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[bookmark: _Toc204332912]Abstract
This report details the work undertaken in investigating new blastpipe insulation materials for use in Motor-A and future projects. This project comes from concerns over the obsolescence of phenolic resins and a need to identify materials useable on future motor designs. A literature search focused on the insulation materials used in the nozzles of solid rocket boosters used for space launch systems was conducted. Small scale chemical, mechanical, and thermal testing results and the methodologies used to achieve these are included. A heavy-weight blastpipe design is discussed as a method of reducing the risk of firing motors which use new insulation materials. Selection of a suitable test vehicle and propellant is presented as part of the heavy-weight blastpipe assembly design process.
Literature search found that carbon phenolic composites and carbon-carbon composites are the most common nozzle insulation materials for space launch vehicles. Small scale testing of non-phenolic composite materials found all to be chemically compatible with composite propellant and only half of them to be compatible with cast double base propellant. The most suitable method to test blastpipe insulation materials at Roxel UK is using the generic test vehicle with a heavy-weight blastpipe.

 



[bookmark: _Toc204332913]Definitions, Abbreviations, and Acronyms
	Term
	Definition

	Al
	Aluminium

	AP
	Ammonium Perchlorate

	ATACMS
	Army Tactical Missile System

	CAD
	Competent Authority Document

	CDB
	Cast Double Base

	CMR
	Carcinogenic, Mutagenic, Reprotoxic

	CoRAP
	Community Rolling Action Plan

	CTE
	Coefficient of Thermal Expansion

	DMTA
	Dynamic Mechanical Thermal Analysis

	DOSR
	Defence Ordnance, Munitions, and Explosives Safety Regulator

	EPDM
	Ethylene Propylene Diene Terpolymer

	ETV
	Erosion Test Vehicle

	GTV
	Generic Test Vehicle

	HPLC
	High Performance Liquid Chromatography

	HSE
	Health and Safety Executive

	HTPB
	Hydroxyl Terminated Polybutadiene

	HW
	Heavyweight

	JANNAF
	Joint Army, Navy, NASA, Air Force

	LW
	Lightweight

	MOQ
	Minimum Order Quantity

	OME
	Ordnance, Munitions, and Explosives

	PB
	Polybutadiene

	PBAN
	Polybutadiene Acrylonitrile

	RAM
	Resonant Acoustic Mixing

	REACH
	Registration, Evaluation, Authorisation, and Restriction of Chemicals

	SHE
	Safety, Health, and Environment 

	SLS
	Space Launch System

	SoW
	Statement of Work

	SRB
	Solid Rocket Booster

	SRG
	Safety Review Group

	UWTSD
	University of Wales Trinity Saint David

	VCA
	Vehicle Certification Agency

	WBP
	Work Based Project

	WF
	Wyre Forest

	WPR
	Works Purchase Request




[bookmark: _Toc204332914]Task Background
This report details the Work-Based Project (WBP) the author undertook on behalf of the University of Wales Trinity Saint David (UWTSD) and their organisation, Roxel UK. 
This project is funded by Roxel UK, and thus the requirements are in-line with their interests. Programme schedules have been designed to fit the funding schedule laid out by Roxel UK. As this report is being produced for UWTSD in the middle of the Roxel UK programme, much of the programme is out of scope. Activities that are included within the Roxel UK programme, but not this report, will be mentioned as recommendations for further work.
The author is undertaking a Batchelor of Science (Hons) degree in Ordnance, Munitions, and Explosives (OME) at UWTSD. This report serves as part of their End Point Assessment (EPA). 
The author submitted a project proposal to UWTSD in June 2024 that detailed the aims, objectives, background information, the work to be undertaken, and a schedule [1]. Information from the project proposal will only be repeated when relevant to the readability of this document. 
As some data is Roxel UK proprietary information, data may be censored or omitted. In such instances, it will be indicated in the text. Names of rocket motor designs, insulation materials, propellant formulations, and suppliers will likewise be censored, and will be given specific designators instead.
Roxel UK documents contain proprietary information and are not available for public viewing. Reference will still be made to these in relevant sections. To request permission to view these documents, please contact the author at peter.down@roxelgroup.uk.com or enquire on the Roxel Group website. 
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[bookmark: _Toc204332916]Introduction to Rocket Motor-Blastpipes
Rocket motors, also known as motors, are systems that produce thrust, often with the intent to deliver a payload mass. Rocket propulsion is a type of jet propulsion, thus working on the principle of producing thrust by ejecting mass in the direction opposite to the direction of travel. Motors are used primarily in the defence and space industries. 
Thrust is achieved using a convergent-divergent nozzle design, see Figure 1.  
[image: ]
Convergent-divergent nozzle Configuration [2]
Unlike rocket engines, rocket motors use solid propellants. These are combusted to create a high pressure and temperature within the combustion chamber. Combustion products, usually gaseous, are compressed by the shape of the convergent region of the nozzle and then accelerated by the shape of the divergent section. The area of minimum diameter within the nozzle is interchangeably called the throat or choke. 
Some motors extend the nozzle by including a straight section between the convergent and divergent sections called the blastpipe (sometimes called blast tube). Figure 2 shows the aft end of a motor with a blastpipe.
[image: ]
Blastpipe configuration at the aft end of a motor [3]
In this document, the following terms will be used: aft closure will refer to the convergent section at the end of the combustion chamber; blastpipe will refer to the parallel section; choke or throat will refer to the section of minimum diameter prior to the nozzle; and nozzle will refer to the divergent section at the aft of the motor. All these components together will be referred to as the blastpipe assembly. 
The primary purpose of blastpipes within the Defence industry is to allow space for other components at the aft of the missile such as actuators for fins, Thrust Vector Control (TVC) units, or other missile electronics.
The inside of the blastpipe assembly must be insulated. Exhaust gases passing through these components generally range between 2500°C and 3500°C and are very erosive due to high pressures and mass flow rates. Insulation must protect the assembly sufficiently to prevent damage to components mounted around it or to the vehicle as a whole. 
The temperature gradient decreases from the forward to the aft of the blastpipe assembly. Heat flux however is greater in the aft closure and the choke as their surface areas are large relative to their masses. Pressure is at its maximum within the choke, although every component forward of the choke also experiences a high pressure. Erosion largely corresponds to areas of high pressure. 
[bookmark: _Toc204332917]Introduction to Propellants
There are two principal categories of Propellant at Roxel UK: Cast Double Base propellant (CDB) and composite propellant. CDB consists of a nitrocellulose and nitro-glycerine base with other ingredients such as ballistic modifiers and stabilisers. Composite propellants consist of a polymer binder and fuel mixed with an oxidiser, most commonly ammonium perchlorate. Aluminium can be added to increase the energy of the propellant. These propellants behave differently, including with their decomposition reactions and the materials they are compatible with.
[bookmark: _Toc204332918]Project Background
[bookmark: _Toc204332919]Future Requirements
[bookmark: _GoBack]In light of recent conflicts, there is potential for rocket motors to be needed that can achieve longer ranges or carry heavier payloads. These goals are primarily achieved by increasing the propellant mass or using a higher energy propellant. Both solutions require insulation materials that are more robust than the materials currently used by Roxel UK. Insulation materials used in a large motor would need to better resist thermal, mechanical, and erosive conditions while being compatible with propellants.
[bookmark: _Toc204332920]Obsolesence
The rigid insulation used on most modern motors is a composite material comprised of a fibre mesh and a resin matrix. Fibres used are typically silica, carbon, or glass. Resins used are typically phenolic, epoxy, polyimide, cyanate ester, or silicone. Phenolic resins have been extensively used in the blastpipe insulation application as they have good mechanical properties, thermal properties, chemical properties, and are easy to bond. 
Phenolic resins are made using phenol and formaldehyde. Phenol acts as the base molecule for the resin while formaldehyde is the cross-linking agent. Phenolic resins with higher formaldehyde content are known as resol resins and those with higher phenol content are known as novolac resins.
The primary cause of obsolescence in phenolic resin materials is their Carcinogenic, Mutagenic, Reprotoxic (CMR) classification. Many European suppliers are declaring CMR 1A/B materials as obsolete due to internal health and safety measures imposed through unions. Incoming legislation – Entry 77 of Annex XVII to EU Registration, Evaluation, Authorisation, and Restriction of Chemicals (REACH) [4] – adds restrictions to the release of formaldehyde from articles. Both phenol and formaldehyde are included in the Community Rolling Action Plan (CoRAP) under EU REACH. This means that these materials are being monitored to determine their environmental impact and safety. 
This has led to concerns that phenolic resins might become obsolete, therefore cannot be relied upon for all future blastpipe designs.
[bookmark: _Toc204332921]The Project Task
Material 3 which is used in Motor-A is known to be obsolete. The goal of this project was to identify materials of interest for replacing Material 3 which could also be used in future motor designs. A preference for UK supplied materials that are easy to manufacture was also expressed. The project was intended to culminate with a motor firing to demonstrate the suitability of the most promising insulation material. A motor was made available for use on this programme. Investigation of phenolic composites was discouraged due to obsolescence concerns, but not outright instructed against. 


[bookmark: _Toc204332922]Review of Literature
A review of literature was conducted at the start of this programme to understand what materials were in use within large rocket motors and to form the direction of the programme. This review focused on motor rigid insulation in use within industry as that provided the most direct comparison to the intended application. It demonstrated that those materials were suitable for use in high temperature and high erosion environments.
Due to classification, little information is available for materials used within missile or tactical rocket motors. The available data is for historic designs only, which are outdated and obsolete. Therefore, except where explicitly stated, all information below comes from space applications. Much information from the space industry about rigid insulation materials has not been released for modern vehicles for commercial reasons.
[bookmark: _Toc204332923]Currently Used Materials
A selection of modern Solid Rocket Boosters (SRB) were chosen. These were selected based on the author’s knowledge of modern SRBs that have been demonstrated to work and have been used for several successful rocket launches. These are the Space Launch System (SLS) SRBs, P241 as used on the Ariane 5, P120C as used on the Ariane 6, GEM 63XL as used on the Vulcan, Minotaur V, and the P80 as used on the Vega. Table 1 shows some properties of these rockets.
	System Name
	SRB Name
	Propellant Mass (kg)
	Motor-Burn Duration (s)
	Propellant-Composition
	Chamber Pressure (MPa)

	SLS
	SLS SRB
	626,411 [5]
	126 [5]
	PBAN /Ammonium Perchlorate (AP)/Aluminium (Al) [5]
	3.94 [6]

	Ariane 5
	P241
	238,000 [7]
	130 [8]
	Polybutadiene (PB)/AP/Al [8]
	6.40 [7]

	Ariane 6
	P120C
	141,000 [9]
	132.8 [9]
	Hydroxyl Terminated Polybutadiene (HTPB)/AP/Al [10]
	Unknown

	Vulcan
	GEM 63XL
	48,000 [11]
	87.3 [11]
	HTPB/AP/Al [12]
	Unknown

	Vega
	P80
	88,000 [13]
	114 [13]
	HTPB/AP/Al [14]
	9.50 [15]


1. Basic properties of SRBs
An example of a large tactical rocket motor is the motor used on the MGM-140/-164/-168 Army Tactical Missile System (ATACMS). The propellant weight can be roughly estimated. Block 1 ATACMS has a mass of 1673kg and a warhead mass of 560kg [16]. This leaves 1113kg for the rocket motor and sections containing other components such as seekers and electronics. Assuming a 60/40 propellant to dry mass ratio, the propellant mass in an ATACMS missile is approximately 668kg. 
Like Motor-A, the above examples all use composite propellant formulations. The operating pressures for the above examples tend to be lower than tactical rocket motor operating pressures. This means the above examples likely have a lower heat flux. Despite this, the thermal environment is intense as the burn duration is significantly longer than in tactical motors. 
The mass flow rates of SLS SRB, P241, P120C, GEM 63XL, and P80 can approximately be calculated by dividing the propellant mass by the burn duration. This gives the following mass flow rates respectively: 4972kgs-1, 1831kgs-1, 1062kgs-1, 550kgs-1, and 772kgs-1. These very high mass flow rates are significantly greater than those seen in tactical motors. Erosion is therefore likely to affect these motors far more than it affects tactical motors. 
Despite these differences, materials that can withstand the operating conditions of the examples given are likely to be suitable for application within tactical motors as well. Although in some respects the environment they are in is more extreme, this is compensated for by a comparatively short burn duration. 
The information known on each of these SRBs is as follows:
· Information on the SRBs used on SLS is limited, however they are a development of those used on the Space Shuttle. For the latter, a 1372mm diameter throat was used which consisted of seven sub-assemblies: nose inlet, throat inlet, flexible bearing, cowl, fixed housing, forward exit cone, and aft exit cone [17].  Within this assembly, the housing ablative liner was comprised of carbon cloth phenolic, the structural over-wrap was carbon cloth phenolic also, and the boot and protector rings were made of glass cloth phenolic [17]. 
· The nozzle of P241 uses a Sepcarb throat. Sepcarb is a carbon-carbon composite material produced by Airbus Safran Launchers [8]. The nozzle uses a phenolic composite across the rest of the nozzle; however, the fibre material is not stated except for the divergent section which consists of carbon phenolic [8].
· Specific information on the exact materials used within the P120C nozzle construction are not available, however it is known that carbon-carbon materials are part of the insulation system [18].
· The GEM 63XL motor uses a carbon phenolic material within its nozzle design. The source for this information implies that all components within the nozzle assembly including the throat are made from this material [19]. 
· The P80 engine uses composite materials and a carbon phenolic in a structural role [20]. 
The most common materials used in the nozzle assemblies of these SRBs are carbon phenolic and carbon-carbon composites. The latter of these is indicated in one source to be a more expensive material than carbon phenolic, but higher performing [19]. This suggests it might be better suited as a material for throat inserts. Glass phenolic was also used in some areas of the SLS SRB. 
[bookmark: _Toc204332924]Review of Roxel Documentation
Significant work has previously been completed at Roxel UK to identify suitable insulation materials. This was initiated when suppliers decided to withdraw from manufacture of asbestos phenolic materials in 1995. A programme of work looking at 44 materials to replace it was conducted. It concluded that none of the materials were suitable to replace asbestos phenolics in all applications and specific materials would need to be chosen for specific applications [21]. All of the proposed replacement materials within this programme were phenolic resin based.
In 2021/2022 the insulation material used in Motor-A was replaced for obsolescence reasons. Material-A and Material-B were both replaced by Material-C. Extensive testing of Material-A, Material-B, Material-C, and Material-D was done. Material-D was a potential alternative to Material-C in this programme. Both Material-C and Material-D were phenolic resin based [22]. Testing included bond strength testing, tensile testing, density testing, Coefficient of Thermal Expansion (CTE) testing, thermal conductivity testing, specific heat capacity testing, pressure testing, Finite Element Analysis (FEA) structural analysis, test firings, and post-firing inspection. The outcome of this programme was that Material-C was downselected. 
Material-C then went through further testing to qualify it for use in the Motor-A blastpipe. This included a comparison of blastpipe masses, seal bonding assessments, revalidation of reserve factors, structural pressure testing, motor firings, and post-firing inspection [23]. 



[bookmark: _Toc204332925]Procurement
The technical data for Material-A, Material-B, and Material-C was used to create a list of requirements that slightly surpassed these materials. These were compiled into a Statement of Work (SoW) which was sent to suppliers [24]. This document aimed to provide context to the project, specify the technical requirements of candidate materials, and outline the samples needed for small-scale testing. The technical requirements given were for density, shear strength, tensile strength, elastic modulus, thermal diffusivity, CTE, and specific heat capacity. 
Based on the intended testing, samples were requested for oxyacetylene torch testing, Dynamic Mechanical Thermal Analysis (DMTA), and tensile testing. Roxel UK drawings [25] and [26] were given for the oxyacetylene torch and tensile samples respectively. Simple dimensions were provided for the DMTA samples. 
The SoW was sent to seven suppliers: Supplier-A, Supplier-B, Supplier-C, Supplier-D, Supplier-E, Supplier-F, and Supplier-G. These businesses all are involved with the manufacture of composite materials. Ceramic materials were not pursued for this project due to the advantages of using materials that were well understood within this application and easily available. Additionally, it can be difficult to determine whether cracking in ceramics occurred during firing or not due to the likelihood of cool-down cracking. This inherently requires an acceptance of risk when using ceramics in this application. 
No response was received from Supplier-F nor Supplier-E. Supplier-C and Supplier-D both initially expressed interest and meetings were held, however neither business submitted a quotation. Supplier-G provided a quotation for two different materials they considered to meet the requirements, however a Minimum Order Quantity (MOQ) of 80 m2 per sheet was given. As only a small quantity of material was needed, this option was too high cost. Supplier-A and Supplier-B both provided quotations against the SoW. 
Supplier-A quoted for four materials: Material-E, Material-F, Material-G, and Material-H. No alterations to the SoW were requested and the samples were procured to specification. Material datasheets were provided for Material-E, Material-F, and Material-G. Material-H was still in development at the time of procurement, so no datasheet was provided. 
The SoW was up-issued to incorporate changes proposed by Supplier-B. As samples were manufactured from a sheet of material, a separate sheet had to be made to accommodate samples of another thickness. In conjunction with the realisation that the tensile samples already procured were too thick to test, the thickness of all three samples was changed to 3mm. Additionally, it was realised that hoop testing samples would provide very useful information and they were added to the SoW. Issue 2 of the SoW was sent to Supplier-B. 
The tensile samples already procured were sent to be machined down to 3mm thickness by Supplier-H. Supplier-A was sent a Works Purchase Request (WPR) to procure hoop test samples in Material-E, Material-F, Material-G, and Material-H.
Supplier-B quoted for eight materials. The decision was made to not procure any phenolic composite materials due to concerns regarding obsolescence, so only Material-J was procured. This had not been received at time of writing and thus no testing has taken place on it.
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[bookmark: _Toc204332928]10% Admixture: Cast Double Base Propellant
Compatibility of insulation materials with propellants is important to prevent chemical changes that may affect the performance, reliability, and safety of the motor. Compatibility is a measure of how reactive two materials are together. This is a requirement for rigid insulation materials as they have a gas path to the propellant. 
The most suitable compatibility test for the materials under test was 10% admixture testing in accordance with STANAG 4147 [27]. This test consists of storing a mixture of propellant and sample in a 9:1 ratio at an elevated temperature. The percentage of stabiliser remaining in the sample is analysed. A control sample of propellant is run in parallel. The percentage stabiliser remaining is compared between the initial amount in the propellant sample, the amount in the control test, and the amount in the admixture test. Each test is carried out in duplicate.
Both the propellant sample and the material sample are chopped to a sample size of less than 2mm length. 5g of propellant is added to a glass heating tube for the control sample and a stopper is fitted. 5g of propellant and 0.5g of test material is added to another glass heating tube for the admixture sample and a stopper is fitted. The samples are stored at a pre-determined temperature for 14 days.
Analysis of the propellant is carried out using High Performance Liquid Chromatography (HPLC) to determine the residual stabiliser. Materials are considered to be compatible with CDB propellants when the decrease in stabiliser content does not exceed 1.5 times that of the control sample. Mathematically, this is expressed as:

Equation 1 – Required depletion factor of CDB propellants
Where:
1. A is the stabiliser in the fresh propellant sample.
2. B is the stabiliser in the admixture sample.
3. C is the stabiliser in the control sample.
HPLC testing of stabiliser levels provided results for the two main stabilisers in CDB propellant. Stabiliser 1 reacts quickly with products of decomposition, whereas Stabiliser 2 reacts slowly. Resultingly, Stabiliser 1 levels diminish at significantly higher rates than those for Stabiliser 2. Stabiliser 2 levels only start to diminish at significant rate once Stabiliser 1 has been fully depleted. HPLC testing measures the levels of both, however in most cases, only the levels of Stabiliser 1 are relevant to determining compatibility of materials.  
[bookmark: _Toc204332929]10% Admixture: Composite Propellant
10% admixture compatibility test for composite propellant follows the same process as for CDB. Rather than stabiliser depletion being measured, the soluble fraction and the antioxidant levels are measured. These change as the propellant decomposes over time, and thus cause changes to the properties of the propellant. 
A specific pass threshold is not given for soluble fraction and antioxidant levels. Instead, a technical expert, such as a propellant chemist, evaluates the changes within the admixture sample from fresh and against the control sample and decides whether the changes are sufficient to make the material incompatible. 
[bookmark: _Toc204332930]Tensile Testing
Rigid insulation materials must have high tensile strengths to avoid failure during motor operation. A significant tensile force is applied longitudinally along the blastpipe and also on the outside surface of the insulation hoop. 


Joint Army, Navy, NASA, Air Force (JANNAF) C samples, also known as dogbones, are a standardised tensile testing sample. Figure 3 shows a JANNAF C ‘dogbone’ sample.  
[image: ]
JANNAF C ‘dogbone’ sample [28]
As discussed in Section 6, tensile samples were initially procured with these exact dimensions but were then machined to 3mm thickness instead of 12.7mm thickness. This was because 12.7mm thick rigid insulation material would likely be beyond the capability of the tensile testing equipment Roxel UK have. The maximum pull strength Roxel UK equipment is capable of is 100kN.
A total of 12 samples each for Material-E, Material-F, Material-G, and Material-H were procured. Of these, four are tested at cold temperature, four are tested at ambient temperatures, and four are tested at hot temperatures. The specific temperatures cannot be stated for confidentiality reasons as these are based on the maximum and minimum operating temperatures of Motor-A. 
Materials are conditioned at +20°C and 55% humidity overnight prior to the test. They are then loaded onto the tensile testing machine which has a conditioning chamber attached. They are conditioned to the required temperature for 30 minutes prior to starting the test. The sample is held by its ‘shoulders’ – the radius. Once the test starts, the cross-heads begin to move apart at a set rate. 
This test provides the following information. The stress at maximum load is the maximum tensile stress the material can reach prior to failure. The nominal strain energy at rupture is the strain based on the cross sectional area of the sample. The cross sectional area is measured before the test starts. Stress and strain are measured throughout the test, meaning a modulus can be calculated. Stress is measured by sensors on the cross heads, however a non-contact extensometer is also used to track the distance moved by dots on the surface of the sample.
A downside of using dogbone sample is that significant stress is applier to the shoulders of the sample. This could potentially cause cracking. Dogbone samples often fail at either the top or bottom rather than in the middle, indicating the stress at maximum load may actually be greater than the test shows. JANNAF A samples provide more accurate results, but involve greater effort and cost to test. 
[bookmark: _Hlk204173164][bookmark: _Toc204332931]Dynamic Mechanical Thermal Analysis
DMTA can be used to find several key material properties. The storage modulus relates to the solid-like behaviour of a material. The greater the storage modulus, the stronger the material. It can also indicate a higher cross-linking density in polymers. The loss modulus relates to a material’s viscous behaviour. A low loss modulus indicates the material is more solid and less energy is lost when the material undergoes mechanical change. The damping factor is the ratio of loss modulus to storage modulus of a material and indicates the delay a material has to mechanical stress. The glass transition point is the temperature at which the material goes from a brittle glass state to a rubbery state.
The DMTA sample consists of a 60x10x3mm sample, that is held at one end to form a cantilever. The other end rests on a pin that oscillates at a set frequency. This test setup is within a chamber that can be heated and cooled. 
For this project, a level 2 DMTA was requested. This means at every 5°C interval between -100°C and +100°C a range of frequencies are tested to determine the response of the material. 
[bookmark: _Toc204332932]

Hoop Strength Testing
Many blastpipe designs use a thin metal casing that relies on the rigid insulation to provide mechanical strength. The hoop stress is the stress caused by the exhaust gases pushing out in all directions on the inside of the insulation. Data on hoop strength can be gathered by performing a hoop strength test. The hoop strength test was developed by Roxel UK. 
Dummy samples used for calibration and verification of the test setup are stored in dry, sealed containers to prevent moisture ingress that could alter their mechanical properties. The equipment is first calibrated using the aluminium dummy sample. This has strain gauges placed around it and is taken up to 5kN, but not to failure. By measuring the modulus and Poisson’s ratio the strain gauge amplifier setup can be confirmed to be working. The 3D printed plastic dummy sample is then tested to failure. This confirms the equipment, data capture, and control software are all working as intended. It also provides data that can be compared to previous plastic dummy samples that further builds confidence in results. By performing this calibration and test on dummy samples, the risk of faulty equipment or faulty data recording is minimised for the actual test sample. This is important as these test samples are often expensive. 
Samples are visually inspected to ensure they are free from dust, notches, and surface defects. They are labelled for ease of identification. Samples are conditioned to 20 ± 2°C overnight. After conditioning, samples should be measured in four positions 90° apart for thickness and height and averages calculated. The inner diameter is to be measured in two positions also.
After turning on the tensile testing machine and leaving them to warm up for 15 minutes, the load cell must be calibrated. The hoop test assembly is then assembled. A rubber bung is placed into a base part. The sample is then placed around the rubber bung. Spacers are screwed into the base and then the upper support ring is placed on top. This ensures it is not resting on top of the sample. Bolts are inserted through both the upper support ring and the base to connect them together. The sample should be free to rotate. The whole assembly is then placed into the tensile testing machine and the crosshead is lowered to just above the rubber bung. The test is then started. The tensile test machine pushes the upper load applicator which compresses the rubber bung causing it to expand into the gap the sample occupies. This provides an equal application of pressure on the inside of the sample. The test continues until the test piece fails.
This test provides several important pieces of information. The load vs extension values allow the strain properties of the material to be understood. The maximum hoop strength allows designers to know the hoop failure pressure for the material within the blastpipe. The failure mode in which the material failed provides information about the material as well. A complete hoop failure is when the material cleanly breaks at one point. An outer surface failure is when the inner surface retains its structure, but the fibre layers within the material split on the outer surface due to the increased tension in this area. An interlaminate shear failure is when the material splits between layers of composite fibre.
[bookmark: _Toc204332933]Oxyacetylene Torch Testing
In addition to chemical and mechanical testing, thermal testing is also required to understand the suitability of rigid insulation materials for the blastpipe application. A simple test that can be used for this is the oxyacetylene torch test. The test standard used is Roxel UK specific, however it is derived from ASTM E285. 
Roxel UK’s method differs from ASTM E285 [29]. The primary methodological difference is that the oxyacetylene torch is hand-held rather than in a test rig. This limitation is in place as there has only been limited funding for setting up this test. As it is only used as a comparative test, this limitation was considered acceptable. The sample shapes and sizes differ too. ASTM E285 specifies samples should be a square and flat panel with sides 101.6 +0.0, -0.71mm long and a thickness of 6.35 ± 0.41mm [30]. Roxel instead use a 45 ± 1mm diameter circular sample of 2.5 ± 0.3mm thickness, commonly referred to as a button sample. 
The button sample is held in a stand by three prongs. By holding it in this way minimal heat is conducted from the test sample to the stand. A thermocouple is attached to the rear centre of the sample which measures time of arrival and the temperature change throughout the test. An oxyacetylene torch is held by hand approximately 19mm away and the torch is kept orthogonal to the sample face.  
By performing this test several parameters can be learnt. By dividing the original thickness by the time to burn, the erosion rate of the material can be determined. The insulating effectiveness is determined from the back-face temperature measurements. The insulation index numbers are computed by dividing the times for temperature changes of 80°C, 180°C and 380°C from the initial ambient temperature by the original thickness. The insulation to density performance is calculated by dividing the insulation index by the density of the test piece. 
This test provides comparative data for thermal performance. It is representative of the rocket motor environment as the flame temperature of the oxyacetylene torch is slightly greater than the flame temperature of composite propellants. The gas velocity in this test is 210ms-1 which is lower than in many motor designs, but it is also orthogonal to the test piece. Motor blastpipe assemblies also diffuse more heat due to their greater mass.



[bookmark: _Toc204332934]Small Scale Testing Results
[bookmark: _Toc204332935]Compatibility Testing
[bookmark: _Toc204332936]Compatibility with CDB Propellant
Material-E, Material-F, Material-G, and Material-H were tested for compatibility with CDB propellant using 10% admixture testing. Raw compatibility data can be found in Appendix A. Material-F and Material-H had depletion factors of 1.2 and 1.1 respectively meaning they were fully compatible with CDB propellant. Material-E and Material-G had depletion factors of 1.6 and 1.7 respectively meaning they were not compatible with CDB propellant. 
The pass threshold of a 1.5 depletion factor maximum is applied across materials used in all applications. This includes applications that are in direct contact with the propellant charge which is where reactivity between the material and propellant is greatest. By contrast, rigid insulation materials tend not to be in contact with the propellant, but there often is a gas path to them. Furthermore, the test method for 10% admixture testing involves cutting material down to a small size, where surface area is large with respect to the material mass. This greatly increases the reactivity of materials, and the method is unrepresentative of actual contact within a motor. 
Resultingly, Material-E and Material-G will not be removed from consideration due to failing to pass the 1.5 maximum depletion factor on this test. A design review might find these materials to be suitable for use in some motor designs and further testing would be done to demonstrate suitability.  
[bookmark: _Toc204332937]Compatibility with Composite Propellant
There is not a specific pass threshold for compatibility of a material with composite propellant. Results are instead reviewed by a propellant chemist and the differences between the initial, control, and admixture tests compared. If an admixture result is significantly different in the levels of either soluble fraction or antioxidant then it indicates the materials may be reactive and therefore incompatible. This difference in approach is due to inherent variability of the antioxidant within composite propellants.
Material-F, Material-G, and Material-H all showed little change between the control and admixture samples, and the change from the initial sample was as expected. Material-E had a soluble fraction that was greater than both the initial and control samples. By comparing to previous test results this result was considered to be due to natural variation. Therefore, none of the test materials demonstrated incompatibility with composite propellant.  
[bookmark: _Toc204332938]Tensile Testing and DMTA
Tensile testing and DMTA samples have been procured for Material-E, Material-F, Material-G, and Material-H.
Due to ongoing production demands, the results of these tests are not available at time of writing. Thus, these results are beyond the scope of this report. 
[bookmark: _Toc204332939]Hoop Strength Testing
Hoop strength testing samples have been procured for Material-E, Material-F, Material-G, and Material-H.
As the requirement for hoop testing within this programme was only added at the second issue of the SoW, samples have not arrived at time of writing. This means that the results for these tests are beyond the scope of this report.
[bookmark: _Toc204332940]Oxyacetylene Torch Testing
Oxyacetylene torch testing samples for Material-E, Material-F, Material-G, and Material-H have been procured.
Oxyacetylene torch testing results are out of scope for this report because no personnel at Roxel UK had the required training to perform this test. The training requirements set out by the Safety, Health, and Environment (SHE) department were updated requiring personnel to be sent on additional training. Therefore, during the programme thus far, there have been no available personnel able to complete this test.
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The primary objective of the programme was to fire a motor using a new insulation material. Motor-C is a variation of Motor-A created under a research project which uses a different but similar propellant – Propellant-E. One Motor-C was provided for this purpose, although there were drawbacks to using it for this programme.
As this motor was the only one made available, no statistical analysis would be possible on the results. It would be impossible to know whether data was typical or outlying. Another drawback is that this motor was produced under a propellant research programme. The condition it was in was unknown, nor whether it had an igniter fitted, and evidence about motor performance had not been gathered yet so any differences between it and Motor-A would not be possible to know. These factors would affect the programme schedule and the usefulness of results significantly. 
A further drawback was the risk of firing this motor with a Light-Weight (LW) blastpipe assembly. The LW blastpipe assembly consist of a thin metal shell lined with rigid insulation and relies upon the latter for structural strength and thermal protection. Seeing as prior to firing, the only data available would be small scale chemical, mechanical, and thermal data, it would be difficult to predict the material behaviour within the blastpipe environment. Roxel UK does not have the experience modelling composite materials to make up for this.
Firing the available motor with a lightweight blastpipe assembly runs the risk of the trial failing, potentially leading to the loss of equipment and data. As there would be only one firing on this course of action, this would be a major setback to this programme. 
The decision was made to investigate the use of other test vehicles and to design a Heavy-Weight (HW) blastpipe assembly. Two other test vehicles were available: The Erosion Test Vehicle (ETV) and the Generic Test Vehicle (GTV). Both of these are significantly different to the available motor and Motor-C and their comparative advantages and disadvantages will be discussed further. A HW blastpipe assembly consists of a thicker shell to make it more robust, and a known and predictable failure mechanism built in. This would have to be made to fit the specific test vehicle chosen. 
[bookmark: _Toc204332943]Test Vehicles
Motor-C could be used but with a HW blastpipe assembly fitted. The HW blastpipe assembly would reduce the likelihood of trial failure and loss of equipment and data. If the trial did still fail, it would fail in a predictable way that would protect the equipment and retain the data. The disadvantages imposed by only having one motor available would still be present. The HW blastpipe assembly would be designed to retain the same inside dimensions as the LW blastpipe assembly. This ensures the motor performance would be same as for other firings of Motor-C. The choke would be designed to fail at a predictable reserve factor above the operating pressure. 
Roxel UK have two firing ranges: one on the Summerfield site, and one in the Wyre Forest (WF). The WF range is used for firing motors with a larger propellant mass or those at higher risk. Some motors such as Motor-C would need to be fired at the WF range. This necessitates transport by road. In the UK, a Competent Authority Document (CAD) is needed for transportation of dangerous goods, and packaging must be authorised by the Vehicle Certification Agency (VCA). It is believed that Motor-C with a HW blastpipe assembly could be designed to fit in the same packaging as Motor-A, however the CAD would not apply to it. To use this vehicle, an amendment to the CAD would need to be issued by either the Health and Safety Executive (HSE) or the Defence Ordnance, Munitions, and Explosives (OME) Safety Regulator (DOSR) which would likely take three to six months. This means a firing of Motor-C is not within scope of this programme. 
The ETV is approximately half the size of Motor-C. It is possible it could be fired at the Summerfield range; however, it would have to go through a Safety Review Group (SRG) process before this is confirmed. If the SRG concluded that ETV firings must be done at the WF range, a full CAD application would need to be made. This would include providing several motors for destructive testing. A slotted radial charge is the only type available for this vehicle, and only the CDB propellants could be used. If a HW blastpipe assembly was designed for this vehicle it would be useful to a variety of research projects. Despite that, it is not ideal for a lot of research projects as the charge is still quite large and the cost of firing an ETV is greater than other alternatives. 


The GTV is a small modular vehicle that can be used for firing either end-burning charges or radial charges, although the latter is only available for CDB propellants. This vehicle can be fired on the Summerfield range. As the charges are also manufactured on the Summerfield site, transportation is not a concern. The charges typically are small and cheap to produce. An advantage of using GTV is that many firings could be conducted at low cost. The cost of HW blastpipe assembly manufacture would likely also be lower due to its smaller size on this vehicle. 
[bookmark: _Toc204332944]Available Propellants
Five propellants are available for use on this programme: Propellant-A, Propellant-B, Propellant-C, Propellant-D, and Propellant-E. As Propellant-E is specific to Motor-C, it will not be taken into consideration for use in the ETV or GTV. Propellant-A and Propellant-B are composite formulations whereas Propellant-C and Propellant-D are CDB formulations. 
Figure 4 shows the relative burn rates of these propellants across a pressure range. 
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Burn rate for a given chamber pressure
Both CDB propellants have greater burn rates than either composite propellant. This is useful information to know when selecting which propellant to use in which vehicle as higher burn rate propellants will achieve a higher pressure for the same choke diameter. Thus, higher burn rate propellants can use larger choke diameters to achieve a desired pressure which improves the safety of the design. This can be seen in Figure 5.
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Choke diameter needed to achieve chamber pressure
Figure 4 and Figure 5 have had their axes removed due to confidentiality of the information contained within it. The graphs are displayed to show the relative properties of each propellant.
The values for choke diameter in Figure 5 were calculated using Equation 2.

Equation 2 – Equation for calculating choke cross-sectional area
Where:
1. P is the chamber pressure.
2.  is the propellant surface area.
3.  is the propellant density.
4.  is the propellant burn rate.
5.  is the characteristic velocity.
6.  is the throat cross-sectional area.
The cross-sectional area of the throat can then be used to calculate the diameter of the throat/choke, see Equation 3.

Equation 3 – Equation for calculating choke diameter
Where:
1.  is the throat diameter.
2.  is the throat cross-sectional area.
[bookmark: _Toc204332945]Propellant Selection
Matching the pressure of Motor-A was considered to be the most important ballistic property to meet with all the test vehicles. This is due to the importance of measuring the heat flux and ensuring that the insulation experiences representative mechanical stresses. Mass flow rate would not be representative as the charge in both the ETV and GTV are much smaller than the charge in Motor-A. The only way to make mass flow rate representative is to tune the HW blastpipe assembly to make the burn duration shorter, which would compromise the representativeness of pressure and mechanical stresses.
Equation 2 and Equation 3 were used to calculate the properties of the necessary HW blastpipe assembly for each propellant in each configuration for both the ETV and GTV. The values gathered for this cannot be included in this report as they use confidential information. Instead, the conclusions will be reported here. 
[bookmark: _Toc204332946]ETV
The casting equipment for the ETV charge is only for CDB propellants, in this case Propellant-C or Propellant-D. Calculating the blastpipe properties showed Propellant-D to be more suitable for this vehicle because of its slower burn rate. 
To maintain the pressure required, the mass flow rate, burn duration, flame temperature and choke diameter are smaller than those in Motor-A. Mechanical stresses would be similar due to the pressure, although slightly affected by the shorter burn duration. The thermal stresses would be slightly lower due to the reduced flame temperature of CDB propellants and shorter burn duration. The erosion would be significantly less than in Motor-A due to the much lower mass flow rate. The choke diameter needed to achieve this is large enough that blockages from ejected insulation material would not be a concern. 
[bookmark: _Toc204332947]GTV
The GTV charge can be cast as an end-burning charge, with which Propellant-A, Propellant-B, Propellant-C, and Propellant-D would be useable. It can also be cast as a radial charge, for which Propellant-C and Propellant-D are suitable. 
Calculations for both radial charges showed that the web thickness of the charge was too small to get a sufficiently representative burn duration. Resultingly, an end-burning charge would need to be used for GTV to get the required pressure and burn duration. Both Propellant-A and Propellant-B had too low a burn rate to achieve the pressure and burn duration without making the choke diameter very small. Likewise, for an end-burning charge, Propellant-D could not achieve the required pressure without a small choke diameter. Propellant-C was the most suitable for achieving the required pressure and burn duration in this configuration.
To maintain the pressure required, the mass flow rate was significantly lower than for Motor-A, the burn duration was the same, the flame temperature was lower, and the choke diameter was smaller. Mechanical stresses would be similar due to the same pressure and burn duration. Thermal stresses would be slightly lower due to the reduced flame temperature. Erosion would be significantly reduced due to the lower mass flow rate. The choke diameter would be small in comparison to Motor-A but is not considered to add risk to the firing. 
[bookmark: _Toc204332948]Vehicle Selection
The most suitable vehicle for testing the new insulation materials was decided to be the GTV using Propellant-C. This would allow tests to be done on all suitable materials due to the low cost of small charges, avoid transportation issues, and would be able to simulate the mechanical and thermal properties of Motor-A in a representative way. 








[bookmark: _Toc204332949]Conclusions
Historically phenolic resin composites have been the most favoured type of blastpipe insulation material. This is reflected in the wide use of them in very large rocket motors found in the space launch industry and the prevalence of them within Roxel UK literature. Concerns over the obsolescence of phenolic resins have resulted in this programme focusing on other resin materials and thus a different direction to previous work in this area was needed. 
All materials tested at time of writing are chemically compatible with composite propellant, and Material-F and Material-H are chemically compatible with CDB propellant. An argument can be made for the use of Material-E and Material-G in CDB propellant motors despite these materials not having a depletion factor of less than 1.5. 
Selection of a suitable test vehicle has taken place based on available propellants, ballistic calculations, transportation requirements, and other factors. 
[bookmark: _Toc204332950]Recommendations
· Complete small scale testing – These tests are already underway and completion will give a much better understanding of the material properties of all materials under test. This includes better information on the mechanical and thermal properties of each material.
· Complete testing on Material-J from Supplier-B – This material is on order at time of writing and has not yet arrived. It is to undergo the same testing as Material-E, Material-F, Material-G, and Material-H.
· Design, procure, and test materials with a HW blastpipe assembly on the GTV. This will show the performance of each material in a cost effective way allowing for a better understanding of behaviour in motor blastpipe environments. 
· Following information gathered by GTV firings, fire Motor-C with the best performing insulation material. Sufficient information should be available to justify the firing of Motor-C with a LW blastpipe assembly provided the materials prove suitable for further development. 

[bookmark: _Toc204332951]Reflection
Over the course of this programme, the author’s knowledge and experience in running a research programme increased. Prior to this work, the author had only had limited experience working with suppliers to identify and manufacture material samples. This was their first experience of designing a rocket motor component and calculating blastpipe assembly properties to tune the performance of a motor. 
The author produced and followed a Gantt chart throughout this project, although unforeseen delays were incurred by a lack of necessary training and taking a lower priority than production work going through the laboratories. A risk register was maintained to monitor the status of risks. The author also learned to manage a programme budget. These project management tools helped the author learn how to organise and structure a research programme.
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[bookmark: _Toc204332953]Appendix A – Compatibility Data
[bookmark: _Toc204332954]A1 – Compatibility Data with CDB Propellant
	Material
	Depletion Factor
	Duration (Days)
	Temperature (°C)
	Initial
	Control
	Admix

	
	
	
	
	Stabiliser 2
	Stabiliser 1
	Stabiliser 2
	Stabiliser 1
	Stabiliser 2
	Stabiliser 1

	Material-E
	1.6
	15
	70
	0.30
	0.63
	0.30
	0.44
	0.30
	0.41

	Material-F
	1.2
	15
	70
	0.30
	0.60
	0.31
	0.44
	0.31
	035

	Material-G
	1.7
	15
	70
	0.30
	0.60
	0.31
	0.44
	0.31
	0.33

	Material-H
	1.1
	15
	70
	0.30
	0.60
	0.31
	0.44
	0.30
	0.42




[bookmark: _Toc204332955]A2 – Compatibility Data with Composite Propellant
	Material
	Duration (Days)
	Temperature (°C)
	Initial (%)
	Control (%)
	Admix (%)

	
	
	
	Soluble Fraction
	Antioxidant
	Soluble Fraction
	Antioxidant
	Soluble Fraction
	Antioxidant

	Material-E
	28
	90
	5.63
	0.11
	5.05
	0.04
	5.95
	0.07

	Material-F
	28
	90
	6.33
	0.12
	4.90
	0.07
	4.97
	0.09

	Material-G
	28
	90
	5.63
	0.11
	5.05
	0.04
	5.55
	0.05

	Material-H
	28
	90
	5.63
	0.11
	5.05
	0.04
	4.80
	0.04
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