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INTRODUCTION
The design of a buoy mooring system must incorporate a gambit of requirements and considerations. Combined 
with the evolving functionality of a mooring system, tightening environmental restrictions with higher penalties for 
spillage presents design engineers with more and more complex engineering challenges.

These buoy moorings are commonly called Single Point Mooring Systems (SPMs) or Single Buoy Moorings (SBMs). 
Single Point Mooring Systems facilitate the transfer of fluids between tankers to or from onshore or offshore 
facilities. They provide a mooring point for these tankers while acting as a link between them and subsea manifold 
connections.

The most basic mooring buoy is the Catenary Anchor Leg Mooring (CALM). This concept has evolved to include 
permanent storage with the Floating Storage and Offloading (FSO). This further evolved to include the functionality 
of production with the Floating Production, Storage and Offloading (FPSO).  

Although the CALM is the most basic SPM, they represent an important product for many buoy mooring producing 
companies. Most commonly, CALMs are required as off-loading or off-take terminals to serve refineries with crude 
oil or to load crude oil from land based pipeline terminals. They present design challenges and requirements that 
are also encountered in its more complex counterparts. The CALM is required to float while anchored to the 
seabed and must be resistant to waves, wind and current. It must safely moor tankers of a wide range of sizes and 
allow them to weathervane accordingly, while facilitating the transfer of a fluid which may be oil, water, gas, LPG, 
coal slurry or iron ore slurry. The fluid can be very hot, very cold, explosive, viscous and wax forming. On top of all 
these requirements, the Buoy Mooring System must be reliable, robust, maintainable and safe.

This paper will focus on the use of simulation to help engineers meet the fluid dynamics aspects in the design of a 
single buoy mooring system. More specifically, the example model presented shows how Flowmaster® can be used 
to completely design the piping network taking into account not only proper piping diameters needed for the 
required throughput and loading times, but also accounting for the pressure transients that may compromise the 
integrity of the transfer lines and result in spillage of product into the environment.

WHY DO SYSTEM SIMULATION? SAFETY, RELIABILITY AND REDUCED COST
We know that SPM design is a complex process, but why do fluid flow system analysis? Many years ago, engineers 
would use hand calculations to find all the system pressure drops to gain an understanding of the pressure / flow 
relationship of the system. In time, computer programs were written that had difficult interfaces for feeding in data 
and getting out results. Now, we have sophisticated fluid flow simulation packages that can model complex 
components or an entire system. Intuitive and logical interfaces help speed the input and re-use of data and 
speeds the communication of results with other engineers.

The ability to quickly consider design variations and more design scenarios early on during the design phase can 
prevent costly errors later in the design process. It also allows the design to be optimized creating a system that 
better meets all the design requirements. Significant savings in both time and material cost can be achieved when 
fluid flow simulation is integrated into the design process.

FLOWMASTER FOR SPM DESIGN
Flowmaster is fluid flow simulation software based on the theory of stream lines. This software is primarily based 
on empirical and analytical equations of mass, momentum and energy and comprises of an extensive database of 
components to describe system elements such as passages, pumps, valves, fittings etc.  
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Software, such as Flowmaster is used to simulate the entire fluid flow system. Using the Flowmaster graphical user 
interface (GUI), a SPM model is created by building a schematic representation of the system consisting of 
components to describe the hydrodynamic (and thermodynamic if needed) behavior of system elements. These 
components are connected to form a network consisting of nodes and flow paths.  

Using a linearization technique for the pressure/flow equations and the continuity formulation at the nodes, a set 
of equations is formed and a matrix constructed. An iterative method is used to solve this matrix. Results such as 
flow rates, pressures and temperatures (if heat transfer is considered) are available at all points in the network.

The Flowmaster solver has the capability to handle both steady state and transient types of analysis. Steady state 
analyses can be used to find optimum sizing for any component in an SPM. Flowmaster’s transient capability is 
ideal for surge analysis resulting from time dependent events such as of pump and valve dynamics. A time 
marching solution is used in the time domain for continuous simulations. The mathematical descriptions used in 
the components may differ but they are still incorporated in the overall solution technique described above. For 
example, one of the available models for passages uses the Method of Characteristics for solving continuity and 
dynamic equations.

Flowmaster’s heat transfer and compressible analysis allow for the analysis of all types of SPMs. As mentioned 
above, the fluid transferred through an SPM may be very hot or very cold and may flow through insulated 
passages. Flowmaster can account for the temperature change of this fluid due to the heat flow through the pipe 
walls into the environment (sea water or ambient air around the piping). The ability to perform a simultaneous 
analysis of both fluid flow and heat flow is essential as they are not independent transport processes, e.g. heating a 
liquid reduces its viscosity and therefore also reduces resistance to flow. A compressible analysis can be used when 
the fluid being transferred is a gas. This module accounts for the compressibility of the gas and also predicts 
choking at any point in the system.

SPM MODEL FOR SURGE ANALYSIS
To demonstrate the benefits of SPM system modeling in Flowmaster, an example network is presented. Although 
the network presented is not based on a specific model, it contains elements and dimensions of a typical CALM 
type SPM commonly used by Flowmaster customers such as BP America and SBM-Imodco. Figure 1 shows a P&I 
diagram of the system to be presented.

                                                                                                Figure 1 - P&I diagram of the SPM system presented. 
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DESIGN CRITERIA
The objective of modeling this system in Flowmaster is to perform a complete hydraulic analysis of the export 
system starting at the shore pumps to the export tanker manifold connection. This hydraulic analysis includes both 
a steady state analysis and a transient analysis of the system.

The steady state analysis is used to ensure that, the system components are properly sized to meet the required 
crude loading rates under normal mode of constant flow. This specific system is required to be able to deliver at 
least 35,000 US GPM to the export tanker under normal operating conditions.

The transient analysis is used to investigate the dynamic aspects of surge pressures generated in the system caused 
by such events as valve opening/closing, pump trip and relief valve dynamics. The buoy mooring system must 
meet the two following criteria regarding pressure surges:

1. Peak surge pressures must not exceed maximum allowable pressures as dictated by the ratings of the 
components used

2. The volume of oil relieved does not exceed the capacity of the buoy.  

The normal operating pressure for hard piping in this network is 270 psia. The design criteria for this system states 
that the maximum allowable pressure surge in these hard pipes is 405 psia, equivalent to 50% overpressure. Since 
flexible hoses can deform more than hard piping, they can withstand much greater pressure surges. For example, 
hoses with a pressure rating of 200 psia are expected to be able to withstand up to 1000 psia pressure surges 
(500% overpressure). However, the weakest points in any hosing are the flange connections between different 
sections of hoses and couplings. Therefore, any flexible hose in the system will use hard pipe properties and will 
use the same criteria for the maximum allowable surge pressure 405 psia.

As stated above, the volume of oil relieved through the relief valves must not exceed the volume of the buoy body 
relief tanks (15,000 gal or 56.8 m3) to avoid spillage.

To investigate the performance of the relief valves, the scenario of a simultaneous rapid closure of the two export 
tanker valves will be simulated.

FLOWMASTER MODEL OF AN SPM
Figure 2 below shows the Flowmaster schematic of the SPM based on the P&I diagram in Figure 1.

Figure 2 - Overall schematic of the Flowmaster SPM model.
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The subsequent sections will examine the different sub-systems in this network in order to give a better 
understanding of how it was set up in Flowmaster.

SHORE TERMINAL
Figure 3 shows the Flowmaster model of the shore terminal. The entire tank farm is modeled with one constant 
head reservoir component to supply crude oil to the system. The pumping station comprises of two booster 
pumps and six shipping pumps, which supply the driving force for the entire system. Each pump is protected by a 
swing-check valve, which prevent backflow in the event of a pump trip. The flow from the pumping station is 
metered with a flow control valve before entering the shore pipeline.

                                                                                       Figure 3 - Flowmaster schematic of the onshore terminal.



Surge Analysis for Buoy Mooring Systems

w w w. m ento r.co m /m e chanic al
6 [11]

SUBSEA OIL PASSAGES
The subsea oil passage network is shown in Figure 4 and consists of the offshore pipeline, PLEM (pipeline end 
manifold) and the submarine hose string. The offshore (subsea) pipeline is a continuation of the shore pipeline and 
is fixed to the seabed. In this example, the subsea pipeline extends 15,000ft from the shoreline. The PLEM is the end 
connection on the subsea pipeline and is fitted with a control ball valve which is remotely operated. The PLEM 
connects the offshore pipeline to the two submarine hose strings (also known as risers or under-buoy hoses), 
which in turn bring the oil from the bottom of the seabed to the actual piping internal of the buoy.

BUOY PIPING
The submarine hoses connect to the buoy via the swivel inlets. The swivel inlets lead to the central pipe of the 
buoy, which in turn leads to two swivel outlets. The outlets are just modeled as nodes in this example but can be 
modeled with t-junctions as were the inlets. The product swivels are critical components which allow the buoy 
body to rotate freely while fluid is being transferred to/from the weathervaning tanker. Two identical surge relief 
valves are fitted on each swivel outlet which discharge to vented partitions of in buoy body.

                                                                 Figure 4 - Flowmaster schematic of all sub-sea passages in the SPM model.

                                           Figure 5 - Flowmaster schematic the buoy piping including the pressure relief valves to the buoy body.
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FLOATING HOSES
This model features two floating hoses which go from the swivel outlets to the tanker manifold. Figure 6 shows 
one of these hoses. Each floating hose consists of two different diameter sections. The 1000ft of each hose has a 
diameter of 24 inches. The remaining length has a diameter of 15.6 inches.

A marine breakaway coupling (MBC) is found shortly after the reduction in diameter. When an MBC is not activated, 
there is no restriction to the flow. An MBC can be triggered from excessive loads due to tanker pull-away or drift. It 
will also automatically decouple if it there are pressure transients above its trigger pressure.

At this point, the entire model and its sub-systems have been presented. We can now take snapshot analyses of the 
system at different valve positions and pump speeds by performing steady state analyses. This model can also be 
set up to perform different transient analyses by defining time dependent events such valve closures/opening and 
pumps starting and stopping.

TANKER LOADING ANALYSIS
First we will look at the basic steady state capabilities of Flowmaster by analyzing this SPM model at normal 
operating conditions for a tanker loading scenario. In this scenario, the pumps are running at 100% speed, the relief 
valves are closed and the marine breakaway couplings are at full bore. With a steady state analysis, pressures and 
flow rates can be investigated. This can provide valuable information to sizing the shore pumps, sizing the piping, 
hoses and other restrictions.  

The results for the entire system can be quickly investigated after running a Flowmaster analysis. Figure 7 presents 
the pressure results in psia for a section of the model. For example, the pressure at the discharge manifold directly 
after the shipping pumps is seen to be 314.5 psia. After the subsea pipeline, the pressure at the PLEM control valve 
is 123.3 psia.

The flow rate results can similarly be investigated. Figure 8 shows the volumetricflow rate results for the floating 
hoses in US gpm. At normal operating conditions, 2.078 x 104 US gpm of crude is delivered from each floating 
hose. This means that the total loading rate to the tanker is 41,560 US GPM, meeting the design criteria of 35,000 US 
GPM.

                                                                                                   Figure 6 - Flowmaster schematic of floating hose.
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                                                                                                   Figure 7 - Example nodal pressure results in psia.

                                                                                        Figure 8 - Example volumetric flow rate results in US GPM.
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TANKER MANIFOLD VALVE CLOSURE
To analyze system performance under pressure surge situations, the scenario in which both tanker manifold valves 
are simultaneously closed in 4 seconds will be simulated. The system starts at normal operating conditions. At t=1s, 
the tanker valves start to close and reaches at fully closed position at t=5 seconds with linear operation.

Figure 9 shows the tanker valve position vs. time as described above along with the resulting pump speeds. The 
pumps are set to automatically shut off 5 seconds after the export tanker valves close and they spin down based 
on their inertial characteristics.

Figure 10 shows the system pressure results. The system initializes at normal operating pressures throughout the 
entire system. As the valves close, the pressures at the relief valves and the tanker valves increase until the pressures 
peak once the tanker valves reach a fully closed position and results in a pressure wave, that propagates through 
the entire pipeline back to the shipping pumps. Since the pumps are set to trip 5 seconds after valve closure at 
t=10 seconds, it can be seen that the pressure at the discharge manifold steadily decreases as the pumps spin 
down.  

This hammering effect as seen in Figure 10 is dampened out by the two relief valves fitted at the floating hose 
inlets. The maximum pressure surge predicted from this plot of 382.7 psia is well below the design requirement of 
425.9 psia, the maximum allowable pressure surge in the system.

The performance of the relief valves is shown in Figure 11. With the relief valves configured to maintain a set-point 
of 160 psia at the hose inlets, the resulting position vs time is shown here in response to the pressures it is exposed 
to. The flow rate through each valve is also shown in this figure. The total volume relieved can be calculated by 
integrating the flow rate versus time for each valve. In this example, 11,144.2 total gallons of crude is relieved to the 
buoy body, below the requirement of 15897.9 gallons maximum.

                                                                     Figure 9 - Example transient results - pump velocity and tanker valve position history.
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                                                                    Figure 11 - Example transient results - relief valve position and resulting flow rate history.

                                                      Figure 10 - Example transient results - pressure fluctuations due to rapid valve closure at the export tanker.
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CONCLUSION
Flowmaster was used to perform a complete hydraulic analysis of a single point mooring system from the tank 
farm to the export tanker manifold connection. This hydraulic analysis included both a steady state analysis and a 
transient analysis of the system to verify that the design would meet all of the criteria of a safe, robust and reliable 
mooring system. An example model along with analysis results were presented to demonstrate SPM system 
modeling in Flowmaster. A steady state analysis was used to ensure the system components are properly sized to 
meet the required crude loading rates. Transient analyses were performed to investigate the dynamic aspects of 
surge pressures generated in the pipelines and the system’s ability to safely handle and suppress these surges. The 
results shown confirmed that the network met all of the stated design criteria.

Simulation of a single point mooring system using Flowmaster allows an engineer to quickly analyze various 
network configurations at different system conditions to gain valuable insight on its performance. The ability to 
quickly consider design variations and more design scenarios early on during the design phase can prevent costly 
errors later in the design process. It also allows the design to be optimized creating a system that better meets all 
the design requirements. These capabilities can reduce cost through better optimized designs, improve reliability 
and increase product innovation.


