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Abstract 

The conceptual design of a modular AUV hull in fiber composite material has been 

determined. The goal has been to minimize the hull weight. Matrix and fiber materials have 

been investigated to find a composite combination that reduces the hull weight whilst being 

resistant to changes in the mechanical properties caused by submersion in water and the 

operational temperatures. A composite of a PEEK thermoplastic matrix with high strength 

carbon fibers is picked as the most suitable material option and used for hull calculations. 

Different composite part manufacturing processes are investigated to find a suitable method 

for the geometry and material that can produce high quality hull modules. Part quality 

factors such as fiber waviness and out of roundness in shape affects the collapse pressure of 

the hull. Filament winding adapted for a thermoplastic composite with in situ consolidation 

is picked as the most suitable manufacturing option.  

The structural designs considered for the hull are a fiber composite single skin construction 

(ring-stiffeners possible) and a sandwich construction, these would be manufactured as 

shorter modules that can be joined together to form the hull. The minimum hull thickness 

required for a single skin hull operating at 300 meters depth, considering material 

compression failure and buckling failure of the structure, is calculated for the PEEK/carbon 

fiber composite material. Buckling is the dimensioning failure mode of a thin walled cylinder 

with the AUV hull dimensions at the intended operational depth. The lay-up of the 

composite affects the thickness required so the lay-up is optimized to minimize the hull 

weight. For the cylindrical modules under hydrostatic pressure a [90/0/90] lay-up 

minimizes the thickness required and is the recommended lay-up. For comparison of hull 

weight with the existing AUV the minimum thickness required for a single skin hull in 

aluminium 7075 considering material compression failure and buckling failure of the 

structure is also calculated.  

From the analytical buckling analysis of a simple cylinder hull without joints the minimum 

thickness is determined as 11.82 mm for the composite hull and 15.23 mm for the 

aluminium hull, both values with a safety factor of 1.3 for the collapse pressure equating to 

3.9 MPa. The single skin composite hull weight becomes 153 kg and the aluminium hull 

weight becomes 343 kg for these thicknesses. If the added stiffness of the structure from the 

joints would be taken into consideration it is expected that the thickness could be decreased 

further, but the relative weight difference between the composite and aluminium hull is 

expected to remain similar. From the finite element linear buckling analysis of the composite 

hull with thickness 11.82 mm the buckling pressure is determined as 3.39 MPa and for the 

aluminium hull with thickness 15.23 mm it is determined as 4.42 MPa. 

For a sandwich hull the minimum core thickness (using a weak core approximation and 

quasi-isotropic faces) is calculated as 19.96 mm, with safety factor 1.3 for the collapse depth 

and factor 1.1 for material failure of the faces. The weight for this sandwich hull with a 

carbon foam core becomes 72 kg. Based on a heat generation of 3 kW maximum during AUV 

operation heat transfer calculations through the thickness of the single skin composite hull 

give the maximum hull thickness as 50 mm before the AUV will overheat. The maximum 
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thickness of a regular PVC foam core sandwich hull is 4 mm and for a carbon foam core it is 

21 mm before the AUV will overheat, making a sandwich with a carbon foam core a possible 

structural design choice but with some complicating factors compared to the single skin 

composite hull.  
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1. Introduction 

AUV stands for autonomous underwater vehicle, it describes any unmanned underwater 

vehicle that has only wireless communication and can work autonomously without remote 

control. AUV:s are useful for oceanography, mine detection, naval exercises and more. The 

operational cost has a potential for being much lower for an autonomous, unmanned vehicle 

than for a regular vehicle since personnel costs can be greatly reduced. The predecessor to 

this new fiber composite design is the AUV62-AT manufactured by SAAB AB and 

commissioned by FMV, which is used for submarine exercises by the Swedish navy. It has a 

cylindrical aluminium hull of a modular construction which allows the AUV to be quickly 

taken apart for maintenance and also to be reconstructed for different usages depending on 

the modules used. It is desired to create a new, more lightweight and environmentally 

resistant hull design using fiber composite materials instead of metals. Decreasing the AUV 

hull weight enables more payload on board in the form of batteries which increases the 

maximum range. The existing AUV contains an acoustic module for its main function as a 

training target for submarine hunts and has the main particulars listed in Table 1 below. 

Table 1. AUV62-AT main particulars 

Length  4.8 meters 
Outer diameter 0.53 meters 
Maximum velocity 12 knots 
Maximum operational depth  300 meters 

  

Composites are a combination of multiple materials of different properties which in 

combination form a material with new sought properties. Fiber composites consists of 

strong fibers suspended in a lighter, weaker matrix material, see Figure 1, which makes them 

anisotropic. They have a light weight in relation to their strength in the fiber direction.  

 

Figure 1. Detailed view of a fiber composite material (Element 6, 2017) 

Fiber composites can be tailored to have the fibers aligned in the direction of the applied 

load in a structure, unlike metals which are isotropic, and thus their maximum strength can 

be utilized and the weight of the structure can be decreased compared to a metal structure. 

Fiber reinforced plastic composites are corrosive resistant unlike metallic materials. In 

structural composites the two main fiber types used are glass fibers and carbon fibers, 

where glass is cheaper but carbon is stronger. Carbon fibers are however electrically 
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conductive which will make metals in contact with carbon fibers under water corrode. It is 

therefore important to isolate any metal parts on the hull in contact with water from the 

fibers with for example a layer of matrix in-between. The matrix that the fibers are 

suspended in is usually a type of plastic material.  

Sandwich materials are composed of faces of thin laminates of fiber composite (or some 

other stiff and strong material) separated by a thicker, weaker core, see Figure 2. The 

laminates are much stiffer than the core and are supposed to take up normal loads, while 

the core is supposed to take up shear loads. By adding a core, the laminates are moved from 

the neutral axis which provides a greater stiffness. This results in less laminate material 

being needed which will reduce cost and decrease the weight of a structure. The tradeoff is 

increased thickness and decreased heat transfer ability of the hull. 

 

Figure 2. Section view of a sandwich material 

In marine applications composites in the form of fiber reinforced plastics have been used for 

constructing ship hulls for over 50 years. The idea of using fiber composites for underwater 

application is not revolutionary, it has been done both in theory and in practice multiple 

times. The idea with a modular composite hull is however more revolutionary.  

Some requirements for the hull design have been provided, they are that the hull should 

 Have an operational depth of 0 to 300 meters 

 Have a modular design with easily taken apart and reattached modules 

 Be able to operate in fresh water and sea water 

 Be watertight  

 Be able to operate for up to a month at a time submerged out at sea 

 Operating in water temperatures from 0 C to 35 C  

 Withstand  storage and transport in air temperatures from -5 C to 70 C (on deck in 

direct sunlight) 

 Be able to dissipate the heat generated from the inside equipment to prevent 

overheating. 

 Withstand  transport loads at up to 3 times the gravitational acceleration 

 Withstand lifting out of water onto deck. 

There are also some additional requests on the design, they are that 

 Each module requires several inserts through the hull of different sizes and 

placements 
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 Each module requires several mounting points on the inside of the hull for 

equipment of varying size and weight 

2. Aim and scope of study 

The aim of this study is to design an AUV hull that fulfills the design requirements, is made 

out of fiber composite material and that is optimized for light weight. The scope includes 

determining an appropriate composite material to manufacture the hull in with respect to 

the design requirements and aims of the study and also determining an appropriate 

manufacturing method for the hull. It also includes investigating different structural hull 

designs and the sub-problems of heat transfer through the hull and designing the hull 

thickness against material failure and buckling at the operational depth. The heat transfer 

scope includes checking if the designed hull has a risk of overheating and in case of 

overheating risk, suggestions for cooling methods or changes to increase the heat transfer. 

 For material failure the scope is to use classical laminate theory for the analysis and for 

buckling both an analytical analysis and a finite element analysis is to be performed. The 

scope of the buckling analysis does not include taking into consideration nor modelling of 

the joints between modules. The scope does not include designing the joints between 

modules, these will be treated in a separate study. It also does not include FEM or other 

analysis of stresses around penetrations in the hull nor does it include designing the nose 

module or the aft module. It also does not include designing watertight compartments nor 

dimensioning of any fastening point for the equipment within the hull. 

3. Composite materials selection 

Making the AUV hull out of fiber composite provides a large range of matrix and fiber 

reinforcement combinations to choose from. For the matrix there is the choice between two 

types of plastics, a thermosetting resin such as epoxy or a thermoplastic resin such as PEEK. 

Epoxy is a common matrix material used according to the literature of composite AUV:s and 

pressure hulls (Graham, 1995) (Osse & Lee, 2007) (Smith, 1991) and PEEK has also been 

employed for underwater pressure hull construction before (Lamontia et al., 1995). A 

thermoset plastic consists of crosslinked molecular chains while a thermoplastic consists of 

linear molecular chains. The difference between them is that a thermoplastic resin is solid at 

room temperature and melts when heated whilst a thermoset resin is liquid before it is 

mixed with a second part and after this has been cured to harden it cannot be melted and 

re-solidified as a thermoplastic can.  

Because an AUV hull is loaded by hydrostatic pressure the composite material will be in 

compression. Plastic micro buckling of the fibers seems to be dominant in compressive 

failure of polymer-matrix composites (Jelf & Fleck, 1992). When there are compression loads 

in the composite longitudinally to the fibers they act as long columns that can buckle in the 

matrix and the composite will last only as long as the matrix can provide resistance against 

the micro-buckling of the fibers (Li, 2000). Therefore the strength, toughness and resistance 

to environmental degradation of the matrix is extra important in this load case. This is not as 
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important for a composite material when it is loaded in tension, since the fiber properties 

are dominating in that load case. 

3.1 Material properties investigation 

Thermosetting resins are more common today in structural composites but thermoplastics 

are increasing in use in the fiber composites industry and have some advantages. A 

thermosetting resin is generally more brittle than a thermoplastic resin and is thus more 

vulnerable to impacts (Åström, 2002), therefore a thermoplastic resin composite part will 

have less problems with delamination generally. The saturation level for water absorption is 

higher for many thermosets than thermoplastics (Lucas & Zhou, 1995) (with some 

exceptions), and when having absorbed water it can have a large effect on the physical 

properties of the matrix and even cause hydrolysis in some matrix materials. A high level of 

saturation for water absorption in a matrix leads to swelling, plasticizing and micro-cracks 

appearing in the matrix (Li, 2000) (Shutte, 1994) which decreases the strength of the 

laminate and also decreases the glass transition temperature (Tg), sometimes drastically 

(Cytec, 2017) (Li, 2000). Since the matrix begins to soften at temperatures above the Tg the 

material properties such as Young’s modulus and strength are affected negatively so a 

decrease in Tg is undesirable. Hydrolysis and micro cracking are irreversible effects on the 

matrix whilst swelling and loss of heat tolerance are temporary and will recover when the 

composite is dried but will of course also reappear when the composite is submerged. A high 

absorbing matrix could also let enough water through into the hull to damage electrics and 

sensitive equipment, especially if the composite is degraded by high water absorption. 

Therefore a requirement on the matrix for the composite in this AUV hull design is that the 

saturation level is less than 2% for water absorption at 30 C. At this level there should not 

be significant degradation of the matrix (Li, 2000) (Lucas & Zhou, 1995). Note that the water 

absorption of a composite is much lower than that of its matrix, in this study matrix levels 

have been compared since comparison between composite absorption levels is difficult 

because of varying fiber volume fractions. 

Although the AUV hull is unlikely to be submerged in water at temperatures higher than 30 

C, the hull might be exposed to temperatures as high as 70 C in the air. For example if left 

uncovered on the deck of a ship in direct sunlight in summer. There is also a lot of heat 

generated by the engine, computers and other equipment inside the hull when it is using full 

power, approximately 3 kW of heat is emitted inside the hull when using full power. The 

design should be able to handle this temperature and with a safety factor of 1.3 this 

increases to become 90 C. This safety factor is applied because of the uncertainties for 

temperature exposure, caused by possible overheating of equipment upon failure and by 

uncertainty about temperatures during transportation and storage if in direct sunlight. 

Therefore the second requirement on the matrix for the composite in this AUV hull design is 

that for an amorphous plastic (a thermoset matrix) it should have a Tg above 90 C and for a 

semi-crystalline plastic (a thermoplastic matrix) it should have a continuous service 

temperature above 90 C. 



10 
 

A thermoset resin such as epoxy could be an adequate choice if the neat resin’s saturated 

water absorption level is no more than 2 % and the initial Tg is higher than 90 C, an example 

of which has not been found during this study. An isophthalic polyester would have a low 

enough moisture absorption value (Li, 2000) and if a polyester type with high enough Tg was 

used it would be a viable option for the composite matrix. It is more brittle than epoxy 

although not as sensitive to heat and moisture, the toughness of epoxy can decrease to 

lower values than iso-polyester during hot and wet conditions (Li, 2000). Another thermoset 

matrix viable for an AUV hull is vinylester resin as long as the Tg is high enough (Li 2000) 

(Sobrinho, 2009). Orthophthalic polyester would be unsuitable because of the higher water 

absorption levels of this material (Li, 2000). There are several other thermoset plastics that 

could potentially be suitable but not enough data has been found during this study to 

determine this. 

When it comes to thermoplastics there are also several options that could be suitable for the 

hull. One of them is polyetherether-ketone (PEEK), which fulfills both requirements of heat 

tolerance and absorption levels (Boedeker PEEK, 2017) (Åström, 2002)(KIK PEEK, 2017) 

(Cytec, 2012) (Tencate, 2017). PEEK is also tougher than any of the thermoset matrices 

mentioned above. Of the different varieties of polyamides (nylons), the only ones that could 

be suitable would be a heat stabilized PA12 or PA11 since the other nylon types have too 

large water absorption and heat sensitivities (Boedeker nylon6, 2017) (Åström, 2002) (KIK 

PA12, 2017) (KIK PA11, 2017). Polypropylene is another thermoplastic suitable for the 

composite, with very low water absorption and good stability in higher temperatures 

upwards to the melting temperature of about 160 C (Boedeker HS PP, 2017) (Åström, 2002). 

A drawback of this plastic is that it has a lower strength, less than half the strength of PEEK 

(Boedeker HS PP, 2017) (Åström, 2002) (Cytec, 2012).  Another option is Polyphenylene 

Sulphide which also fulfills the requirements but it is brittle compared to other 

thermoplastics (Åström, 2002) (KIK PPS, 2017). There are several other thermoplastics that 

could potentially be suitable but not enough data has been found during this study to 

determine this. 

A thermoplastic composite can be recyclable because of the matrix’s ability to be melted, 

reshaped and cooled and retain its mechanical properties since the polymer chains do not 

degrade when melting a thermoplastic. The technology isn’t quite there yet to cost 

effectively recycle thermoplastic composite parts but it is in development (Job et al., 2016). 

When it comes to fibers the main types of interest here are glass fibers and carbon fibers 

which are the two common types used for structural composites and also for composite AUV 

hull design in the literature (Lamontia, 1995) (Perry et al., 1992) (Osse & Lee, 2007) (Graham, 

1995). Glass fibers are cheaper then carbon fibers but they have a higher density. Carbon 

fibers range between 1700-2000 kg/m3 and glass fibers between 2500-2600 kg/m3 (Åström, 

2002). This combined with the lower strength and lower stiffness of glass fibers (Åström, 

2002) results in a larger amount of glass fibers being necessary for the same structural 

requirements.  

Since the hull will be submerged for long intervals at a time, from a few hours up to a month, 

the interaction between fibers and water is important. Despite using a polymer with low 
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water absorption and having surface protection against water there is still the risk of water 

penetrating through into the fibers, for example if the hull has an impact so that the surface 

is scratched and cracked which can allow water in. Carbon fibers have good resistance to 

water, the modulus is not affected by long time immersion (Osse & Lee, 2007). Glass fibers 

also have good resistance to water, but there have been reports of the interface between 

glass fibers and matrix being severely affected by water (Schultheisz, 1997) which has 

negative effects on the mechanical properties of the composite.    

A large advantage in underwater application of fiber composites compared to metal lies in 

their corrosion resistance, neither glass or carbon fibers will corrode. Although carbon fibers 

in contact with metal parts under water will cause galvanic corrosion to the metal part due 

to carbon fibers being electrically conductive and electrochemically noble. Using carbon 

fibers which are electrically conductive would result in the hull acting as a Faraday cage, 

which can protect the inner workings from electromagnetic pulses (EMPs). Under water the 

EMP signals are not an issue but above water, such as when the AUV is on the deck of a ship 

it is vulnerable to an EMP attack. It is not a very effective defense from EMPs to have the hull 

be a faraday cage though, since the hull is modular and intended regular use includes the 

modules being opened on deck which breaks the Faraday cage and then it becomes 

unimportant if the hull is electrically conductive or not. Therefore this issue has not been 

considered further in the design choices for the hull. 

In the future it may be possible to use a carbon fiber hull as a structural battery, since the 

fibers are electrically conductive. This could greatly increase the range or alternatively 

greatly reduce the weight of an AUV. There is ongoing research in the area of structural 

composites using carbon fibers (Larsson, 2014).  

It is important to use a protective surface coating to cover the hull. There are three goals for 

using a surface coating on the hull, namely waterproofing, UV protection and improved 

impact resistance of the hull. A gelcoat which is a layer of resin only on the outside of the 

composite is often used to increase the surface structure, environmental protection and 

impact resistance. Many plastic matrixes are sensitive to UV radiation to varying degrees so 

it is important to have a layer of surface coating which protects the composite underneath 

from UV radiation. It is a possibility to use an energy absorbing surface coating, such as a 

rubber or polyurethane based coating, to further increase the impact resistance.  

3.2 Results for material selection 

Carbon fibers were chosen for this composite because of their higher strength to weight 

ratio compared to glass fibers (leading to a more light weight hull), their greater resistance 

to water damage as a composite and because of their greater heat conductance along the 

fibers. This can help to distribute the heat evenly over the hull and therefore increase the 

heat transfer through it. 

For this composite a thermoplastic matrix is chosen because of the superiority in water 

absorption, heat tolerance and toughness compared to thermosets generally. Because of the 

need for this hull to withstand long exposure times, up to a month, in water and also high 
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temperatures, when in direct sunlight on deck for example, a thermoset plastic would not be 

ideal as a matrix material. Using a thermoset matrix would probably result in a heavier hull 

design since larger safety factors would be required to compensate for material degradation 

caused by water absorption and heat exposure. 

One of the few thermoplastics that there is available manufacturer data for as a carbon fiber 

composite is PEEK and it is the only thermoplastic that has been found with data for a fiber 

volume fraction above 50 %  during this study (Cytec, 2012) (Tencate, 2017). PEEK absorbs 

practically no water at all, ranging from 0.03 % to 0.5 % weight gain at saturation level 

(Boedeker PEEK, 2017) (KIK PEEK, 2017) (Lucas & Zhou, 1995). It has a very high heat 

tolerance, with a melt temperature of up to 350 C, Tg at about 140 C and a continuous 

service temperature from 120 C up to 260 C (depending on loading conditions) (Åström, 

2002) (Cytec, 2012) (Tencate, 2017) (KIK PEEK, 2017). PEEK has good creep resistance 

(Maksimov & Kubat, 1997). PEEK is a high performance plastic and it is the most expensive of 

all the plastic matrixes at around 100 $/kg (Ashby, 2010) (KIK PEEK, 2017). With the intended 

production series being very small and with the military application of this AUV the cost is 

not considered to be a prioritized problem. 

The chosen composite material for this design is then a PEEK matrix and carbon fiber 

composite, specifically Cytec APC-2 PEEK/AS4 (Cytec, 2012). AS4 is a high strength, standard 

modulus, PAN-based carbon fiber which gives the composite a high compressive strength to 

weight ratio. The following material data in Table 2 below will be used for structural and 

heat transfer calculations and represent a PEEK/carbon fiber unidirectional prepreg, with 60 

% fiber volume fraction and for room temperature (24 C). Properties in the 0 direction are 

longitudinally in the fiber direction while 90 properties are transverse to the fibers. 
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Table 2. Material properties for APC-2 PEEK/AS4 fiber composite unidirectional laminate 

PROPERTY VALUE UNIT REFERENCE 

TENSILE STRENGTH, 0 2070 MPa (Cytec, 2012) 

COMPRESSIVE STRENGTH, 0 1360 MPa (Cytec, 2012) 

TENSILE MODULUS, 0 138 GPa (Cytec, 2012) 

TENSILE FAILURE STRAIN, 0 1.45 % (Cytec, 2012) 

COMPRESSIVE FAILURE STRAIN, 0 0.8 % Estimated 

    

TENSILE STRENGTH, 90 86 MPa (Cytec, 2012) 

COMPRESSIVE STRENGTH, 90 300 MPa Estimated 

TENSILE MODULUS, 90 10.3 GPa (Cytec, 2012) 

TENSILE FAILURE STRAIN, 90 0.94 % (Cytec, 2012) 

COMPRESSIVE FAILURE STRAIN, 90 3 % Estimated 

    
IN-PLANE SHEAR STRENGTH 186 MPa (Cytec, 2012) 
IN-PLANE SHEAR MODULUS 5.7 GPa (Cytec, 2012) 
IN-PLANE SHEAR FAILURE STRAIN 3 % Estimated 
POISSONS RATIO 0.3  (Cytec, 2012) 
DENSITY COMPOSITE 1602 kg/m3 Calculated 
PEEK DENSITY 1320 kg/m3 (Cytec, 2012) 
AS4 FIBER DENSITY 1790 kg/m3 (Hexcel, 2016) 

 

 The values that were not available from the manufacturer have been estimated using 

available data for other composites (Zenkert & Battley, 2003) as well as using ratios of 

known values to the unknown values. The results for minimum hull thickness for the design 

of the material compression failure calculations are not sensitive to a change in 50% of any 

of the estimated values except for the compressive failure strain in the 0 direction. This 

value of a compressive failure strain of 0.08 is considered an accurate estimation (Zenkert & 

Battley 2003) (Avery et al. 2004) and will be kept unchanged. This is important to account for 

when applying safety factors for dimensioning of the hull.  

4. Composite manufacturing selection 

There are several methods of manufacture available to produce a cylindrical shell in fiber 

composites. Depending on which method is used different qualities of final product can be 

achieved. The final quality of the product can be determined using properties such as fiber 

volume fraction, void content, cylinder roundness, surface roughness and fiber waviness in 

the composite. The application of this work and the goal of producing an AUV hull with focus 

on reducing weight produces the following requirements on the finished hull: 

 Continuous and precisely oriented fibers  

 Void content low (< 1 %) (Osse & Lee, 2007) (Lamontia, 1995) 

 low to no fiber waviness (Avery et al., 2004) 
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 low to no out of shape roundness  

 fiber volume fraction high (0.5 to 0.7) 

For increased buckling resistance of the hull an as perfect cylindrical shape of the hull as 

possible is required, any shape anomaly from perfect roundness has an impact on the 

pressure the hull can withstand in regards to buckling (Craven et al., 2016) (MacKay, 2007). 

The finished surface of the composite does not need to be very smooth since the average 

speed for the AUV will be about 4 knots so the hydrodynamic properties of the surface does 

not have a lot of impact on the energy consumption. 

To manufacture a fiber composite part with continuous fibers one can either layer the fibers 

covering them with the resin during the process or use pre-impregnated fibers (prepreg). 

The fibers need to be shaped into the part when the resin is in liquid form and then kept this 

shape as the resin solidifies. A thermoset resin is liquid in room temperature until it is mixed 

with a second part and then needs to cure under an elevated temperature to crosslink and 

solidify. The final Tg of the thermoset matrix is dependent on the cure temperature. A 

thermoplastic resin is solid at room temperature and needs to be heated to its melt 

temperature for composite manufacturing. It then needs only to be cooled down to solidify. 

To get a high quality part it is important to get good consolidation between the fiber layers 

to reduce the void content and lower the risk for delamination, for this the thermoset part is 

usually placed in an autoclave under pressure whilst curing. For thermoplastic parts there is 

also a need to apply pressure to achieve good consolidation. 

4.1 Composite manufacturing investigation 

The AUV hull modules to be manufactured have the main geometry of cylinders with 0.53 m 

in diameter, they are of varying length from 0.2 to 2 m long and with some slightly difficult 

details to manufacture such as the joints at edges of each module and potentially stiffening 

of some form plus the need for equipment mounting points on the inside. The hull modules 

being cylindrical, requiring fibers placed in both axial and circumferential directions and with 

the high quality requirements there are many manufacturing methods that won’t be 

applicable to this design. Any manufacturing methods using chopped or short fibers only are 

of course unsuitable for this design. There are still several manufacturing methods that are 

appropriate for this application. When it comes to using a thermoplastic matrix there is no 

need for curing of the composite when manufacturing but there are higher temperatures 

necessary to melt the matrix into a liquid state. Since this AUV is planned as a small series of 

production only, factors such as cycle time and manufacturing costs are of relatively low 

importance. 

Several cylindrical moulds, called mandrels, will be needed to produce the AUV hull modules 

which are of different lengths. The mandrels need to be of a material that can handle the 

temperatures and pressures of the manufacturing process and be of perfect cylindrical 

shape so as not to cause imperfections in the finished modules. It is worth mentioning that 

manufacturing of thermoplastic composites pose a health threat because of the high 

processing temperatures required whilst thermoset composites manufacturing pose a health 

threat because of the presence of uncured thermoset resins that are hazardous. 
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Some appropriate manufacturing methods for manufacturing the hull in a PEEK/carbon fiber 

composite are filament winding of prepreg and hand lay-up of unidirectional prepreg. 

Thermoplastic filament winding is a relatively low cost process that can produce a 

sufficiently high quality cylinder hull (Lamontia et al., 1995), using guide pins or combined 

with tape laydown for laying fibers at angles lower than 35 degrees which are difficult to 

wind (Åström, 2002). It does not require an autoclave, the composite is consolidated during 

the winding since the prepreg is kept under tension during the winding, in situ heat is 

applied (for example with a laser) and there is a pressure roller following the winding tape. 

No curing is needed, only cooling time is required after the winding is complete. Hand lay-up 

(wrapping) of unidirectional prepreg on the mould with consolidation in either autoclave or 

a heated mold with pressure caused by different CTE:s of the mould parts (Perry et al., 1992) 

can also create a hull with sufficiently high quality, but there is likely to be larger residual 

stresses in the part and also issues with layer waviness in the part because of these 

consolidation processes (Lamontia et al., 1995) (Yousefpour, 2002). There is also the 

drawback of potentially larger manufacturing costs since autoclaves are very expensive. 

Hand lay-up without prepreg and without consolidation under heat and pressure would 

result in a hull with lower quality than what is required for this application (Smith, 1991) 

(Åström, 2002).  

Both these methods can be used for a thermoset matrix composite also, with some 

difference in filament winding machinery where the fibers are dipped in liquid resin right 

before being wound onto the mandrel, see Figure 3 below, and the addition of curing of the 

part in an autoclave or heated mould after winding is complete. This will cause the same 

issues with residual stresses and waviness as for a thermoplastic composite in an autoclave. 

Resin transfer moulding is also a possible manufacturing method for the hull when using a 

composite with a thermoset matrix but it’s not possible for a thermoplastic matrix. Methods 

such as pulltrusion are not suitable for producing an AUV hull since it only places fibers 

axially and to smaller angles, fibers in the hoop-direction are necessary for a pressure hull to 

withstand the hydrostatic pressure load.  

 

Figure 3. Thermoset filament winding concept (Etamax engineering, 2016) 

A comparison of the part quality that can be achieved using the three seemingly most 

suitable manufacturing methods can be seen in Table 3 below. Low void content denotes 
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below 1% while medium denotes a higher than 1 %, low values of residual stresses and fiber 

waviness denotes low enough to not affect the operational life of the hull and medium 

denotes high enough to noticeably effect and high denotes high enough to have a strong 

effect. 

Table 3. Comparison of part quality between manufacturing methods 

MANUFACTURING METHOD VOLUME 
FRACTION 

RESIDUAL 
STRESSES 

VOIDS FIBER 
WAVINESS 

FILAMENT WINDING      
THERMOSET + CURING 50 % High Low Medium 
THERMOPLASTIC 60 % Low  Low Low 
HAND LAY-UP OF PREPREG, 
AUTOCLAVE 

    

THERMOSET 60 % High  Low Medium 
THERMOPLASTIC 60 % High Low Medium 
HAND LAY-UP OF PREPREG, 
HEATED MOULD WITH DIFFERENT 
CTE:S 

    

THERMOSET 50 % Low Medium Low 
THERMOPLASTIC 50 % Low Medium Low 

 

Hull inserts which penetrate through the hull are required in all modules, with varying sizes 

and placements depending on the application. For example in the energy module there is 

the need for a charging outlet so that the batteries can be charged without the hull being 

opened. The inserts required in the hull could be manufactured in one of three different 

ways. Firstly they could be wound in place during filament winding manufacturing of each 

module instead of requiring post-processing of the modules. Secondly a plate of a material 

that is better for drilling in than composite (plastic or metal) could be wound in place during 

filament winding manufacturing of each module, this plate could in post-processing then be 

drilled into and the required insert is fastened in this plate. Thirdly the hull could be 

manufactured without any adaptions to inserts and then during post-processing the hull can 

be drilled in directly and inserts can be fastened. Cutting and drilling composite parts 

requires special tools and does damage the composite to varying degrees depending on the 

materials and the tools used (Åström, 2002). 

For any metal inserts it is very important that they do not come in direct contact with the 

carbon fibers since this can cause galvanic corrosion in water. Using extra resin to isolate the 

fibers from the inserts and also to make the area around the inserts watertight is a solution 

to this potential issue. 

4.2 Results for manufacturing selection 

The method deemed most appropriate for producing the hull modules in PEEK/carbon fiber 

composite is filament winding adapted for thermoplastic prepreg with in situ consolidation, 

see Figure 4, combined with tape laydown or guide pins depending on what fiber angles are 
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required. With this manufacturing method the high part quality requirements should be 

reached consistently, with minimal residual stresses and fiber waviness and allow fibers to 

be placed in precise angles according to the design specification without misalignment. It is 

important the mandrel used has an as perfect as possible cylindrical shape. 

 

Figure 4. Thermoplastic filament winding (Cetim, 2013) 

The pressure the hull can withstand can be increased for a single skin construction by 

stiffening the hull, either by making it a sandwich construction or by including ring-stiffeners. 

A sandwich cylinder hull concept can be seen in Figure 5 below and a ring-stiffened single 

skin cylinder hull concept can be seen in Figure 6 below. This way the weight of the hull can 

be decreased. Using filament winding ring-stiffeners can either be created at the same time 

and as a part of each module or wound in place during module manufacturing if the 

stiffeners are created separately. Filament winding would also work for manufacturing the 

modules as a sandwich structure as long as the core material can handle the high 

temperatures that the thermoplastic processing requires. 
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Figure 5. Cross section of a Sandwich cylinder hull concept with the core between the faces 

 

Figure 6. Cross section of a ring-stiffened single skin cylinder hull concept 

To reduce post-processing work, which can damage the fibers locally and be costly, it is 

recommended that the hull inserts be wound in place during the manufacturing of each 

module. Mounting points for equipment on the inside of the hull can be manufactured in 

two ways, either they are wound in place during manufacturing of each module or they 

could be glued with resin on the inside after the module has been manufactured. If there is 

the need for adjustable/movable mounting points in the future one solution is to have a 

framework on the inside of each module that is fastened in the hull that the equipment 

could be mounted to at any point so that the equipment placement is adjustable.  If new 

inserts need to be added afterwards then drilling is needed and reinforcement around the 

insert is likely required, depending on the inserts size. 

5. Composite structure design 

The fiber composite structure needs to be designed with two main failure types taken into 

consideration, material compression failure and buckling. For a thick walled cylinder there is 

also interlaminar shear failure to consider but for the dimensions of this AUV and for its 

operational depth it is not of interest here. Material compression failure is caused by shear 

failure in the matrix which then transitions into micro-buckling of the fibers (Daniel et al., 

1996) (Osse & Lee 2007). Buckling failure is caused by instability of the structure, when the 

structure is not stiff enough to withstand the compression load it has reached its critical 
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buckling pressure and it experiences large deformations without an increase in the applied 

load. 

There are three structural designs suitable to create a lightweight pressure hull with enough 

stiffness to withstand buckling, they are a single skin cylinder or a ring stiffened single skin 

cylinder or a sandwich cylinder with composite faces. Since this hull needs to be modular 

with joints between each module, that will be stiffer than the rest of the hull, the AUV hull 

structure will in practice be ring stiffened regardless of any extra stiffeners being added to 

the design. However with the modules being of varying lengths some modules might need 

extra stiffening to resist buckling. To enable comparison between a composite and 

aluminium hull and use of analytical buckling equations only the simpler shape of a hull 

without joints or stiffeners will be used for calculations in this study.  

There are two major drawbacks with a sandwich hull, although it has the potential for 

reducing the hull weight more than a ring-stiffened design could. There is much slower heat 

transfer through the hull due to the insulating material of the core (for a foam core) and the 

thickness required to achieve the stiffness at minimized weight. The larger hull thickness of a 

sandwich compared to a single skin hull reduces the available volume inside the hull since 

the outer diameter is set as a design requirement. Reduced inside volume is undesirable 

since it would add greater restrictions to the dimensions of all the equipment needed inside 

the AUV. The drawbacks of a ring-stiffened hull is the lower potential for weight 

minimization compared to a sandwich hull, the stress concentrations in the hull caused by 

the stiffeners and also the greater sensitivity to imperfections. This is because the hull will be 

very thin in a ring-stiffened design and any small imperfection will be larger relative to the 

hull thickness of this compared to a sandwich design which will have a much larger hull 

thickness. With the goal of the design being to minimize the hull weight, these two structural 

designs are investigated and compared.  

5.1 Theory of pressure hull design 

With the hull having a cylinder shape, see Figure 7 for a representative cylinder with a 

cylindrical coordinate system, there will be circumferential (hoop) and longitudinal (axial) 

stresses occurring when under hydrostatic pressure. Using the assumption of a thin walled 

cylinder the through-thickness (radial) stresses in the hull can be approximated as zero 

(Sundström, 2010) and there is then a state of plane stress. 
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Figure 7. Cylinder hull shape with cylindrical coordinate system 

The outer radius of the hull is set as a design requirement as R0 = 0.2665 m and the hull can 

be considered a thin walled cylinder as long as the ratio of outer radius to hull thickness is 

larger than 10, so this approximation is valid for a wall thickness of up to 26.65 mm. Starting 

with the external pressure p, this gives the compressive forces acting on a cylindrical, thin 

walled pressure vessel as (Sundström, 2010) 

 
2

x x

p R
N t


     (1.1) 

 N t p R       (1.2) 

Where 𝑁𝑥 is the normal force in the axial direction (see Figure 7), likewise for 𝑁 in the hoop 

direction, 𝜎𝑥 is the stress in the axial direction, likewise for 𝜎 in the hoop direction, t is the 

thickness of the laminate and R is the mean radius of the cylinder. The hydrostatic pressure 

p that acts at a depth h in the ocean is given by 

 p gh   (1.3) 

Where ρ= 1025 kg/m3 is the density of water (approximately, it varies with salinity and 

temperature) and g= 9.81 m/s2 is the gravitational acceleration. 

5.2 Theory of design against material failure 

To design against material failure the stresses occurring in the structure for the given load 

case with any design thickness needs to be compared to the material strengths, and strains 

compared to the material stiffness. For an isotropic material one can vary the design 

thickness and compare the resulting stresses calculated using Equation (1.1) and (1.2) with 

the material strength values to find the required hull thickness for 300 m submergence. It’s 

not as simple with a composite hull, classical laminate theory (CLT) is needed to calculate the 

stresses in each layer of the composite for varying fiber lay-up angles and varying 

thicknesses which can then be compared to material strength values for a unidirectional lay-
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up. Next is a short summary of CLT, applied to this design. For a more in-depth look at CLT 

please refer to the reference (Zenkert & Battley, 2003). 

In CLT the relationship between applied forces and moments and the resulting strains and 

curvatures in the middle surface of the laminate is given by 
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Here all forces are zero except 
xN  and N . The matrix A is the extensional stiffness matrix, 

B is the extension-bending coupling matrix and D is the bending stiffness matrix. The 

elements of the matrices A, B, D can be determined from the material data and the lay-up of 

the laminate. The global strains in the middle surface of the laminate are given by 
0 0,x  

and 
0x . The curvature is given by ,x    and 

x . After calculating the global strains in the 

middle surface the global strains in each layer can be determined from these, the geometry 

and the curvature. One can from this determine the global stresses in each layer using 

generalized Hooke’s law and the lamina stiffness matrix. Both local stresses and local strains 

for the different layers can be determined by using transformation matrices between the 

global system and the local systems for each layer. It is these local stresses for each layer 

that can then be compared to the material strength values, and local strains in each layer to 

material stiffness values.  

The Tsai-hill failure criteria was also checked for the stresses occurring in the hull, it is given 

by (Zenkert & Battley, 2003) for a state of plane stress as 
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Where 
1  and 

2  are the local tensile or compressive stresses in each layer and 
12  is the 

local shear stresses, whilst 
1̂ , 

2̂  and 
12̂ are the material strength values. For a symmetric 

laminate lay-up the matrix B becomes zero. A symmetric laminate lay-up is preferable to 

reduce stresses and deformations from shape distortions that can otherwise arise after 

manufacturing due to thermal twisting when cooling down. A symmetric lay-up has mirrored 

lay-up directions and thicknesses of each layer on each side of the laminates geometrical 

centerline.  

5.3 Theory of design against buckling 

To design against buckling failure the critical buckling pressure for the structure, with the 

given load case, with a design thickness needs to be calculated and compared to the desired 

design pressure. For an unstiffened, isotropic, thin walled cylinder under hydrostatic 



22 
 

pressure the buckling pressure can be calculated using Kendrick’s modified von Mises 

pressure equation (MacKay, 2007)  
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Where t  is the hull thickness, R  is the radius, L  is the cylinder length,   is the poisons ratio 

and E  is the Youngs modulus of the material. For this equation 1m    and 1n   and is 

varied to find the mode with the lowest buckling pressure, where n is the number of 

circumferential waves and m the number of axial half waves describing the shape that the 

cylinder buckles into. 

For an unstiffened, orthotropic, thin walled and long cylinder under hydrostatic pressure the 

buckling pressure can be calculated using the orthotropic shell buckling equation (Vinson & 

Sierakowski, 2008)  
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Where the elements in the determinants are given by 
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Here 1m   and 1n   are varied to find the mode with the lowest buckling pressure. It is 

recommended in (Vinson & Sierakowski, 2008) that the buckling pressure calculated from 

Equation (1.9) is multiplied by 0.75 (equal to a safety factor of about 1.3) for use in design 

because of the strong impact that manufacturing imperfections have on the buckling 

pressure. 

For calculating the buckling pressure for a sandwich cylinder the assumption is made that 

the same buckling pressure will be reached for the sandwich as if calculated for a single skin 

cylinder of equivalent stiffness (Brink, 1964). Where 𝐼𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 = 𝐼𝑠𝑎𝑛𝑑𝑤𝑖𝑐ℎ is given by 
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Where ft is the thickness of the sandwich faces, h  is the thickness of both faces plus the 

core and 
eh   is the equivalent thickness of a single skin cylinder with the same stiffness as 

the sandwich cylinder.  

Based on this assumption a low weight hull design could be reached by determining the 

thickness of each face as that of half the laminate thickness required to withstand material 

failure, then varying the core thickness until the equivalent single skin thickness is reached 

that gives a buckling pressure above the design requirement. For a sandwich material there 

can be other failure forms as well, shear failure of the core and face wrinkling, but these will 

not be investigated in this study. 

Eigenvalue buckling is used in finite element (FE) analysis software ANSYS to determine the 

critical buckling load of a structure, the FE-software does this by solving a bifurcation 

buckling problem. One can perform both linear eigenvalue buckling and nonlinear buckling 

analyses using FE-software. In linear eigenvalue buckling analysis the theoretical buckling 

pressure for an ideal linear elastic structure is determined and thus the buckling pressure 

from the linear eigenvalue analysis is a theoretical maximum value based on a perfect 

structure. In the nonlinear buckling analysis a more realistic buckling pressure is determined, 

since no structure can be completely perfect. Some form of imperfection needs to be 

applied to the model to perform a nonlinear buckling analysis, in the form of an added load 

or shape perturbation to the perfect structure. 

5.4 Method of composite design 

To design a composite structure one can design the material itself to be optimal for the 

specific structure and loading conditions. This is done by layering unidirectional fiber 

composites and choosing the angles and thicknesses of each layer to be optimal for the 

structure and loads. This is called a lay-up sequence, usually described from bottom layer to 

top layer and with the 0 degree fiber direction aligned with the main axis of the structure, 
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the x-axis along the cylinder in this case. A symmetric lay-up is preferable, as mentioned 

earlier. With the hoop stress being twice that of the axial stress it is naturally desired to have 

twice as much material strength in the hoop direction (-direction) than in the axial direction 

(x-direction). For a composite structure where holes or penetrations are required in the hull 

a quasi-isotropic layup is preferable to minimize failure caused by the stress concentrations 

around these, so that the need for reinforcement around these holes or penetrations can be 

minimized. 

Since it is the fibers that carry the loads a lay-up of [90/0/90] which has twice as much 

strength in the hoop direction than the axial direction and is symmetric would be quite 

optimal for a cylinder under hydrostatic pressure. Having hoop layers on the innermost and 

outermost layers is good for increasing the buckling resistance (Perry et al., 1992) (Messager 

et al., 2002). Several studies have been conducted on determining the critical buckling 

pressure for different composite lay-ups for an AUV cylinder hull (Messager et al., 2002) 

(Craven et al., 2016) (Osse & Lee, 2007) (Perry et al., 1992) and many have found that having 

inner and outer hoop layers (90) that are sandwiching axial layers (0) and/or layers at 

some smaller angle (below 45) gives the optimal buckling performance.  

Since buckling is the dimensioning factor for this hull and the aim of the design is to 

minimize the hull weight a lay-up of this type, [90/0/90] should be used for this hull. The 

required hull thickness for withstanding material failure and buckling failure using this lay-up 

sequence is calculated. For comparison the required hull thickness when using a quasi-

isotropic lay-up of [90/45/0/-45]s (s denotes symmetry) is also calculated. A quasi-

isotropic lay-up has two advantages, firstly the hull inserts will require less reinforcement 

around them since this lay-up distributes the load from the hole edge more evenly so that 

smaller stress concentrations occur around the insert when it is experiencing loads. Small 

inserts in the hull without any extra loading conditions other than the hydrostatic pressure 

will likely not need extra reinforcement around them, only waterproofing, but larger inserts 

and inserts with loads acting on them will likely require extra reinforcement. Secondly it is an 

optimal lay-up for protection against impact damage, this is also because the more even 

distribution of stresses over the structure when loaded in impact. The drawback is that it is 

not an optimal lay-up for resisting buckling and will result in a thicker, heavier hull design. 

The spherical ended nose module should benefit of having a quasi-isotropic lay-up on the 

spherical part of it and then having a buckling optimal lay-up for the cylindrical part of the 

module.  

The same layer thickness of all layers in a lay-up is used for all calculations. To get a good 

indication of how much the hull weight can be decreased with a composite design compared 

to an aluminum design the thickness required for an aluminium hull to withstand material 

failure and buckling is also calculated. For these calculations material data for aluminium 

7075 (Sundström, 2010) is used and the compressive strengths are assumed to be the same 

as the tensile strengths, this data can be seen in Table 4 below. 

 



25 
 

Table 4. Material data for aluminium 7075 

PROPERTY VALUE UNIT  

TENSILE STRENGTH, ULTIMATE 540 MPa 
TENSILE STRENGTH, YIELD 470 MPa 
COMPRESSIVE STRENGTH, ULTIMATE 540 MPa 
COMPRESSIVE STRENGTH, YIELD 470 MPa 
TENSILE FAILURE STRAIN  5 % 
TENSILE MODULUS 72 GPa 
POISONS RATIO 0.33  
DENSITY  2800 kg/m3 

 

5.5 Method of structural design 

When it comes to ring-stiffeners on the inside of the hull they can also be produced in the 

same composite material as the rest of the hull. The lay-up angles can be different for the 

web and flange to maximize load carrying capacity of the stiffeners. When joints and 

potential extra stiffeners are taken into account the critical buckling pressure both for elastic 

overall buckling of the structure (with the number of buckle half waves in the axial direction 

1m   as mode shape) and for interframe buckling between the stiffened parts (with 1m   

as mode shape) needs to be checked. For the sandwich structure a carbon foam core 

(CFOAM Ltd., 2017), which has about 5 times higher heat transfer than a regular PVC foam 

core, is used in calculations. The density of this core material is 320 kg/m3. A foam core is 

likely the most suitable type of core to able to create an as perfect cylindrical hull as 

possible, since a honeycomb core sandwich cannot be made with an as smooth outer face as 

a foam core without the cells being very small which makes the core heavier.  

All hull design calculations are performed for an unstiffened, simple and long ( 4.8L  m) 

cylinder hull. This is partly for the ease of comparison between the aluminum and the 

composite design and partly for the lack of reliable analytical equations for calculating 

buckling pressure for a stiffened composite hull, especially one with stiffeners at uneven 

spacings (with hull modules in varying length the stiffer joints are at varying spacings along 

the hull). There is also the lack of dimensions for the joints during this work since that is part 

of a separate study being conducted simultaneously with this study. Lastly it would not be 

possible in the project timeframe to also make an FE-analysis of such a complex model. 

To verify the analytical buckling results a linear FE-analysis was performed. For the FE-

analysis the hull was modelled in ANSYS Workbench as a cylinder with open ends of length 

4.8 m with the outer diameter 0.533 m and as a thin shell. The pressure of 3.9 MPa (1.3 in 

safety factor) was applied on the outside surface of the cylinder, fixed support was applied 

to both ends and the mesh with element size 50 mm was generated. A mesh convergence 

study was performed with the convergence criterion of 2% on changes of the buckling 

pressure. First a linear buckling analysis was performed on the cylinder in aluminium 7075 of 

thickness determined by the analytical buckling analysis, using a static structural system and 

an eigenvalue buckling system. Then an ACP (Pre) system was used to create a PEEK/CF 
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composite lay-up and a linear buckling analysis was performed using a static structural 

system and an eigenvalue buckling system on the composite hull with both the lay-up 

[90/0/90] and [90/45/0/-45]s, with total thicknesses determined by the analytical 

buckling analysis. A nonlinear buckling analysis was not performed in this study and no FE-

analysis was performed for the sandwich hull design concept. 

When it comes to lifting of the AUV, the assumption is made that 50 mm wide slings are 

used at 2 points to lift the AUV, a total AUV weight is estimated as a 1000 kg and the contact 

surface between sling and the hull is taken as half the circumference. The forces acting on 

the hull from lifting can be determined and compared to the pressure that the hull has been 

dimensioned for. To check that the hull withstands transport loads at 3 times the 

gravitational force, this is used to compare lifting forces on the hull at also. 

Fatigue issues need to be taken into consideration. FMV usually has as a principle that the 

working lifespan of a vehicle should be more than 30 years. Cyclic loading in terms of 

external pressure increasing when diving and decreasing/ceasing when surfacing during 

operation contribute to increased risk of fatigue. Assuming that the AUV will be operational 

for 300 days per year and will dive to low depths and surface once a day this will lead to 

9000 cycles of pressure loading on the hull in a 30 year period. Vibrations during transport 

and during operation from the engine and from the sound generating module can also 

increase the risk of fatigue. For transport of the AUV it should preferably be kept in a safe 

configuration with vibration damping to reduce fatigue damage to the hull. There should 

also be some sort of vibration damping between the hull and the engine mounts. 

Temperature differences will also cause fatigue issues as for example there are differences 

from air to water temperature and for different depths in the ocean. Different amounts of 

heat being produced inside the hull depending on the speed it’s going at, what equipment is 

in use onboard etcetera also contribute to an increased risk of fatigue because of thermal 

cyclic loading. The difference in thermal expansion coefficients between matrix and fibers 

lead to micro cracks appearing when there are large temperature changes. Therefore it is 

good practice to minimize the AUVs exposure to extreme temperatures to increase the 

lifespan of it. This can be done by for example shielding it from direct sunlight on deck and 

not transporting it on the outside when the air is very cold (below freezing temperatures) 

such as in winter or at high altitudes.  

5.6 Results for structural design 

At 300 m depth there is a hydrostatic pressure of p = 3 MPa approximately as calculated 

from Equation (1.3), depending on the salinity of the ocean the result can differ with a few 

kPa:s. The calculated minimum thickness requirements for material compression failure at 

300 m depth for PEEK/carbon fiber composite with lay-ups [90/0/90], quasi-isotropic 

[90/45/0/-45]s and for aluminium 7075 can be seen in Table 5 below. These have been 

calculated using analytical equations, Equation (1.1) and (1.2) and using CLT with Equation 

(1.4) and (1.5) and with a safety factor (sf) of 1.1 for the failure depth equating to 3.3 MPa.  
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Table 5. Results for minimum thickness by material compression failure, sf of 1.1 

MATERIAL MINIMUM HULL THICKNESS 
[mm] 

MINIMUM LAYER THICKNESS 
[mm] 

PEEK/CF    

[90/0/90] 1.14 0.38 

[90/45/0/-45]S 1.76 0.22 

ALUMINIUM 7075 1.63 -  
 

The calculated minimum thickness requirements for buckling failure at 300 m depth for 

PEEK/CF composite with lay-ups [90/0/90], quasi-isotropic [90/45/0/-45]s and for 

aluminium 7075 can be seen in Table 6 below. These have been calculated using analytical 

buckling equations, Equation (1.6) and (1.7) through (1.13) with the hull length of 4.8 m and 

with a safety factor of 1.3 for the collapse depth equating to 3.9 MPa. The total hull weight is 

calculated for a cylinder with outer diameter 533 mm, length 4.8 m and with flat end pieces. 

The buckling mode shape for all three were 1m   and 2n  . 

Table 6. Results for minimum thickness by buckling failure, sf 1.3 

MATERIAL MINIMUM HULL 
THICKNESS [mm] 

MINIMUM LAYER 
THICKNESS [mm] 

TOTAL HULL 
WEIGHT [kg] 

PEEK/CF     

[90/0/90] 11.82  3.94 152.9 

[90/45/0/-45]S 13.20 1.65 170.3 

ALUMINIUM 7075 15.23  -  342.5 
 

The calculated minimum thickness requirements for buckling failure at 300 m depth for a 

sandwich with PEEK/CF composite faces with lay-up [90/0/90] and compared to faces of 

quasi-isotropic [90/45/0/-45]s lay-up, both with a carbon foam core can be seen in Table 

7 below. These thicknesses were calculated using the required thickness from single skin 

buckling calculations (of equivalent thickness with safety factor 1.3 for collapse depth) and 

the minimum face thickness required from material compression failure calculations (with a 

safety factor of 1.1 added to the face thickness) entered into Equation (1.14) to determine 

the core thickness of a sandwich hull with equivalent stiffness. The buckling mode shape for 

both were 1m   and 2n  . 
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Table 7. Result for minimum sandwich core thickness by buckling failure 

LAY-UP IN FACES FACE THICKNESS 
[mm] 

MINIMUM 
CORE 
THICKNESS 
[mm] 

TOTAL HULL 
WEIGHT [kg] 

EQUIVALENT 
THICKNESS 
[mm] 

[90/0/90] 0.57 21.4 67.2 11.82 

[90/45/0/-

45]S  

0.88 19.96 71.6 13.79 

 

The maximum buckling pressure determined by FE linear buckling analysis in ANSYS 

Workbench can be seen in Table 8 below. It was determined for the materials PEEK/CF 

composite with lay-ups [90/0/90], quasi-isotropic [90/45/0/-45]s and for aluminium 

7075. The hull thicknesses modelled were the minimum hull thicknesses for the analytical 

buckling results of each material respectively and the pressure applied was 3.9 MPa. The 

resulting safety factor is in relative to the operational pressure of 3 MPa and was expected 

to be larger than 1.3, which is the safety factor used for critical pressure in analytical 

buckling calculations, since the analysis was done of a perfect model. This is the case for the 

aluminium hull model but not for the composite hull models and therefore there is some 

uncertainty about the accuracy of the composite FE-model results.   

Table 8. Results for buckling pressure by FE-analysis 

MATERIAL HULL THICKNESS 
[mm] 

BUCKLING PRESSURE 
[MPa] 

RESULTING 
SAFETY FACTOR 

PEEK/CF    

[90/0/90] 11.82 3.39 1.13 

[90/45/0/-45]S 13.20 3.46 1.15 

ALUMINIUM 7075 15.23 4.42 1.47 

 

The buckling mode shape in the FE-analysis was 1m    and 2n  with one axial half wave 

and two circumferential waves for all three, the same mode shape that the analytical 

buckling equations predicted. See Figure 6 below for how this mode shape appears. 
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Figure 8. Buckled mode shape of a cylinder with the AUV hull dimensions at 3.9 MPa 
pressure 

The lifting force acting on the AUV becomes 9800 N for lifting in calm conditions and 29400 

N for conditions with accelerations three times the gravitational acceleration. The lifting area 

is approximately 0.17 m2 and the pressure acting on the hull at the slings during lifting with 2 

slings of width 50 mm becomes 0.12 MPa and 0.35 MPa respectively for calm and tough 

conditions. Thus much thinner slings can safely be used to lift the AUV. 

6. Heat transfer 

A lot of the onboard equipment produces heat when in use and it’s important that this heat 

can be transferred out through the hull quickly so that the temperature inside the hull 

doesn’t rise enough to damage any of the equipment by overheating. When submerged the 

hull will be continuously cooled by water flow on the outside so the outside hull 

temperature can be considered to be constant, at the same temperature as the surrounding 

sea.  

6.1 Theory of heat transfer 

With an assumption of the total heat production, this value is used as a minimum 

requirement for the heat transfer through the hull. The lowest amount of heat transfer 

occurs when the temperature difference between the outside and inside of the hull is the 

smallest, so a maximum water temperature in the ocean and assuming the maximum 

allowed temperature inside the hull gives the dimensioning values for the heat transfer 

calculations. 

The conductive heat transfer through the hull is given by Fourier’s law in one-dimensional 

form as 

 1 2( )tk A T T
q

h

  
   (1.15) 
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Where 
tk  is the thermal conductivity of the fiber composite in the transverse fiber direction 

(or 
sk for a sandwich core), A  is the total area of hull, 

1T  and 
2T are the temperatures inside 

and outside the hull respectively and h  is the thickness of the hull. From this we can see that 

increased temperature differences, increased hull area and decreased hull thickness would 

all increase the heat transfer through the hull. The thermal conductivity of the fiber 

composite in the transverse direction is given by (Åström, 2002) as  

 fl m

t

f m m ft

k k
k

V k V k




  
  (1.16) 

Where flk  is the thermal conductivity of the fibers in the longitudinal direction, 
mk  is the 

thermal conductivity of the matrix, fV  is the fiber volume fraction of the composite, 
mV  is 

the matrix volume fraction of the composite and ftk  is the thermal conductivity of the fibers 

in the transverse direction.  

6.2 Method of heat transfer 

The electrical engine for propulsion of the AUV gives off about 1 kW of heat when running at 

maximum power and the drive train for the propulsion gives of about 0.85 kW of heat. The 

electronics, mainly the computer on board, contribute a lot to the heat generation onboard 

as they give off approximately 1 kW of heat. The smaller engine powering the pump for the 

buoyancy module is assumed to have much less power and be used less frequently so that 

the heat generation is negligible. The batteries, lithium polymer, have very low inner 

resistance and thus their contribution to heat generation in the AUV is also negligible. This is 

summarized in the assumption of a total heat production of 3 kW when going at full speed 

and this value is used as a minimum requirement for the heat transfer needed through the 

hull. 

For the PEEK/CF composite and a regular PVC foam core as well as a carbon foam core the 

thermal conductivity is given in Table 9 below.  

Table 9 . Heat transfer properties of different materials 

MATERIAL THERMAL CONDUCTIVITY 
[W/mK] 

REFERENCE 

PEEK 
mK   0.25 (Cytec, 2012) 

AS4  flK   6.8 (Hexcel, 2016) 

AS4 ftK   6.8 (Hexcel, 2016) 

PVC FOAM 
sK  0.05 (Divinycell, 2016) 

CARBON FOAM 
sK  0.25 (CFOAM Ltd., 2017) 

 

Assuming a maximum water temperature of 30 C, for example in the Mediterranean sea in 

summer, and assuming the maximum allowed temperature inside the hull as 70 C, these 

are the dimensioning values for the heat transfer calculations. To maximize the heat transfer 
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through the hull the inside could be covered in a thin layer of aluminium foil to distribute the 

heat evenly on the inside and avoid local hot spots on the hull close to hot equipment. 

6.3 Results for heat transfer 

In Table 10 below the maximum allowed hull thickness for which there is a heat transfer of 3 

kW for the PEEK/CF hull and for the sandwich hull the maximum allowed core thickness, for 

both a regular PVC foam core and a carbon foam core (which has a much higher thermal 

conductivity). They have been calculated using Equations (1.15) and (1.16).  

Table 10. Results for maximum hull thickness to prevent overheating 

STRUCTURE TYPE MAXIMUM THICKNESS [mm] 

SINGLE SKIN, PEEK/CF 50 
SANDWICH, PEEK/CF FACES   

PVC FOAM CORE 4 
CARBON FOAM CORE 21  

 

It is clear that a regular foam core will not be able to transfer heat through the hull at the 

rate necessary for this AUV. A special carbon foam core, with higher thermal conductivity, 

could make a sandwich structure a viable option in regards to heat transfer.  

7. Discussion and future work 

When the hull weight is reduced by reduced thickness the hull becomes more sensitive to 

impacts, this has not been taken into account in this study. For a sandwich hull there are 

many possible combinations that can reach a low weight, one is to use thicker faces and a 

thinner core of lower density material. Another possible combination is faces of aluminium 

which will be heavier than composite faces but cheaper and easier to manufacture. For the 

composite matrix there are many options that can work, as long as the requirements on 

temperature stability and water absorption are met. Although there are not many of these 

possible matrix options that are available as prepreg material with continuous carbon fiber 

at high volume fractions.  

The FE linear buckling analysis results for the composite hull departs from the results in 

another study (Perry et al., 1992) in which the FE-analyses gives a higher expected buckling 

pressure than the analytical equation (the same analytical equation was used in that study 

as Equation (1.7)) and which was true in this study for the aluminium hull buckling analysis. 

No verification of the composite FE-model was done since no such detailed data was found 

for comparison, the model was created and the buckling analysis performed seemingly 

correct and the results were in the same order of magnitude as the analytical although the 

FE-analysis gave smaller buckling pressures than expected. In future work a verification of 

the model and results from the linear FE buckling analysis on the composite cylinder should 

be performed. If the model and results are correct then a larger safety factor against 

buckling pressure for the composite hull design should be considered. 



32 
 

The main focus of future work should be to make a nonlinear FE buckling analysis and to 

expand the FE-model to include the design of the joints when this is available. It would also 

be necessary to investigate the other failure modes of a sandwich hull. If applicable at a later 

stage the sandwich or the ring-stiffened composite hull can be modelled in FE-software. A 

core and face thickness optimization should be performed if this design is chosen to be 

continued with. In the nonlinear buckling analysis the effect of shape imperfections on the 

buckling pressure should be examined.  Further work includes making a FE-analysis of hull 

penetrations at their intended locations plus dimensioning of hull reinforcements around 

said areas. Finally dimensioning of the equipment mounting points is necessary. 

8. Conclusions 

A lighter weight AUV hull compared to the existing model can be made with composite 

materials. A PEEK matrix combined with high strength carbon fibers with a fiber volume 

fraction of 60 % is optimal for minimizing hull weight and maximizing the operational 

lifespan of the AUV. The most suitable manufacturing method is thermoplastic filament 

winding with in situ consolidation. This produces very high quality cylindrical parts, which is 

required to design for a minimized hull weight.  

There is the possibility to reduce the hull weight 55 % with a single skin PEEK/CF composite 

hull compared to an aluminium hull and to reduce it upwards of 80 % with a sandwich hull 

with a carbon foam core and PEEK/CF composite faces. A stiffened single skin hull should 

lead to a weight reduction of somewhere between 50 % and 80 % compared to a non-

stiffened aluminium hull and composite stiffeners can be more effective than metal 

stiffeners because of their customizability. The sandwich design has a risk of overheating, if 

the core thickness becomes too thick and especially if it is not made of a core material with 

high enough thermal conductivity. The single skin design runs no risk of overheating. 

A lower factor of safety is reached from the FE linear buckling analysis of the composite hull 

than from the analytical analysis but a nonlinear FE-analysis is required to get a more 

realistic buckling pressure to compare with the analytically predicted buckling pressure.  
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