle distribution. 

	Density:
	Tested via gas pycnometry. 
Used to check for porosity and energy density of the final material.  

	Dynamic Mechanical Analysis (DMA)
	Tested to NATO STANAG 4540 [16].
Used to measure the glass transition temperature of the system and understand the mechanical properties of the material at a small scale. Critical for ensuring the material can withstand operation environments without experiencing failure.

	Uniaxial Tensile Testing (UTT)
	Tested to NATO STANAG 4506 [17].
Used to test the mechanical properties of the material at a larger more representative scale. 


The results of this testing will used to draw conclusions on whether DAC mixing is a repeatable process and the feasibility of data read across during the scale up process.
[bookmark: _Toc231821869]3.3	Phase 3: Comparison to RAM Mixed Formulations
In Phase 3 the tests presented in Table 2 will be repeated for simulant materials manufactured using RAM mixing. These results will be compared to the DAC mixed material to identify any differences caused by the mixing process. This will be enable conclusions to be drawn on the suitability of DAC mixing and highlight areas requiring further research.

[bookmark: _Toc231821870]4.0	Project Resourcing And Planning
[bookmark: _Toc231821871]4.1	Project Timeline
Due to the ambitious nature of the proposed project a strict project implementation timeline is required to ensure all activities can be completed. This plan is presented in the Gantt Chart shown in Figure 4.
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[bookmark: _Toc231821673]Figure 4 - Project Gantt Chart
Within this timeline a number of key deliverables must be completed to ensure progression. These are presented in Table 3.
[bookmark: _Toc231821679]Table 3 – Outline of key project deliverables and deadlines.
	Deliverable Description:
	Deadline:

	DAC Mixing Literature Review
	26th June 2026

	Inert Propellant Simulant Manufacture
	31st August 2026

	Inert Propellant Material Characterisation
	31st December 2026

	Publishing of Final Report
	19th March 2027


Whilst it is expected that some project timelines may shift due to unforeseen circumstances, this Gantt Chart and the deliverables’ deadlines aim to ensure the project maintains momentum and limits the risk of failing to complete the work.
[bookmark: _Toc231821872]4.2	Project Resourcing
Implementation of the project plan will require the allocation of human, physical and facilities resources. This resource planning must be compatible with other work being undertaken within the organisation and comply with budgetary limits imposed by the project funding source.
 The estimated human, physical and facilities resources required are presented in Figures 5, 6 and 7 respectively.
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[bookmark: _Toc231821674][image: ]
Figure 5 - Human resource requirements as a percentage of the total project budget.
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[bookmark: _Toc231821675]Figure 6 - Physical resource requirements as a percentage of the total project budget.
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[bookmark: _Toc231821676]Figure 7 - Facilities resource requirements as a percentage of the total project budget.
Figure 5 shows that 88% of the total project cost comes from human resources and 60% from L4 staff. As such, to ensure the project comes in under budget, the time allocated to complete tasks will be carefully monitored promoting productivity and efficient delivery. 


[bookmark: _Toc231821873]5.0	Ethics Statement
Whilst the technology explored in this study could be used to develop weapons that cause harm, advancements in UK capabilities are essential for national security and deterrence. Additional details on ethical considerations are presented in Appendix A.
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[bookmark: _Toc231821875]Appendix A – SoAC Ethics Form
[bookmark: _Hlk231818575]APPLICATION FOR ETHICAL APPROVAL

In order for research to result in benefit and minimise risk of harm, it must be conducted ethically. 

The University follows the OECD Frascati manual definition of research activity: “creative work undertaken on a systematic basis in order to increase the stock of knowledge, including knowledge of man, culture and society, and the use of this stock of knowledge to devise new applications”. As such this covers activities undertaken by members of staff, postgraduate research students, and both taught postgraduate and undergraduate students working on dissertations/projects.

The individual undertaking the research activity is known as the “principal researcher”.

This form must be completed and approved prior to undertaking any research activity. 

SECTION A: About You (Principal Researcher)
	1
	Full Name:
	Leo Oliver Smith

	2
	Student Number:
	
2217998

	3
	Email address:
	2217998@student.uwtsd.ac.uk

	4
	Programme of Study:
	BEng (Hons) Ordnance, Munitions and Explosives

	5
	Director of Studies/Supervisor:
	Dr Ewa Kazimierska



SECTION B:  Internal and External Ethical Guidance Materials
	
	Please list the core ethical guidance documents that have been referred to during the completion of this form (including any discipline-specific codes of research ethics, location-specific dodes of research ethics, and also any specific ethical guidance relating to the proposed methodology).  Please tick to confirm that your research proposal adheres to these codes and guidelines. You may add rows to this table if needed.

	1
	UWTSD Research Ethics & Integrity Code of Practice
	☒
	2
	UWTSD Research Data Management Policy
	☒

	3
	
	☐



SECTION C: Details of Research Activity
	1
	Indicative title:
	Dual Axis Centrifugal Mixing for Solid Composite Rocket Propellants

	2
	Proposed start date:
	1st April 2026
	Proposed end date:
	19th March 2027

	
	Introduction to the Research (maximum 300 words in each section)
Ensure that you write for a Non-Specialist Audience when outlining your response to the three points below:
· Purpose of Research Activity
· Proposed Research Question
· Aims of Research Activity
· Objectives of Research Activity
Demonstrate, briefly, how Existing Research has informed the proposed activity and explain
· What the research activity will add to the body of knowledge 
· How it addresses an area of importance. 

	3
	Purpose of Research Activity

To develop an understanding of the novel bladeless mixing technique known as Dual Axis Centrifugal (DAC) Mixing and evaluate its potential applications in Solid Composite Rocket Propellant manufacture.


	4
	Research Question

· What is the optimum processing regime for the chosen inert Solid Composite Rocket Propellant simulant.
· What influence does DAC mixing have on the material properties.
· How does the DAC mixed material compare with that produced through Resonant Acoustic Mixing (RAM).

	5
	Aims of Research Activity
· Develop an optimised DAC mixing regime.
· Characterise the resultant material.
· Compare DAC and RAM mixed materials.
· Draw conclusions on the suitability of DAC mixing for Solid Composite Rocket Propellants

	6
	Objectives of Research Activity

· Develop an understanding of the DAC mixing process.
· Understand its suitability for Solid Composite Rocket Propellant manufacture.


	
	Proposed data collection methods (maximum 600 words)
Provide a brief summary of all the methods that may be used in the research activity to collect data, making it clear what specific techniques may be used. If methods other than those listed in this section are deemed appropriate later, additional ethical approval for those methods will be needed. You do not need to justify the methods here, but should instead describe how you intend to collect the data necessary for you to complete your project.

	7
	No data will be collected from human sources.

There will be no personal data collected as part of this research.

Data will be collected through the use of mix records, photographs, laboratory notes and data / visual outputs from analytical equipment.




SECTION D: Scope of Research Activity
	
	Will the research activity include:
	YES
	NO

	1
	Use of a questionnaire or similar research instrument?
	☐
	☒

	2
	Use of interviews?
	☐
	☒

	3
	Use of focus groups?
	☐
	☒

	4
	Use of participant diaries? 
	☐
	☒

	5
	Use of video or audio recording?
	☐
	☒

	6
	Use of computer-generated log files?
	☐
	☒

	7
	Participant observation with their knowledge?
	☐
	☒

	8
	Participant observation without their knowledge?
	☐
	☒

	9
	Access to personal or confidential information without the participants’ specific consent?
	☐
	☒

	10
	Administration of any questions, test stimuli, presentation that may be experienced as physically, mentally or emotionally harmful / offensive?
	☐
	☒

	11
	Performance of any acts which may cause embarrassment or affect self-esteem?
	☐
	☒

	12
	Investigation of participants involved in illegal activities?
	☐
	☒

	13
	Use of procedures that involve deception?
	☐
	☒

	14
	Administration of any substance, agent or placebo?
	☐
	☒

	15
	Working with live vertebrate animals?
	☐
	☒

	16
	Procedures that may have a negative impact on the environment?
	☐
	☒

	17
	Other primary data collection methods. Please indicate the type of data collection method(s) below.
	☒
	☐

	
	Details of any other primary data collection method:

Data will be collected through the use of mix records, photographs, laboratory notes and data / visual outputs from analytical equipment.

	
	



If you have ticked NO to every question then the research activity is (ethically) low risk and you may skip section E and continue to section F.

If YES to any question, then no research activity should be undertaken until full ethical approval has been obtained. 

SECTION E: Intended Participants
	
	Who are the intended participants:
	
YES
	
NO

	1
	Students or staff at the University?
	☐
	☒

	2
	Adults (over the age of 18 and competent to give consent)?
	☐
	☒

	3
	Vulnerable adults?
	☐
	☒

	4
	Children and Young People under the age of 18? (Consent from Parent, Carer or Guardian will be required)
	☐
	☒

	5
	Prisoners?
	☐
	☒

	6
	Young offenders?
	☐
	☒

	7
	Those who could be considered to have a particularly dependent relationship with the investigator or a gatekeeper?
	☐
	☒

	8
	People engaged in illegal activities?
	☐
	☒

	9
	Others. Please indicate the participants below, and specifically any group who may be unable to give consent.

	☐
	☒

	
	Details of any other participant groups:

People will not participate as a data source in this study.

	
	



	
	Participant numbers and source
Provide an estimate of the expected number of participants. How will you identify participants and how will they be recruited? 

	10
	How many participants are expected?

	People will not participate as a data source in this study.

	11
	Who will the participants be?

	
People will not participate as a data source in this study.


	12
	How will you identify the participants?
	
People will not participate as a data source in this study.





	
	Information for participants:
	
YES
	NO
	
N/A

	13
	Will you describe the main research procedures to participants in advance, so that they are informed about what to expect?
	☐
	☐
	☒

	14
	Will you tell participants that their participation is voluntary?
	☐
	☐
	☒

	15
	Will you obtain written consent for participation?
	☐
	☐
	☒

	16
	Will you explain to participants that refusal to participate in the research will not affect their treatment or education (if relevant)?
	☐
	☐
	☒

	17
	If the research is observational, will you ask participants for their consent to being observed?
	☐
	☐
	☒

	18
	Will you tell participants that they may withdraw from the research at any time and for any reason?
	☐
	☐
	☒

	19
	With questionnaires, will you give participants the option of omitting questions they do not want to answer?
	☐
	☐
	☒

	20
	Will you tell participants that their data will be treated with full confidentiality and that, if published, it will not be identifiable as theirs?
	☐
	☐
	☒

	21
	Will you debrief participants at the end of their participation, in a way appropriate to the type of research undertaken?
	☐
	☐
	☒

	22
	If NO to any of above questions, please give an explanation 

	
	
N/A




	
	Information for participants:
	
YES
	NO
	
N/A

	24
	Will participants be paid?
	☐
	☐
	☒

	25
	Is specialist electrical or other equipment to be used with participants?
	☐
	☐
	☒

	26
	Are there any financial or other interests to the investigator or University arising from this study?
	☐
	☐
	☒

	27
	Will the research activity involve deliberately misleading participants in any way, or the partial or full concealment of the specific study aims?
	☐
	☐
	☒

	28
	If YES to any question, please provide full details 

	
	
N/A




SECTION F: Anticipated Risks

	
	
Outline any anticipated risks that may adversely affect any of the participants, the researchers and/or the University, and the steps that will be taken to address them.  

	1
	Risks to participants
For example: sector-specific health & safety, emotional distress, financial disclosure, physical harm, transfer of personal data, sensitive organisational information. If you have identified in section D that there are no participants then enter N/A and go skip to question 3.

	
	Risk to participants:

People will not participate as a data source in this study. 

	How you will mitigate the risk to participants:

People will not participate as a data source in this study.


	2
	If research activity may include sensitive, embarrassing or upsetting topics (e.g. sexual activity, drug use) or issues likely to disclose information requiring further action (e.g. criminal activity), give details of the procedures to deal with these issues, including any support/advice (e.g. helpline numbers) to be offered to participants. Note that where applicable, consent procedures should make it clear that if something potentially or actually illegal is discovered in the course of a project, it may need to be disclosed to the proper authorities

	
	
N/A


	3
	Risks to the investigator
For example: personal health & safety, physical harm, emotional distress, risk of accusation of harm/impropriety, conflict of interest

	
	Risk to the investigator:

Whilst conducting this work the research lead will be exposed to standard health and safety risks as expected for working in a high hazard energetics environment.

	How you will mitigate the risk to the investigator:

These risks will be mitigated through the development and use of approved Safe Systems of Work for all practical tasks conducted. 


	4
	University/institutional risks
For example: adverse publicity, financial loss, data protection

	
	Risk to the University:

Due to the link between the university, this research, and the defence industry the university may be at risk of adverse publicity.


	How you will mitigate the risk to the University:

Research will be subject to DSTL security procedures. Research will only be released to the university after prior DSTL approval. The University will follow their own security and data management procedures. 

	5
	Environmental risks
For example: accidental spillage of pollutants, damage to local ecosystems

	
	Risk to the environment:

There is potential for environmental risks during the research due to the nature of the chemical hazards. 

	How you will mitigate the risk to environment:

These risks will be mitigated through the development and use of approved Safe Systems of Work for all practical tasks conducted. 




SECTION G: Feedback, Consent and Confidentiality

If you have identified in section D that there are no participants then enter skip this section and continue to section H.

	1
	Feedback
What de-briefing and feedback will be provided to participants, how will this be done and when? 

	
	People will not participate as a data source in this study. 

	2
	Informed consent
Describe the arrangements to inform potential participants, before providing consent, of what is involved in participating. Describe the arrangements for participants to provide full consent before data collection begins. If gaining consent in this way is inappropriate, explain how consent will be obtained and recorded in accordance with prevailing data protection legislation.

	
	People will not participate as a data source in this study. 

	3
	Confidentiality / Anonymity
Set out how anonymity of participants and confidentiality will be ensured in any outputs. If anonymity is not being offered, explain why this is the case. 

	
	People will not participate as a data source in this study. 



SECTION H: Data Protection and Storage

	
	Does the research activity involve personal data (as defined by the General Data Protection Regulation 2016 “GDPR” and the Data Protection Act 2018 “DPA”)?
	YES
	NO

	1
	“Personal data” means any information relating to an identified or identifiable natural person (‘data subject’). An identifiable natural person is one who can be identified, directly or indirectly, in particular by reference to an identifier such as a name, an identification number, location data, an online identifier or to one or more factors specific to the physical, physiological, genetic, mental, economic, cultural or social identity of that natural person. Any video or audio recordings of participants is considered to be personal data.
	☐
	☒

	
	If YES, provide a description of the data and explain why this data needs to be collected:

	2
	People will not participate as a data source in this study. 

	
	Does it involve special category data (as defined by the GDPR)?
	YES
	NO

	3
	“Special category data” means sensitive personal data consisting of information as to the data subjects’ –
(a) racial or ethnic origin,
(b) political opinions,
(c ) religious beliefs or other beliefs of a similar nature,
(d) membership of a trade union (within the meaning of the Trade Union and Labour Relations (Consolidation) Act 1992),
(e) physical or mental health or condition,
(f) sexual life,
(g) genetics,
(h) biometric data (as used for ID purposes),
	
☐
	
☒

	
	If YES, provide a description of the special category data and explain why this data needs to be collected:

	4
	People will not participate as a data source in this study. 



	
	
Will data from the research activity (collected data, drafts of the thesis, or materials for publication) be stored in any of the following ways?
	YES
	NO

	5
	Manual files (i.e. in paper form)?
	☐
	☒

	6
	University computers?
	☐
	☒

	7
	Private company computers?
	☒
	☐

	8
	Home or other personal computers?
	☐
	☒

	9
	Laptop computers/ CDs/ Portable disk-drives/ memory sticks?
	☐
	☒

	10
	“Cloud” storage or websites?
	☐
	☒

	11
	Other – specify:

	☐
	☒

	12
	For all stored data, explain the measures in place to ensure the security of the data collected, data confidentiality, including details of backup procedures, password protection, encryption, anonymisation and pseudonymisation:

	
	People will not participate as a data source in this study.

Data will be stored on secure DSTL systems until approved for release to the university. 




	
	Data Protection

	
	Will the research activity involve any of the following activities:
	YES
	NO

	13
	Electronic transfer of data in any form?
	☐
	☒

	14
	Sharing of data with others at the University outside of the immediate research team?
	☐
	☒

	15
	Sharing of data with other organisations?
	☐
	☒

	16
	Export of data outside the UK or importing of data from outside the UK?
	☐
	☒

	17
	Use of personal addresses, postcodes, faxes, emails or telephone numbers?
	☐
	☒

	18
	Publication of data that might allow identification of individuals?
	☐
	☒

	19
	If YES to any question, please provide full details, explaining how this will be conducted in accordance with the GDPR and Data Protection Act (2018) (and/or any international equivalent):

	
	
N/A


	20
	List all who will have access to the data generated by the research activity:

	
	DSTL (All Data)
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(a) centrifugal mixer (b) working principle
Figure 1. Schematic diagram for the centrifugal mixer.

During centrifugal mixing, the slurry flow motion is down the walls of the container and up
the middle. The schematic diagram of material state at different mixing times is shown in figure
2.
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(a) Initial state (b) Mixingfor 30 s (c¢) Mixingfor 1min  (d) Mixing for 3 min

Figure 2. Material states at different mixing times.
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