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Introduction

Introduction
The fuel systems on modern multi-engine aircraft must 
function flawlessly for many different operational scenarios 
and must be designed to conform to very strict functional 
specifications as required by the FAA. These requirements as 
related to this paper as laid out in the CFR 10 specification 
(1) include:

• Each system must provide an uninterrupted flow of 
contaminant free fuel regardless of the aircraft’s attitude.

• The fuel load can be a significant portion of 
the aircraft’s weight and varying fuel loads and 
shifts in weight during maneuvers must not neg-
atively affect control of the aircraft in flight.

• The fuel system must be constructed and arranged to 
ensure fuel flow at a rate and pressure established for 
proper engine and auxiliary power unit (APU) function-
ing under each likely operating condition. This includes 
any maneuver for which certification is requested and 
during which the engine or APU may be in operation

• Each fuel system for a turbine engine powered airplane 
must meet applicable fuel venting requirements.

• Each fuel system for a multiengine airplane must 
be arranged so that, in at least one system config-
uration, the failure of any one component does not 
result in the loss of power of more than one engine 
or require immediate action by the pilot to pre-
vent the loss of power of more than one engine.

• If a single fuel tank (or series of fuel tanks inter-
connected to function as a single fuel tank) is 
used on a multiengine airplane, independent tank 
outlets for each engine, each incorporating a 
shut-off valve at the tank, must be provided.

• Lines and any components from each tank outlet to each 
engine must be completely independent of each other.

• The fuel tank must have at least two vents ar-
ranged to minimize the probability of both vents 
becoming obstructed simultaneously.

There are several other requirements that the system 
designer must consider as well but they do not directly relate 
to the performance of the system which is the focus of the 
white paper: AIRCRAFT FUEL SYSTEM SIMULATION IN 

                                                 Figure 1. Schematic representation of the simplified passenger aircraft fuel system                              

                                                 Figure 2. FloMASTER system model drawn directly on top of the schematic image                                        

FloMASTER: BASIC SIMULATIONS. The paper describes the 
basic design aspects of an aircraft fuel system and how 
FloMASTER can be used to provide accurate insight into the 
performance of the system.



w w w . m e n t o r . c o m / m e c h a n i c a l page 4

Design Considerations

Fuel System Design 
Considerations
All powered aircraft require fuel on board to operate their 
engine(s). A fuel system consisting of storage tanks, pumps, 
filters, valves, fuel lines, metering devices, and monitoring 
devices is designed to provide an uninterrupted flow of 
contaminant-free fuel regardless of the aircraft’s altitude. The 
design of these fuels systems is critical to safety, as varying 
fuel loads and shifts in weight during manoeuvres affect 
control of the aircraft in flight.

There are many design considerations that must be 
examined when designing an aircraft fuel system.  While in 
many instances the design decisions are bounded by the 
design criteria of the entire aircraft; size, range, intended use, 
etc. , but within those limits there are many other key factors 
that must be considered including how multiple components 
and systems interact with each other and the operational 
profile of the aircraft. This is where simulation comes into 
play.  

Fuel tank design

When considering a fuel tank design there are several 
different fuel tank design options available:

• Bladder tanks – Consist of rubber bladders usually 
in the wings and commonly used on small aircraft

• Rigid removable tanks – These are typically made 
of a non-corrodible material and are mounted in the 
interior of wings and fuselages of smaller aircraft

• External Wing tanks – These are pods attached at 
the end of the wings or under the wings.  They can 
be either be rigidly attached or removable.  The re-
movable tanks are mainly used for military appli-
cations to extend the range of the aircraft and are 
mounted where armaments would typically mount. 

• Integral Tanks – Also known as “wet wings” are the 
standard type for large aircraft and are becoming more 
common on small aircraft as well.  This design is where 
an aircraft’s wing structure is sealed and used as a fuel 
tank. By eliminating the need for fuel bladders, aircraft can 
weigh less and the wing root bending moment caused 
by the lift generated by the wings in flight is decreased. 

One of the key considerations when designing a wet wing 
fuel tank is that the internal structures of the wing become 
part of the tank and they can cause obstructions to the fuel 
flow from one section to another.  To prevent the fuel from 
becoming blocked by the support ribs, holes must be placed 
in the ribs to allow the fuel to transfer from one cell to 
another without compromising the structural integrity of the 
wing.  All possible flight scenarios (climb, decent, banked 
turns. takeoff and landing) must be considered to ensure the 
fuel flow is never impeded.

When a fuel tank is empty, the entire volume is occupied 
with gas. This gas must be displaced during the refueling 
process, so vents must be included in the design for the gas 
to escape with minimal restriction.  In addition to refueling, 
when an aircraft rapidly climbs or descends, the atmospheric 
pressure outside of the aircraft may change more rapidly 
than the vents can keep up with. The US Federal Air 
Regulations (FARs), dictate that the capacity of the vent 
system must allow for the rapid relief of pressure and if there 
are interconnected tanks, as is in this model, the vent 
systems must also be interconnected. Aircraft tanks are 
designed with weight as a primary constraint and are not 
always capable of withstanding large internal or external 
pressure differentials. So it’s important to minimize the 
difference.

To allow proper fuel flow, each fuel tank must be vented from 
the top part of the expansion space. Vent outlets must be 

Figure 1: Wing Fuel Tank structure  
http://www.faa.gov/regulations_policies/handbooks_manuals/aircraft/
amt_airframe_handbook/
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located and constructed in a manner that minimizes the 
possibility of being obstructed by ice or other foreign matter. 
Venting capacity must allow the rapid relief of excessive 
differences of pressure between the interior and exterior of 
the tank. The airspaces of tanks with interconnected outlets 
must also be interconnected. The vents must be arranged to 
prevent the loss of fuel when the airplane is parked in any 
direction on a ramp having a one-percent slope. 

Fuel tank designer use both 3D and 1D simulations to assist 
in the designing of the fuel tanks and their venting systems.   
3D CFD simulation software is used to look at the detailed 
components and assemblies of a tank or vent check valve to 
ensure that it can deliver the performance as expected.  

1D system simulation CFD tools are used to look at how the 
tank performs as part of the fuel system as a whole.  Of 
particular interest is the venting of the tank under different 
flight scenarios to ensure that the pressures are maintained a 
proper levels to prevent structural damage and proper fuel 
flow.

Figure 2: Relief Valve simulation in FloEFD 3D CFD

Figure 3: Fuel Tank Venting in FloMASTER
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Fuel distribution and aircraft balance

There are many factors in the safe and efficient operation of 
aircraft, including proper weight and balance control. 
Improper loading decreases the efficiency and performance 
of an aircraft from the standpoint of altitude, maneuverability, 
rate of climb, and speed. It may even be the cause of failure 
to complete the flight or, for that matter, failure to start the 
flight.  Because of abnormal stresses placed upon the 
structure of an improperly loaded aircraft, or because of 
changed flying characteristics of the aircraft.   

While the largest contributing factor on aircraft balance is 
how the aircraft is loaded either with cargo or passengers, 
the fuel load and location of the fuel can be an even more 
critical consideration when designing the aircraft.  This is due 
to the variability of the fuel load over time.  Fuel tanks on an 
aircraft are in the wings, fuselage and tail.   Since passengers 
and inanimate cargo are near impossible to be moved 
around in midflight to have a predictable and meaningful full 
effect on the balance of the aircraft, the ability to move the 
fuel from one tank to another is a critical tool for maintaining 
control of the aircraft.  

Outboard fuel: tail heavy

Inboard fuel: nose heavy

Figure 4: Wing Fuel Tank Balance Effects 
http://www.faa.gov/regulations_policies/handbooks_manuals/aircraft/
amt_airframe_handbook/

In theory, this is a straight forward calculation to determine 
the amount of fuel that needs to be in each fuel tank at any 
point in time, but in practice this is much more complicated 
due to the complex geometries of the fuel tanks and their 
locations.  Since an aircraft is symmetrical the side to side 
balance can be maintained by having an equal amount of 
fuel in the corresponding tank (inner or outer) on each side of 
the plane.  The fore and aft balance is more complex due to 
the rear swept wings on most aircraft.  Having more fuel in 
the inner wing tanks can make the aircraft nose heavy and 
conversely too much fuel in the outer wings can make it tail 
heavy.  This consideration must also be combined with the 
fuel levels in the fuselage tanks as well.  Finally, complicating 
this further is the fact that the fuel load is continually being 
reduced during flight.  

While complicated, these calculations can be done relatively 
quickly using 3D CAD programs and center of gravity 
calculators.  Once complete, the calculations can be used to 
design the fuel distribution system and a control strategy that 
will maintain the proper fuel loads in each of the tanks by 
pumping the fuel from one tank to another as required.  

Once the system and control strategy have been designed, 
they must be verified to ensure they can handle all 
operational scenarios that the aircraft might experience.

1D CFD system simulation software is the tool of choice for 
fuel systems engineers for this task.

Figure 5: Fuel Distribution System in FloMASTER

It allows engineers to construct the fuel system with all its 
components including pumps, control valves, fuel tanks and 
all the fuel lines.  Additionally it allows them to include the 
control code to determine how the control and the physical 
components interact with one another.  This gives the 
engineer the ability to quickly run through any possible flight 
scenario and determine how the system as a whole will 
react.  It also allows for parametric studies of the system to 
determine the appropriate sizes of components or control 
alternative to find the optimum combination.   This provides 
a level of confidence that the system will perform as 
expected once physical testing begins and minimize the risk 
of have to redesign late in the development cycle.

Fuel Tank inerting

On 17th July 1996 TWA Flight 800, a Boeing 747, exploded 
and crashed into the Atlantic Ocean 12 minutes after take-off 
killing all 230 people on board.  A four-year National 
Transportation Safety Board (NTSB) investigation concluded 
that the probable cause of the accident was an explosion of 
flammable fuel/air vapours in a fuel tank, and the most likely 
cause of the explosion was a short circuit.

As a result of the investigation, new requirements were 
developed for aircraft to prevent future fuel tank explosions.

The most common of the approaches to do this is fuel tank 
inerting. Fuel tanks are rendered inert by adulterating the 
ullage with an inert gas such as nitrogen, nitrogen enriched 
air, steam or carbon dioxide. This reduces the oxygen 
content of the ullage below combustion threshold. Without 
sufficient oxygen in the tank, the fuel vapours in the ullage 
cannot ignite, and an explosion does not occur.  Of these, 
nitrogen enriched air is the dominate approach. This 
approach has proven to be the most reliable and effective 
method.  It also has the benefit of not having to store the 
inerting gas on board the aircraft (rather than having to refill 
storage tanks after each flight).  On-Board Inert Gas 
Generation System (OBIGGS) is an on-board system that 
generates a dry nitrogen-enriched air.  

Design Considerations
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Figure 7:  Fuel Tank Inerting System 

Figure 8:  Fuel Tank Inerting System Analysis in FloMASTER

Figure 9:  OBIGGS Heat Exchanger Analysis in FloEFD 

The system uses bleed air from the engines that is then 
cooled from 350 degrees Fahrenheit to 180 degrees as it 
passes through a heat exchanger that is cooled by outside 
air, then enters the air separation module. The ASM consists 
of three parallel aluminium tubes; the tubes are filled with 
bundled rows of permeable fibers, each fiber about the width 
of a human hair.  The pressurized air that enters the ASM 
tubes consists of 78 percent nitrogen, 21 percent oxygen, 
and one percent trace elements. As air enters the hollow 
interior of each fiber, oxygen and trace gases permeate 
through the fiber walls and are vented and dumped 
overboard. As a result, the air exiting the far end of the 
fiber—and ultimately the ASM—consists of about 99.9 
percent nitrogen and is reading to be used for inerting the 
fuel tanks.

Because aircraft fuel tanks are vented to allow for 
equalization of pressure at different altitudes, the nitrogen 
must be constantly fed into the tanks to displace the outside 
air that freely enters. Pressure valves regulate the flow so 
that the fuel tank isn’t over-filled. The system operates in two 
modes: low-flow and high-flow. After take off, the control 
system signal OBIGGS, and the system enters the low-flow 
mode. OBIGGS remains in that mode through climb and 
cruise. This is due to the fact air pressure is much lower at 
cruising altitudes.  At these high altitudes, the system can 
displace all but two or three percent of the fuel tank’s 
oxygen. During descent, air pressure rises, so more outside 
air flows into the tank, increasing the oxygen content. To 
compensate, OBIGGS goes into high-flow mode, pumping in 
additional nitrogen at a faster rate. Even so, the 
concentration of oxygen jumps from a few percent at 
cruising altitude to between nine and 12 percent at landing.

Both 1D and 3D CFD can benefit the system designers of 
OBIGGS.  From the system side, 1d CFD can aid in 
predicting the performance of the system through the flight 
profile and provide guidance for the sizing of the pressure 
valves and the tank vents to ensure that the oxygen levels 
stay below the safe limits as determined by the FAA.  The 
ductwork, including the inlets from the outside through the 
heat exchanger plenum have very complex shapes and 
optimizing the air flow into the heat exchanger is important to 
ensure that the bleed air is cooled to a low enough 
temperature for the air separation module to operate 
properly.  This is where 3D CFD can be of great value to 
engineers.

Refueling 

Aircraft typically have refueling ports on both sides, but 
normally only one port is used at any one time.  This is 
normally determined by how the aircraft is positioned versus 
the fuel tank whether it is a tanker truck or an underground 
fuel tank.  They will use which ever port is most convenient 
to connect the refueling rig to.  Since the line sizes are the 
same size across the aircraft, the wing tanks furthest from 
the active refueling port will fill slower since there will be more 
pressure drop because of longer lengths of piping from the 
refueling port to the tank.  This is not optimum for refueling 
scenarios and aircraft balance. To counteract the fuel tank 
inlet control valve position can be actively regulated to 
increase the flow restriction at the entrance to the closer fuel 
tanks and therefore balancing the flow rate in all tanks.  
There is a control system that will monitor the fuel level in 
each tank and the flow rate into the tank and constantly 
adjust the inlet valve positions to maintain a constant flow 
rate into each tank.

Aircraft refuel systems enable the transfer of fuel under 
pressure from ground level supply to the required quantity 
into each fuel tank. The closure of a fuel tank inlet valve may 
result in a surge pressure. The magnitude of the 
overpressure will depend on a number of factors, including 
the closure operation of the tank inlet valve, fuel flow velocity, 
and the critical time. As a weight saving measure refuel 
pipelines need to be designed to an optimum diameter and 
pipe wall thickness. 

Design Considerations
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Marrying Test & Simulation

Fuel System Design: Marrying Test 
& Simulation
Modern Design Engineers have at their disposal a variety of ways to 
help them in their work. The art lies in ensuring each method 
complements the others to ensure deadlines are met and costly 
reworking is avoided. Fábrica Argentina de Aviones have integrated 
FloMASTER fluid system simulation into their design process in a 
manner which maximises the return from their test programs and 
provides additional insight from the earliest possible stage in their 
design process.

It is widely acknowledged that there is a direct correlation between 
the cost to make a change in a design and the time since work on it 
commenced. As the process develops and more man-hours and 
resources are committed, the relationship becomes decidedly non-
linear and even small changes can have large repercussions. 
Integrating simulation into the design process is a proven and 
established way of minimizing the risk of having to make a late 
change to any element of the design.

This principle works best when used in conjunction with ‘traditional’ 
experimental methods utilizing test results to validate simulation 
models, and applying simulation models to help focus experimental 
programs. The result is a streamlined design process that allows the 
strengths of all available methods to be brought to bear on a given 
problem in a cost effective manner.

Guillermo Robíglio, an engineer at Fábrica Argentina de Aviones 
(FAdeA) explains further, “When designing a new system, or modifying 
an existing one, we begin by creating ‘virtual prototypes’ in 
FloMASTER®. We can enhance the component models with our own 
test data and then begin the design process on this digital mock-up. 
This allows us to save a great deal of time and significantly reduce 
the risk of unexpected problems occurring later on when the design 
is at an advanced stage.”

Concept Design                   Detailed Design                             Prototype

Cost of Design Change Possible Scale of Design Change

This principle was demonstrated during the re-engineering of the 
aircraft and the design stage of the adaptation of the fuel system of 
the IA-58 Pucará, a twin-engine turbo-propeller aircraft that has been 
in continuous service with the Argentinian Air Force since 1975. The 
ultimate goal was to produce a FloMASTER model that could provide 
information not only for steady state operation, but also on the 
transient response of the network under differing scenarios. For 
example, the design team may wish to know the time taken to fill or 
empty the inverted flight accumulators at different pneumatic 
pressures, the behavior of the system at different altitudes and 
attitudes or its performance following the failure of one or more 
components. In working toward this goal, FAdeA followed an 
extremely rigorous procedure which took maximum advantage of all 
the tools at their disposal. Where test results from individual 
components were available, or made available, they could be used to 
add an extra degree of reliability to the virtual prototype. In addition, 
having access to test facilities could be used to supply an extra 
degree of confidence in the model as a whole. “FAdeA has an 
extremely capable and high precision test facility at its disposal. This 
allowed us to validate almost all the simulations we made in 
FloMASTER. In every case the results were satisfactory and for that 
reason FloMASTER became an extremely valuable and trusted 
partner in the design process.” explains Martin Blank, Manager of the 
Systems Team.

Knowing that he had a virtual prototype of such proven accuracy at 
his disposal allowed Guillermo to confidently deploy FloMASTER 
across a range of scenarios in order to generate a comprehensive 
picture of the system behavior. Not only was this achievable in a more 
cost effective and timely manner than would be possible using 
physical testing alone (like an ‘iron bird’ test), it also provided the 
design team an insight into areas of the system inaccessible to 
instrumentation. “We were able to identify a localized zone of high 
pressure in the FloMASTER model of the hydraulic system which was 
‘invisible’ to our system indicator or the relief valves. However, with a 
virtual prototype at our disposal, discovering the location of this 
problem was as simple as noting a nodal pressure in the FloMASTER 
model.” explains Guillermo Robiglio.

Figure 3. Pressure drop calculation in the fuel system of IA-58 Pucará

Figure 10:  Aircraft Refueling Study in FloMASTER

Having a 1D CFD tool that can properly model these 
possible pressure surges and reflected waves is crucial.  
Without this capability, systems would typically be 
overdesigned with extreme safety factors to compensate for 
the unknown or an excessive amount of expensive testing 
would need to be done to optimize the design.



w w w . m e n t o r . c o m / m e c h a n i c a l page 8

The Future

The Future of Fuel Systems
The basic configuration of aircraft fuel systems has remained relatively 
unchanged for many years but have been getting technology 
upgrades as time has progressed such as: wet wings, fuel tank 
inerting and more electronic controls.  For the foreseeable future, this 
should be the continuing trend with technology upgrades to the fuel 
systems based on needs of related systems.  

Two examples of this are evolving engine designs and the increased 
use of composites and electronics in aircraft designs.  The engine 
designs are continuing to become more fuel efficient and cleaner 
running which allow aircraft to travel further with their current fuel 
capacities, this could open up opportunities for shrinking the overall 
size of some aircraft fuel systems and thereby increasing the usable 
payload of a plane that does not require extended ranges.  These 
changes will require adjusted fuel tank positions and balance 
scenarios but no dramatic system level changes.

The combined increased use of composite materials for the fuselages 
and ever increasing power density of the electronics for avionics and 
other applications are posing a new thermal challenge that engineers 
are looking to the fuel system as a possible solution.  The increased 
power density of both military and commercial aircraft means that 
there is a significant rise in the heat being generated by the on-board 
electronics that must be dissipated to prevent thermal failure of the 
components.  This is complicated by the trend toward the use of 
composite materials for the skin of the aircraft.  Composite materials 

The integration of FloMASTER into the design loop has allowed 
FAdeA to increase the efficiency of their extensive test facilities. In 
turn, the test facilities have allowed the Systems Team to validate 
their virtual prototypes and so have confidence in using them to 
predict and understand system behavior across the design envelope. 
This method of working has proven itself so valuable that it is now the 
standard for the team, “Actually, every time we need to evaluate or 
design a fluid system we run lots of FloMASTER simulations,” says 
Martin Blank, “this allows us to understand the behavior of that 
system very well.” By taking full advantage of all the facilities and 
tools available to them, the Systems Team at FAdeA have been able 
to generate validated virtual system models that afford them the 
ability to test and interrogate their fluid systems to a degree and 
within timescales that wouldn’t previously have been possible, This is 
also substantially cheaper to set up and run and virtual prototypes 
have the additional advantage that simulations can be run in seconds 
or minutes and without supervision.

Hence, batches of simulations can be run over lunch breaks or 
overnight. Furthermore, the advantages of working in this manner will 
only increase and become more apparent with time. As the library of 
test data and simulation results grows, the Systems Team will be in 
an even better place to predict the performance of new or redesigned 
systems.

are typically not good conductors of heat making it more difficult for 
the heat generated by the electronics to be transferred to the outside 
environment.  For commercial aircraft this can somewhat be 
addressed by using ram air from outside the aircraft to pass over heat 
exchangers to dissipate the heat.  But the size of the heat 
exchangers required can be a problem due to the fact that air is not 
the optimal cooling fluid.  For military applications this is also not 
feasible because of the need to reduce the thermal and radar 
signature of the aircraft.  The ram air ducts would have a negative 
impact on the radar signature and the exhaust air downstream from 
the heat exchangers would have the same effect on the thermal 
signature.

Therefore, thermal engineers are looking to the large quantity of fuel 
on board to act as a heat sink and absorb the heat generated by the 
electronics.  For this application the electronics would be liquid 
cooled with a di-electric fluid which would be pumped through a heat 
exchanger that could be either submerged in the fuel tanks or simply 
have fuel passed through the cool side of the heat exchanger.    In 
either case, the fuel system would need modification to 
accommodate the integration of the cooling loop.

These are just two examples of possible trends that could affect how 
aircraft fuel systems are designed and there are likely several others 
that are being considered as well.  What is known, is that no matter 
what design changes are required, both 1D CFD and 3D CFD will be 
heavily utilized to optimize the systems.
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Case Study

n 3 February 2004, a Singapore Airlines A340-
500 entered the record books as the world’s 
longest non-stop commercial flight from 
Singapore to Los Angeles.

Sipping on their gin and tonics at 35,000 ft the majority of 
the passengers were blissfully unaware of the effort that went 
into designing the system that was working tirelessly away 
under their feet - the aircraft’s fuel system.

Keeping the four Rolls Royce Trent R553s turbofans 
constantly supplied with fuel is only part of its job. The fuel 
system plays an important part in managing the aircraft’s 
centre of gravity, ensuring the aircraft’s fuel consumption is 
optimised.

To ensure compliance with the aviation authorities and meet 
the aircraft’s design requirements, Airbus UK has applied its 
extensive expertise to optimise its fuel system design 
processes, which is also proving invaluable on current 
programmes such as the A380, A400M and A350.

Challenges faced by the fuel systems team include ensuring 
a system performs as intended, and that the impact design 
changes have in other areas of the aircraft on system 
performance are quantitatively understood.

Using the right combination of test and simulation at the right 
stage of the process has enabled Airbus UK to exceed its 
design requirements and meet critical project milestones. 

For the past twelve years fuel systems engineers at Airbus 
have relied on FloMASTER, a 1D fluid system, to provide fast 
and accurate results that help them to focus on critical rig 
testing before flight testing commences.

O Essentially there are five phases involved in the fuel system 
design process:

• Definition 

• Detailed design & manufacture 

• Equipment & subsystem test 

• System integration 

• Aircraft testing.

In the definition phase of the project, tank design data is 
supplied to the fuel systems team from a dedicated tank-
modelling group. 

Airbus - Simulation Driven 
Fuel Systems Design
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Case Study

The main parameters are tank volume, fuel height and 
Centre of Gravity (CG) data. This data provides a starting 
point for building fluid mechanical performance models to 
investigate the system performance for the refuel, defuel, 
jettison, CG & transfer, venting and engine feed sub systems.

By using FloMASTER, fuel system engineers can quickly 
ensure the correct fuel flow rates, pressures and flow 
distribution to and from the eight (A340-600) or nine fuel 
tanks (A340-500). They can also determine the refuel and 
defuel sequencing of the tanks. 

This becomes important when you consider the refuel rates 
of approx 200,000 litres of fuel for an A340 – 500/ 600 are 
33 minutes and 30 minutes respectively when 3.45 bar is 
applied to all of the four refuel couplings. There’s a lot of fuel 
moving through the system in a short space of time. 

The fluid-mechanical performance models are then used as 
part of an integrated fuel simulation, which includes system 
control logic of pumps, valves, etc., together with simulated 
cockpit displays. This allows the control engineers to perform 
realistic flight scenarios. Using this simulation, specialists 
assess both the performance of the system and the 
operability (crew drills, Electronic Centralised Aircraft 
Monitoring displays, warnings and cautions, etc.).

Once the fuel system team has confirmed that the functional 
requirements can be met by the proposed fuel system layout 
in the definition phase, the next step is to add more detail to 
the subsystems by incorporating actual equipment data, 
such as pump curves and loss curves, for fittings and valves. 

Maintaining version control of the fluid systems models and 
data in line with the aircraft design version is a critical activity. 
To achieve this Airbus has made use of FloMASTER’s 
CADLink API’s (Application Programming Interface) and a 
third party company to develop a rules based link program 
between the design environment and FloMASTER. This 
allows version control to be done in one place, the design 
environment, and all the associated geometry and data is 
automatically exported via the third party application directly 
into FloMASTER.

De�nition of Needs

Aircraft level fuel

System function requirements

Subsystem requirements

Equipment speci�cation

Equipment development

Inter-system test
(‘Aircraft 0‘)

Sub-system integration & test
(‘Aircraft-1‘)

Ground test
Flight test

In service evaluation

De�nition Detailed Design
& Manufacture

Equipment &
Subsystem test

System
Integration

Aircraft Testing

Develop Design Validate Design

Modelling
Objective

                                                                                  Fuel System Modelling Process
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This automated link gives Airbus an effective tool to provide 
results quickly to other engineering teams. It is especially 
useful when designing fuel systems in composite wing 
structures. Because the design freeze occurs much earlier in 
the design cycle for a composite wing the ability of the fuel 
team to quickly verify the implication of structural changes on 
the fuel system performance is important.

The results from fluid system performance models have 
helped Airbus focus their fluid-mechanical rig testing where it 
is most appropriate.

Subsystems, which can be adequately and accurately 
modelled in FloMASTER, do not need extensive rig testing 
prior to aircraft test. In some cases, confidence in 
FloMASTER performance has been verified by a comparison 
of model, rig and aircraft tests. 

Fluid mechanical rig testing remains an important tool in the 
overall verification and validation process. 

By developing an overall test strategy, which optimises the 
uses of simulation, rigs and aircraft test, Airbus has reduced 
the risks associated with system development, and provided 
an environment which allows rapid and early assessment of 
fluid mechanical performance.
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                                                                               Models Inteaction Diagram

“FloMASTER is a design tool used by our engineers on a daily basis to investigate the 
fluid mechanics of the fuel system. It helps us understand how changes to the fuel 
system design will affect performance, and the simulation results are frequently used in 
conjunction with test results in certification reports for the fuel system.” 
Ellis Griffiths, Head of Fuel Systems, Fluids Mechanical. Airbus UK

Case Study
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About Sikorsky
As a leading designer and manufacturer of helicopters, Sikorsky 
supplies aircraft to more than 40 countries for commercial, 
industrial and military uses, as well as within all five branches of 
the U.S. military. 

Sikorsky plays a particularly prominent role in the intermediate 
to heavy weight range of helicopters where its products are 
recognized through the world, most notably the UH-60 Black 
Hawk and SH-60 Seahawk. Furthermore, Sikorsky is leading the 
production of both the civil S-92 and military-equivalent H-92, 
which FAA executives have called “the world’s safest helicopter”.

FloMASTER at Sikorsky
FloMASTER was first introduced at Sikorsky in 1998 and 
was adopted to help them model fuel systems in programs 
like the Black Hawk, Comanche and later, the S-92 as well 
as the U. S. President’s Helicopter, Marine One. Sikorsky has 
expanded its use of FloMASTER, continuing to use it to 
assist in the design of fuel system, but also for environmental 
control systems (ECS), bleed air systems, avionics cooling 
and transmission lubrication systems. 

Tony Cutting, Senior Design Engineer and the FloMASTER 
expert at Sikorsky, uses FloMASTER as part of his fuel 
systems responsibilities. Recently Tony applied FloMASTER 
towards the design of both the Emergency Fuel Jettison and 
Hover In Flight Refueling (HIFR) systems for the Canadian 
version of the H-92 Superhawk, the Canada CH-148 
Cyclone. Canada has ordered 28 Cyclones to replace their 
fleet of Sikorsky CH-124 Sea Kings and is expecting delivery 
to begin in 2008.

The Emergency Fuel Jettison system serves to jettison a 
controlled amount of fuel, in emergency situations, or 
alternatively to reduce the weight of the helicopter to enable 
the aircraft to hold more cargo or to pick up additional 
passengers.

Safety in Air-to-Air Refueling 
Systems, a Sikorsky Case Study

The HIFR system enables the helicopter to refuel without the 
need for landing. Landing a helicopter on a ship deck can be 
extremely dangerous, especially in turbulent water, and the 
option to avoid a hazardous landing is extremely valuable. 
During a HIFR operation, the refueling nozzle is hoisted from 
the ship to the helicopter and fuel is pumped from the ship 
fuel supply.

For both the Emergency Fuel Jettison and HIFR systems, it 
was important to validate the systems to ensure that they 
met necessary flow requirements as system failures in a 
critical situation must be designed for and prevented. To 
achieve this, a FloMASTER model of each system was built 
in order to establish the proper line and component sizes 
and to ensure that satisfactory pump operation was 
achieved.

Case Study

Left Hand 
Sponson

Left Hand 
Sponson

Transfer 
Pump

Discharge 
Nozzle

Figure 1: Jettison system shown modeled in FloMASTER with CAD schematic
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Emergency Fuel Jettison
The FloMASTER model for the jettison system was studied 
under a number of different scenarios: 

• Two pipe line sizes

• Two fuel conditions at different ele-
vations and temperatures

• Three fuel pumps.

The primary goal of this study was to ensure that cavitation, 
which could damage the fuel pump, did not occur, while 
maintaining the minimum required jettison fuel flow.

Using FloMASTER, it was possible to generate a pressure 
loss vs. flow curve that represented the system at the 
different line sizes and compare it back to the supplied 
pressure vs. flow from the selected pumps. From this study, 
it was apparent which of the 3 pumps was appropriate as 
one was not able to meet the minimum flow required for 
jettison; a second far exceeded the required flow, and the 
third exceeded the required flow, but at a lower power 
requirement than the second.

It was then possible to examine the NPSHa for the selected 
pump in order to select the appropriate line size. The system 
was run at sea level and 10000 feet at standard and high 
temperatures. With the test, FloMASTER predicted that the 
NPSHa was less than the NPSHr for the pump at the smaller 
line size, but was suitable with the larger pipe diameters, 
providing a clear choice for which line size was appropriate.

Case Study

Hover In Flight Refueling
The purpose of the HIFR system model was to make sure 
the minimum required flow could be delivered to the left and 
right sponsons on the helicopter. Using FloMASTER, the 
system model was built and a flow analysis performed. To 
better balance the flow distribution to the left and right 
sponsons, the crossover line size was modified and it was 
observed that the total flow to the helicopter exceeded the 
minimum required flow even at the elevated hover level.

Conclusions
Using FloMASTER, Tony noted that “Both the Emergency 
Jettison System and HIFR system flow models resulted in a 
rapid determination of fuel lines/hoses and component sizes 
necessary to achieve required flow rates. Line routing options 
can be analyzed quickly thereby optimizing the design.” By 
using FloMASTER to model and study the Emergency Fuel 
Jettison system, Sikorsky was able to successfully choose 
the appropriate system components and observe the impact 
the smaller line sizes have on their systems. Within the HIFR 
system, they were able to ensure that the necessary fuel 
delivery rate was met in order to successfully refuel the 
helicopter.

Left Hand 
Sponson

Right Hand 
Sponson

Crossover 
Line

Coupling

F igure 2: HIFR system shown modeled in 
FloMASTER with CAD Assembly“Both the Emergency Jettison System and HIFR system flow models 

resulted in a rapid determination of fuel lines/hoses and component 
sizes necessary to achieve required flow rates. Line routing options 
can be analyzed quickly thereby optimizing the design.” 
Tony Cutting, Senior Design Engineer, Sikorsky
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By D. Morrison, Airbus Operations Ltd, Inerting and Fluid Physics, UK; and 
R. Illidge, Airbus Operations Ltd, Fuel & Landing Gear Systems Test, UK

Airbus leverages FloMASTER for 
Aircraft Refueling Rig Pressure 
Surge Modeling

C ivil aircraft refuel systems enable the transfer 
of fuel under pressure from ground level 
supply to the required quantity into each fuel 
tank. The closure of a fuel tank inlet valve 
may result in a surge pressure. The 

magnitude will depend on a number of factors, including the 
closure operation of the tank inlet valve, fuel flow velocity, 
and the critical time. Certification requirements of an aircraft 
refuel system include the consideration of surge pressure 
loading. Full scale refuel test rigs are costly to develop, 
modify and operate. In an effort to reduce the reliance on 
these costly test rigs Airbus has attempted to verify a 1D 
flow simulation approach using FloMASTER.

Fuel is stored onboard civil aircraft in the geometrically 
complex cavities enclosed by the wing surfaces. Fuel can 
also be stored in the center tank that connects the two main 
wing tanks and/or in the horizontal tail plane wing tanks. The 
fuel tanks are vented to atmosphere, which provides an 
escape path for fuel in the event of a refuel overflow and 
pressure equalization of the air (ullage) within the tanks. The 
fuel inlet total pressure in the aircraft tanks during refuel will 
be the ullage pressure plus the static head of fuel in the tank. 
The pressure losses in the system are produced by the 
pipework and the refuel coupling that controls the flow 
onboard. The fuel is supplied to the underwing aircraft refuel 
coupling via a truck with connecting flexible hose that is 
pumped from airport underground storage tanks, or mobile 
fuel storage tanks. The ground refuel pressure is typically 50 
psig.

The amount of fuel loaded on an aircraft will be dependent 
on the planned flight distance so the fill level in the tank will 
change from flight to flight to manage the onboard fuel 
weight. Therefore a programmable control is used to provide 
the correct fuel level. During the refuel operation, as each 
tank reaches its target capacity, the corresponding fuel inlet 
valves are commanded shut. The closure of a fuel tank inlet 
valve may cause a pressure surge event. Typically, full scale 
refuel test rigs are built to assess the impact of refuel 
pressure surge on the connecting fuel pipework to ensure 
that maximum working pressures are not exceeded. If it is 
determined that the maximum pressures are exceeded then 
the piping system needs to be redesigned and the test rig 
will also need to be reconfigured so the redesigned system 
can be retested. This is an expensive and time consuming 
process. Therefore, limiting the number of iterations of 
physical testing with simulation has significant potential 
value. To be confident in the simulation, Airbus conducted a 
verification of the FloMASTER model against an existing test 
rig.

The aircraft refuel test rig is made up of three elevated fuel 
tanks (center tank, two wing tanks) and the complex 
connecting pipework necessary for refuel. Fuel is supplied 
under pressure from ground level via a flexible riser hose 
attached to the refuel couplings, and enters each targeted 
tank via a number of inlet valves and diffusers.

Case Study

Figure 1. Aircraft refuel from airport
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Case Study

Figure 2 provides an elevation view of the aircraft refuel test 
rig. Figure 3 shows a close up view of the refuel coupling 
and the connected fuel pipework. The three fuel tanks are 
represented by rectangular volumes in which the required 
fuel head is achieved via internal overflow weirs – fuel is then 
returned to ground storage.

During refuel surge tests, various flow configurations and 
several refueling scenarios were evaluated with high 
frequency pressure readings being taken from key test rig 
point locations and the open/closed position of the refuel 
valves was also recorded.

Steady state performance data was linked to the 
FloMASTER fluid simulation model as listed in Table 1. Fuel 
flow rate was not specified in the model. The driving 
pressure was specified by the supply pump head curve. The 
Right Wing Tank (RWT) base level total pressure was 
specified as ambient plus fuel head (average fuel velocity 
was taken as zero within the tank).

Initial steady state analysis with the above input performance 
data provided close matching of the refuel rig pressure 
measurements taken at both refuel couplings and the 
upstream of RWT inlet valve. This provided confidence that 
the model was geometrically correct and the validation could 
progress to the transient scenarios.

Unsteady Flow
For the transient cases, additional unsteady performance 
data was added to the FloMASTER model as listed in Table 
2.

Some additional specifics about the FloMASTER model were 
that the ground supply pump model, connecting fuel 
pipework and flexible hose riser, were included in the 
pressure surge model. No surge attenuation was modeled 
across components considered to be of a short length or of 
a rigid structure. Detailed surge behavior across other 
equipment such as the refuel coupling were unknown and as 
such no specific surge model was developed. Also, the fluid 
structure interaction was not modeled. It was felt that this 
was not necessary since the test rig pipe network was 
mounted rigidly. Finally, any entrained air in the system was 

Figure 2. Aircraft refuel test rig, elevation view

Figure 3. Aircraft refuel test rig, Refuel coupling

Table 1. Steady state fluid simulation model data inputs

Table 2. Unsteady fluid simulation model data inputs

Tank Inlet Valve Loss Data from Equipment 
Supplier

Refuel Coupling Loss Data from Equipment 
Supplier

Flow Split Junctions Loss Data from 3D CFD 
analysis

Bends, Transitions Internal Flow Systems 2nd 
Edition

Pipe Losses Colebrook White Equation

RWT Tank Inlet Valve Close time from test rig (1.5s)

Refuel Coupling Fully open throughout surge 
event

Air In Fuel Not considered – Single Phase 
only

Fluid Structure Interaction Not considered – Rigid 
Structure

Ground Pump Performancs Pump Curve (Head vs Flow) 
from Supplier

Pipe Material Properties Supplier data

Left Refuel
Coupling

Right Refuel
Coupling

Ground Storage Pumped Supply

LWT CT RWT

                                                           Figure 4. Schematic overview of aircraft refuel rig/1D model

Refuel Coupling

Flow Direction

Flexible Hose Riser
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Differences in the surge pressure profile may be accounted 
for as follows: Initially the ground supply pump is delivering 
pressure/ flow to both left and right refuel couplings whereby 
fuel enters the right wing tank. When the inlet valve closes, 
the supply flow drops off to zero, at this point the pump 
moves from its normal operating point to zero flow and max 
head rise, as indicted by (Figure 7). The exact operation of 
the supply pump (speed, pressure) during the surge event 
was not recorded during the test and has not been modeled. 
Also, the shape of the test rig pressure vs. time curves (wider 
bandwidth at maximum pressure) indicate that trapped air 
may have been present in the closed off fuel lines to the left 
wing and center tanks and/or significant compliance of the 
test rig flexible riser hoses. Finally, the first peak over-
pressure is defined by the pressure rise above the supply 
pump stabilized dead head pressure. This shows that a 
combination of valve closure and pump operation drive the 
surge over-pressure.

This article has presented the set-up of an aircraft refuel test 
rig, where the key driver for the test was to verify that the 
fuel pipework pressures did not exceed the system design 
limit pressures. Given that refuel test rigs are expensive to 
develop, operate and cannot be readily modified, this test 
and simulation, as investigated by the use of FloMASTER, 
means that the use of full scale tests may be reduced.

References:
[1] Aircraft refuel rig pressure surge modelling and test 
verification D Morrison, Airbus Operations Ltd, Inerting and 
Fluid Physics, UK. R Illidge, Airbus Operations Ltd, Fuel & 
Landing Gear Systems Test, UK. First presented at the BHR 
Group Pressure Surge Conference 2015.

ignored. This again is a reasonable assumption since the 
entrained air would only have a dampening effect on the 
system and thereby lessen the possible pressure spikes 
observed during a surge event.

The transient FloMASTER simulations were then run and 
compared against the refuel test rig measurements for the 
pressure vs. time results. High frequency noise in the test 
data made it difficult to make an exact comparison of the 
pressure vs. time results, consequently a degree of 
smoothing was applied to the test data. For the left hand 
refuel coupling results (Figure 5), the initial steady state and 
final stabilized pressures are in close agreement. There is a 
significant difference in the shape of the rising pressure 
profiles, where the model appears to have a slower initial 
response followed by a steeper pressure gradient. There is 
also an under-prediction of first peak pressure for the 
simulation.

For the right hand refuel coupling, (Figure 6) the initial steady 
state pressures are offset by approximately 1.5psid. This 
offset may result from a pressure imbalance between the left 
hand refuel coupling and right hand refuel couplings. As 
discussed above, there is a difference in the shape of the 
rising pressure profiles where the model appears to have a 
slower initial response followed by a steeper pressure 
gradient. Given the differences in the shape of the pressure 
time profile, the predicted maximum surge values and the 
final stabilized pressure values are in good agreement.

Pressure vs. time results were plotted upstream of the right 
wing tank fuel inlet valve, (Figure 7). Similar to the other 
measurement points, the initial and final stabilized system 
pressure vs. time results are in close agreement.

Case Study

            Figure 5. Pressure vs. time plot - left hand refuel coupling

            Figure 6. Pressure vs. time plot - Right hand refuel coupling

            Figure 7. Pressure vs. time plot - upstream of right wing tank 
            inlet valve
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White Papers:

Aircraft Fuel System Simulation in 
FloMASTER: Basic Simulations

Five Things to Know When 
Designing and Simulating an 
Aircraft Fuel System

Resources

Watch the Aerospace Fuel System Modeling Series
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