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Notation 
Symbol Description 
𝑃 Pressure  

𝑉 Volume 

𝑇 Temperature 

𝜌 Air Density  

𝜌𝑤𝑎𝑡𝑒𝑟  Water Density 

𝛾 Heat capacity ratio  

𝑓 Filing ratio 

𝑚 Empty Mass 

𝑆 Wing Area  

𝑢∞ Free stream velocity 

𝐶𝑙 Lift Coefficient 

𝐶𝐷𝑠𝑡𝑜𝑤𝑒𝑑
 Drag Coefficient (Wings Stowed) 

𝐶𝐷𝑑𝑒𝑝𝑙𝑜𝑦𝑒𝑑
 Drag Coefficient (Wings Deployed) 

 

Abbreviations 
AOA: Angle of Attack 

FDPS: Flight Dynamics and Performance Simulator 

PTES: Propulsion and Thrust Efficiency Simulator 

CFD: Computational Fluid Dynamics 

FEA: Finite Element Analysis 

TOW: Take Off Weight 

MDF: Medium Density Fiberboard 
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1. Introduction 
1.1 Review of the sloshing subject 
Challenge of sloshing liquid propellants in the aerospace industry 
In the aerospace industry liquids are frequently involved in various roles, including propulsion, ballast, 
control means for systems, means of cooling and as payload. Examples include liquid fuel, hydraulic fluids 
and liquid cooling agents. Storing and utilizing these liquids can be a challenge under accelerations and 
unpredictable movements that are unavoidable during flight activities. All these challenges involving liquids 
can be primarily described by the term liquid sloshing. Liquid sloshing or just sloshing refers to the movement 
of liquid within an enclosed container. In the context of aerospace, sloshing can significantly impact flight 
dynamics and stability. Specifically, the main problems regarding sloshing in the aerospace field: 

• Aircraft fuel sloshing 

Fuel sloshing occurs in aircraft fuel tanks during flight. As the aircraft maneuvers sloshing is 
introduced due to the liquid nature of the fuel. This effect has an impact in flight stability as the 
movement of the fuel causes a shift in center of gravity, that can in turn impact the longitudal 
stability of the aircraft. 

• Spacecraft propellant sloshing 

In space vehicles, propellant sloshing can alter the dynamics of space vehicles as described above 
but can also impact the consistency of propellant flow into the engines or even prevent propellant 
from reaching the engines completely.  

In summary, sloshing affects both aircraft and spacecraft, necessitating careful design and management to 
ensure safety and stability during flight and space missions.  

 

Interesting and innovative ideas aviation should take inspiration from 
There are many interesting ideas aviation should explore. As always, nature can inspire ideas for the 
challenges discussed above. Specifically, these are some interesting mechanisms or phenomena: 

• Viscous Damping in Wetlands 

In wetlands and marshes, vegetation and submerged obstacles create viscous damping. As water 
flows through these areas, the frictional resistance from plants and obstacles slows down and 
restricts water movement. In engineering that translates to advanced flexible baffle designs that can 
contribute to sloshing damping. 

• Surface Tension effects 
Some insects like the Gerridae utilize surface tension effects to move on water surfaces. In a similar 
way surface tension can be exploited to restrict liquid movement, through coatings or surface 
treatments inside the walls of tanks that increase the resistance in the liquid’s movement. This can 
in turn mitigate sloshing effects. 
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2. Design Requirements 
2.1. General 
Design requirements guided the whole project and the design of the aircraft. In order to find the parameters 
that affect the performance of the aircraft and to measure the impact of each parameter two custom 
simulators were developed. 

The simulators were initially provided with estimations and rough guesses and through many iterations more 
accurate results were acquired that were fed into the simulators again, each time reducing the uncertainty of 
the parameters involved.  

Afterwards a sensitivity analysis was performed varying iteratively the parameter values and using the score 
formula (see below) provided different scores were calculated, providing a measure of the performance of 
the rocket. 

 

𝑆𝑐𝑜𝑟𝑒 =
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ⋅ 𝑡𝑖𝑚𝑒 ∙ 𝑝𝑎𝑦𝑙𝑜𝑎𝑑

𝑇𝑂𝑊
 

 

 The sensitivity analysis resulted in the following table of design requirements, where both a threshold 
(lowest acceptable performance) and a target (ideal performance) was set. 

2.2. Summary of requirements 
Requirement Threshold Target 

Range >5m 20m 
Peak Altitude >10m 15m 

Stall Speed <5m/s 3m/s 
Payload Mass >0.5kg 0.75kg 
Empty Mass <0.7kg 0.3kg 

Controllability Radio Controlled: 
• Pitch 

Fully Autonomous: 
• Pitch 
• Yaw 
• Roll 

Table 2.1: Design Requirements 

Simulator

More 
Accurate 
Results

Guesses -
Estimations

Figure 2.1 Figure 2.1: Simulator modelling flow 
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5. Propulsion 
5.1 General 
The launching mechanism is required to be able to provide adequate pressurized air to the aircraft in order to 
launch it. The final stage of the launch mechanism that goes into the aircraft propulsion tank, known as the 
launch tube, is also required to be tilted at 85 degrees. For the assembly copper tubes were selected for their 
ease of joining and durability under high pressures. Finally, a release pin allows for safe and quick launches 
by separating the aircraft from the launch tube. 

5.2 PTES 
Simulation 
The Propulsion and Thrust Efficiency Simulator (PTES) gets environmental parameters and launch-setup 
data in order to provide the best launch settings, the outputs are: 

• Ideal Pressure 
• Ideal Volume 
• Ideal Empty Mass 

The PTES is based on the following principles [2]. The thrust of the water-propulsion system can be attributed 
to two different phenomena; the first is the rapidly exiting water and the second is the exit of the remaining 
compressed air after the depletion of water. 

The work done by the gas in an incremental expansion is: 

𝑊 = ∫ 𝑃
𝑓𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
𝑑𝑉  (1) 

 

The expansion the gas is rapid enough to be considered adiabatic, and so conforms to the law: 

𝑃𝑉𝛾 = 𝐾 (2) 

where 𝐾 is a constant. So, the work done in the expansion is: 

𝑊 = ∫
𝐾

𝑉𝛾 𝑑𝑉

𝑓𝑖𝑛𝑎𝑙
𝑣𝑜𝑙𝑢𝑚𝑒

𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑣𝑜𝑙𝑢𝑚𝑒

= 𝐾 ⋅ [
𝑉−𝛾+1

−𝛾+1
]

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒

𝑓𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒

= 𝐾 ⋅ [
𝑉𝑓𝑖𝑛𝑎𝑙

−𝛾+1

−𝛾+1
] − 𝐾 ⋅ [

𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙
−𝛾+1

−𝛾+1
] =

𝐾

−𝛾+1
⋅ [𝑉𝑓𝑖𝑛𝑎𝑙

−𝛾+1
− 𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙

−𝛾+1
]  (3) 

The final volume is the simply the full volume of the tank, 𝑉. The initial volume is (1 −  𝑓 ) ∙ 𝑉 where 𝑓 is the 
filling fraction of the tank. 

𝑊 =
𝐾𝑉−𝛾+1

−𝛾+1
[𝑉−𝛾+1 − 𝑉−𝛾+1 ∙ (1 − 𝑓)−𝛾+1] =

𝐾𝑉−𝛾+1

−𝛾+1
∙ [1 − (1 − 𝑓)−𝛾+1]  (4) 

The value of 𝐾 is determined by the initial conditions in equation (2): 

𝐾 = 𝑃 ⋅ (1 − 𝑓)𝛾 ⋅ 𝑉𝛾  (5) 

From (5) and (4): 

𝑊 =
𝑃⋅𝑉

−𝛾+1
⋅ [(1 − 𝑓)𝛾 − (1 − 𝑓)] (6) 

The simulator calculates the specific work by dividing the formula (6) with mass, allowing for accurate 
efficiency calculations regarding, initial pressure and filling factors. 
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Assumptions 
In the modelling process the team made certain assumptions. This section lists the assumptions made and 
their possible implications on the simulation results. 

Environmental parameters 
1. No wind effects are taken into account. 
2. Heat capacity ratio is taken as 𝛾 = 1.4. 
3. The International Standard Atmosphere [5] model was used, specifically: 

o Temperature is considered constant at 𝑇 = 288𝐾.  
o Pressure is considered constant at 𝑃 = 101,325 𝑃𝑎. 

o Atmospheric density is considered constant at 𝜌 = 1.225
𝑘𝑔

𝑚3  

Propulsion Analysis 
1. The expansion of the propulsion gases is considered adiabatic. 

2. The water’s density inside the tank was taken as 𝜌𝑤𝑎𝑡𝑒𝑟 = 997
𝑘𝑔

𝑚3 
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7. Simulators - Flight Modelling 
The aircraft performance was modeled using two separate simulators that were specifically designed for this 
project. Through their data outputs the team was able to determine the impact of all possible inputs on flight 
performance, and eventually the final score. 

7.1 FDPS 
The Flight Dynamics and Performance Simulator (FDPS) gets environmental parameters and initial launch 
motion data which are calculated externally (The initial launch motion data are obtained through a web-
based water rocket simulator [1]), to calculate the following flight-time dependent variables: 

• Range  
• Altitude 
• Vertical Speed 
• Lateral Speed 
• Acceleration 
• Drag 
• Lift 

The FDPS data inputs including lift and drag coefficients, wing area and mass where initially rough estimates, 
that were adjusted over a wide range of consecutive iterations in order to approach meaningful and realistic 
outputs. Finally, performance with or without foldable wings can be opted to be calculated allowing for easy 
comparisons between the two modes. 

Assumptions 
Flight Dynamics Analysis 

1. The aircraft is considered a point mass. 
2. Deployment of wings is considered instantaneous. 
3. Gliding angle of attack is considered constant. 

Propulsion Analysis 
1. Fluid flow within the propulsion tank is considered laminar and unidirectional. 
2. Volume for the pressurized propulsion tank is considered 3% greater than that of the unpressurized 

tank. 
3. The tank is considered fully sealed meaning that no propulsion fluid escapes until clear of the launch 

tube. 

The above assumptions are made in the flight model, in addition to the environmental assumptions 
discussed in Propulsion Analysis (Section 5.2). 
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8. Sloshing Management – Tank Design 
General 
The payload tank as determined in Section 3.2 needs to carry 0.75kg of water, so the tank was designed with 
a volume of 1.5L to allow for 50% fill level. The tank is located in the forward part of the aircraft to induce 
passive aerodynamic stability. 

Damping Mechanism 
In order to address the sloshing of the water inside the payload tank a passive control system was selected. 
Passive control is achieved through a single flexible baffle. 

 

Figure 8.1: Damping as a function of flexibility F [STEPHENS & SCHOLL, 1967] 

The baffle was designed to comply with the 50% cross-sectional area rule and was placed in the middle of 
the payload tank. A flexible material (insert material) was selected to improve the damping of the baffle. 
Flexible baffles’ damping is better than damping from rigid baffles, thanks to the deformation absorbing large 
part of the kinetic energy of the sloshing liquid. As the baffle becomes more flexible, the relative damping 
increases (Figure 8.1). Consequently, flexible baffles can allow a substantial improvement in baffle damping 
efficiency [7]. 

Perforating the baffle was also considered. Despite the benefit of oscillating flow through the holes acting as 
an additional source of damping, the baffle area is reduced and thus little is to be gained  [7] in terms of 
damping. 
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Conclusion 
In the future the aircraft will be subjected to flight tests for validation and calibration of the models used. This 
report includes all the design choices made in this short time frame (January – May). Some choices may 
prove to be wrong through testing, so inevitably design changes will come with the aim of achieving better 
performance.  
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