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Over the past few years at Dragon LNG, there have been more and more events that are raising more concern. The concerns also grow due to the plants age and how these problems are occurring early. In the report the problems occurring in the fire water system is researched. The problem is identified, and solutions derived from them, live tests and simulations are used to get a better understanding of the problem. Simulation and test results will be presented. In addition to this, components associated with the system are evaluate and the effects that they have been subjected to.  
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	Abbreviation/Term
	Description

	BOG
	Boil-Off Gas

	CRO
	Control Room Operator

	DTS
	Distributed Temperature Sensing

	ESD
	Emergency Shutdown

	F&G
	Fire and Gas

	JMB
	Jetty Monitoring Building

	KO
	Knock-out

	LER
	Local Equipment Room

	LIN
	Liquid Nitrogen

	LNG
	Liquid Natural Gas

	LP
	Low Pressure

	MCR
	Main Control Room

	MP
	Medium Pressure

	NG
	Natural Gas

	PCS
	Process Control System

	PSD
	Process Shutdown

	SCV
	Submerged Combustion Vaporiser

	TRV
	Thermal Relief Valve
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Fire water safety systems are a key component at most if not all industrial site in this century. They are built for the protection of people plant and the environment that we all live in. by having these systems in place the likelihood of an industrial incident is not reduced, but the protection against further damage and the risk of loss of containment is reduced. In the UK there are standards and regulations in which these systems are controlled. NFPA is a non-profit organization in which regulate these systems. Their vision is to elimination of death, injury, property and economic loss due to fire, electrical and related hazards (NFPA 1896).
Since its construction in the beginning of 2005 the Dragon LNG site has had the potential to cause serious hard to plant people and the environment around it. As the site is one of highest standards there is many safety systems in place to prevent and serious industrial incidents. While the site unlike others in the south Pembrokeshire area is a green site, it has the responsibility to keep its land and the surrounding areas as well kept as possible. If the scenario occurs that the plant is shut down, the land must be returned to its original state. This entails having several safety systems in place. One of the most important is the fire water protection system. Currently the system is functioning to the best that is possible in terms of its age. While there is not a possibility that the whole system can be upgraded, the current issues that the system has must be rectified. The rectification of the faults in the system will be prompt and necessary to remain at the highest standards of safety. 


[bookmark: _Toc512460941]Company Background
The Dragon LNG Terminal is located on the site of the former Gulf Oil Refinery in Waterston near Milford Haven, South Wales. The Terminal is designed for continuous year-round send-out and a 30 year operational life.
The main infrastructure of the facilities, such as the tanks and the vaporisers are designed for a total service life of 50 years, allowing for extension of life via a limited rejuvenation programme after 30 years of operation. The terminal will have send out availability of 99.5% and Jetty availability of 99.5% each year.
Dragon LNG has two main functions:
· To import, and extremely rarely export, Liquefied Natural Gas from LNG tankers and store in the LNG Storage Tanks at -160ºC at approximately atmospheric pressure.
· To vaporise the LNG and export the vapour to the National Transmission System (NTS) as natural gas at approximately 5 0C at a pressure no higher than 94 bar(g).

Dragon LNG is owned 50-50 by two companies, which are ‘Petronas’ and ‘Shell’. ‘Petronas’ are a company that is one of the world’s leading gas and oil resources; they do this as a need for energy is increasing and they’re intent is to supply that demand.
Shown below is a diagram of the systems in place at Dragon LNG. Unlike other LNG plant in the Pembrokeshire area and the world, Dragon is able to store LNG without the need of sending out NG to the grid. This is achieved as there is a re-circulation system in place which keeps all vital equipment cryogenic. As there is no need for cooling to keep the LNG at -160°C the BOG is used to power turbines at the COGEN. Both systems in place then leave no wasted product as the BOG sent to the COGEN is used to create all the electricity need for the plant. 


[image: ]
Figure 1: Picture Process Diagram 
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[bookmark: _Toc512460943]Current Problem 
Dragon LNG is a top tier COMAH site; by having this status there are a number of responsibilities. As part of the key safety aspects of the plant there must be multiple forms form of fire protection and plant safety systems. One of the simplest systems in which this can be achieved is to have a water deluge system. As sated previously this part of the plant is one which is safety critical, this then must be maintained correctly to ensure proper function.
Currently at Dragon the deluge is functioning as it should, but due to differing elevations at the site, there are varying pressures experienced at different parts of the plant. This will be demonstrated later in the assignment. The pressure in the system ring main is held at just under 7 barg but this will vary from different sections of the plant due to differing elevations.  
Fire Protection System
The Firewater system is distributed to all parts of the terminal. The firewater distribution is a ring main with isolation valves to allow isolation in cases of maintenance. Water spray systems are installed for cooling of piping and equipment not for extinguishing fires. Water curtains are installed to act as a barrier against the heat radiation and to help in dispersion of the gas cloud if there were to be a loss of containment. They are designed in strategic places to minimise escalation: on BOG compressors inside shelter, on the Jetty to protect KO Drums, jetty manifold and to create a water curtain on the gangway and on both tanks to protect tank pump platforms and tank relief valve/ tailpipes. The Deluge Systems cabinets are also supplied with heaters to avoid the water to freeze in weather cold conditions. If the heaters failed the by-passes valves to the deluge valves should be throttled open to keep water flowing and avoid any possible blockage.
The deluge systems are initiated by opening a remote activated valve from a safe location near the valve or from the F&G system.


The systems protected are as follows, along with actuated valve numbers:
	Table 52: Deluge Valves/ Equipment Protected

	Valve Number
	Equipment Protected

	PCV-172-02934
	KO Drums and manifold

	PCV- 172-0293 B
	Gangway tower

	PCV-174-1203
	BOG Compressors

	PCV-820-3051
	T820-Pump Platform

	PCV-820-3050
	T820- Relief Valve Tail Pipes

	PCV-821-3057
	T821- Pump Platform

	PCV-821-3050
	T821- Relief Valve Tail Pipes



Monitors 
Two remote control monitors with a delivery capacity of 250 m³/h are installed on jetty. Monitors will be controlled from either the MCR or the JMB. 
Both remote control monitors on the jetty are placed at an elevation that allows the shore to cover the LNG manifold.
Hydrants
25 Fire hydrants are located around the terminal with a 6” connection to the main fire header.
	Area
	High	Expansion
Foam Package
	Impounding
Basin
	Firewater	inlet
valve

	Process
	X174-006
	S174-001
	XV174-1132

	Jetty
	X172-003
	S174-002
	XV174-0302


High Expansion foam
Two fixed high expansion foam generators at jetty and process are provided for fire suppression of LNG fires with 4.9 l/min consumption in operation.
The generators are located above the impounding basins. The package consists of a storage vessel for the foam concentrate and a foam mixer to mix the foam concentrate and the firewater from the firewater system in the correct proportions. Both packages are also provided with thermostat and heaters to maintain a minimum temperature of 50C.
The High Expansion Foam Packages are initiated remotely from MCR, JMB and LER to the Jetty Area and from MCR and LER to the Process Area
[image: ]these sections of the fire protection system use the fire water pump and are all affected by the overpressure in the system when it occurs.
Figure 2: System Diagram of Water System

Pipe Specification
Pipe Material: Carbon Steel, ASTM A106 Gr B 
Pipe Wall Young’s Modulus: 203,450 MN/m2 
Moody Absolute Roughness: 0.00004 m 
Pipe Dimensions: Table Below
MAOP: 18.0 barg
MASP: 19.8 barg
	DN
	Nom Bore
(inches)
	Internal ø
(mm)
	Wall Thickness
(mm)

	50
	2
	49.2
	5.54

	75
	3
	77.9
	5.49

	100
	4
	102.3
	6.02

	150
	6
	154.1
	7.11

	200
	8
	202.7
	8.18

	250
	10
	254.5
	9.27

	400
	16
	387.3
	9.53


Water
Temperature: Approximately 20°C
Specific Gravity: 0.998
Viscosity: 1.008 cP
Vapour Pressure: 0.0234 bara 
Bulk Modulus: 2.15 GN/m2 


Jockey Pumps
Shown below is the specifications of the two jockey pumps located at Dragon LNG. The two pumps are primarily used to keep the ring main pressure above trip level. These two pumps will be one on duty and on standby. These pumps can also be used in case of emergency by the operations department placing both into manual. Both pumps have enough power to supply the hydrants and high expansion foam pits during a period of emergency. Also shown in Figure 3 is the power curve of a single jockey pump. The three lines represent the upper, lower and required performance of the pump. As is stated in the specifications the 240mm impeller will produce the specific flow up to a required head of 64.9m. as stated also, these pumps are not dramatically efficient, this is due to them not being needed to be online when there is a severe emergency and will not be required.

Pumps: P174-012/013
Number of Pumps: Two (One Duty, One Standby)
Performance Curves: Figure 3
Duty Flow: 35 m3/hr
Duty Head: 64.9 m
Pump Speed: 2900 rpm
Impeller Diameter: 240.0 mm (rated)
Rated Efficiency: 48.3 %
Motor Rated Power: 10.99 kW
Pump run-up time: 5s 


[image: ]Figure 3: Jockey Pump Power Curve

Diesel Pump
The diesel fire pump is one of two critical fire pumps located at Dragon. Shown below are the specifications that the diesel pump produces. The fire water system is required and designed to accommodate a full flow of 1400 m³/hr when an emergency occurs. The diesel pump is set prior to start up. Throttle positions can be changed to become more accurate to this value. As the specifications shows, the efficiency of this pump is far greater. This is required as the pump supplies a safety critical section of the plant.
Diesel Firewater Pump: P174-015 
Pump Motor: Diesel Driven
Performance Curves: Figure 4
Design Flow: 1400 m3/hr or 0.38 m³/s
Design Head: 114.9 m
Pump Speed: 1780 rpm
Impeller Diameter: 509.1 mm
Rated Efficiency: 84.9 %
Motor Rated Power: 516.3 kW
Pump run-up time: 5s


[image: ]Figure 4: Diesel Pump Power Curve

Electric Pump 
The electric fire pump is the most important pump in the fire system under normal operations. As the it is shown in the specifications below, the diesel pump and electric are similar as they are roughly producing the same rates and are required to perform the same. Due to the electric motor not being variable, the pump only has one setting. The benefits of using this pump as a primary is that it is incredibly reliable unless there is no power available. While the diesel pump will only be used during a power outage, it will only have a limited amount of fuel present, this then indicates that it will eventually cease to operate it the fuel supplies are exhausted. While there is power at Dragon the electric may run for as long as is needed.
Electric Firewater Pump: P174-014 
Pump Motor: Electric Driven: 
Performance Curves: Figure 5
Design Flow: 1400 m3/hr or 0.38 m³/s
Design Head: 114.9 m
Pump Speed: 1490 rpm
Impeller Diameter: 603.8 mm
Rated Efficiency: 85.5 %
Motor Rated Power: 512.35 kW
Pump run-up time: 5s 



[image: ]Figure 5: Electric Pump Power Curve

During routine maintenance, a loss of power occurred which triggered the jetty deluge and foam skids to activate and the deluge valves opened. As a result of this, the corresponding fall in pressure caused the main firewater pump to start. Following this chain of events, it was observed that V- 820-0263 (bypass valve on tank deluge skid X820-004) and V-174-7913 (bypass valve on BOG compressor deluge skid X174-026) were damaged.
The Jockey Pumps keep the pressure in the pump manifold at 7 barg. If the pressure falls below 5.8 barg, one jockey pump will start. If the pressure rises above 6.5 barg, the pump will stop. However, if the pressure falls below 5.5 barg., the second jockey pump also starts. Both pumps will continue to operate until the pressure in the pump manifold reaches 6.5 barg. If the pressure in the pump manifold falls to 4.5 barg, the electric main firewater pump starts. If the pressure does not rise to 8.0 barg after 20s, the diesel main firewater pump starts.
The objectives of this report are:

· To determine the maximum and minimum surge pressures generated in the firewater system due to operation of the deluge systems which led to the failures.
· To determine the scale and time history of differential forces on piping at critical locations.
· To determine the extent of interaction between piping, equipment and control systems.
· To propose any design modifications needed to reduce pressures such that they are within the safe limits of the system if a similar chain of events occurs in the future. The study will define the most appropriate and practical corrective actions to ease surge impacts in sufficient detail such that they can be implemented directly. A review and decision in changes to the design shall be submitted for approval. This could include optimising pump start pressures or times.
· Confirm by simulation that the chosen design modification achieves the objective. 
[bookmark: _Toc512460944]
Schedule 

	No°
	Activity
	Commencement 
	Completion 

	1
	Preliminary works such as surveying and simulation tests.
	September 2017
	October 2017

	2
	Solution choice, cost estimates, and design specifications required for project.
	November 2017
	February 2018

	3
	Decision on vendor and work order contacts to be made for works to start.
	June 2018
	

	4
	Work to be developed and commissioning.
	October 2018
	

	5
	Final project hand over
	
	December 2018



Due to many other projects currently at Dragon LNG, the dates of the project in this case can be influenced by several factors. Due to a major project being constructed at Dragon LNG the fire protection project has been knocked down the hierarchy. The funding and scheduling has been put on hold due to this project; as the commissioning phase of the major project is in the near future, all time and effort has been placed into the completion and hand over. While this may be on hold for the time being, the reoccurrence of the failures is becoming more frequent so the need for a solution to be found and in place is becoming more vital to the safety on plant. Due to this project also being part of the safety critical segment of the plant, the importance remains high. 

[bookmark: _Toc512460945]Specification 
As this will be a new system implemented into the system, a specification in drawn in able for the contract to be placed to different companies which are interested in producing the project. The specification will outline the requirements that Dragon must achieve. As previously stated, the fire system is safety critical to the site and downtime of the equipment must be kept at a minimum.
1.0 Performance
1.1  Ability to change flow rates for water being passed into the system
1.2 Ability to be controlled from control panel
1.3 Must be accurate flow control
1.4 Eliminate overpressure in the system
2.0 Environment
2.1 Must be able to sustain any weather in its atmosphere 
2.2 Be able to survive the coastal weather conditions including the high levels of salt
2.3 Must be able to deal with varying temperatures of water due to atmospheric temperatures
2.4 Must be able to deal with varying pressures during use from 0 to 20 barg
3.0 Life Span
3.1 Be affective for the remaining life of the plant when in service
3.2 Product should last effectively for 20 years minimum
3.3 Spare Parts will be easily sourced as are used for other products on the market already
4.0 Life in Service
4.1 The product will be used when needed and if necessary
4.2 The product will specify what performance outputs that can be produced 
5.0 Cost
5.1 Product will cost will be determined by evaluation of company.
5.2 Contract will be produced for vendors to compete over ultimate pricing and an evaluation will be made
5.3 An initial sum will be set and that will then become the fixed budget of the project
6.0 Maintenance 
6.1 Product should be maintained by visual checks, if a component is wrong a new part can be installed found.
6.2 Valve will be check by the maintenance team at Dragon LNG on a yearly basis
6.3 Performance testing will be carried out every 6 months
7.0 Size and Weight  
7.1 Product should be near if not the same weight and size as previous component with the addition of electrical components to control the valve.
8.0 [bookmark: _Toc512460862][bookmark: _Toc512460946]Aesthetics
8.1 [bookmark: _Toc512460863][bookmark: _Toc512460947]The Product should look like its built for the correct purpose
8.2 [bookmark: _Toc512460864][bookmark: _Toc512460948] The product should be made to look the same as other control valves on site as this will help to identify this fact.
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As there are multiple concepts in which the overpressure will be eliminated, the two suggested have been chosen and will be explained and evaluated to ensure best solution is found.
Solution 1
Currently, the pumps operate as follows, based upon the pressure in the pump
manifold:
If pressure falls below 5.8 barg, jockey pump, P174-012, starts
If pressure falls below 5.5 barg, jockey pump, P174-013, starts
If pressure falls below 4.5 barg, electric main pump, P174-014, starts
After 20s, if the pressure does not rise to 8.0 barg, the diesel main pump, P174-015,
starts
If pressure rises above 6.5 barg, the jockey pumps stop.
It has been proposed to install a pressure switch on the firewater jetty pipework to signal the pump(s) to start on low pressure, to reduce the time that the system must drain following jetty valve opening and hence prevent vapour pockets from forming in the relatively high elevation pipework.
The following scenarios were investigated to determine the maximum and
minimum pressures that could occur in the system:
Case 1 Main jetty deluge valves open
No power failure
Case 1.1 PT installed on Jetty
Case 1.2 Extended stroke time of deluge valves
Case 2 Power Failure
Main deluge valves on jetty deluge valves open and the Diesel pump starts after delay
Case 2.1 PT installed on Jetty
Case 2.2 Extended stroke time of deluge valve


Case 1
It is required to measure the surge pressures and out of balance loads in the
Dragon LNG Terminal Firewater System when the main jetty deluge valves open. Case One
considers the range of pressures that will be generated when the electric pump successfully
starts.
Operating conditions prior to pump start up:
• Jockey pumps keep the pressure in the pump manifold at 7 barg
• No main pumps are operating
• The pressure at the jetty pressure switch is 10.7 barg
• The firewater storage tanks are operating at their maximum liquid level (10 m
above pipe centreline)
Simulation Scenario
Upset event:
Jetty deluge valves open
The pressure in the system increases as a small amount of flow is pushed into the system. The pressure in the pump manifold increases from 7 barg to approximately 15.5 barg. The pressure in the jetty pipework rises to a peak of 20.3 barg, which just exceeds the MASP rating (19.8 barg). The PRV downstream of the electric main pump opens and keeps the pressure in the section of pipework between the pump and NRV at 14.2 barg. The peak pressures in the jetty pipework cannot be prevented if the main electric pump starts into a closed system. Table below shows the peak pressures at key locations through the system during the simulation.


	Location
	Maximum Pressure (barg)
	Minimum Pressure (barg)

	Downstream of Jockey Pumps
	0.6
	0.5

	Downstream of Main Pumps
	14.6
	3.2

	Pump Manifold
	16.2
	7.1

	Ring Main
	16.2
	6.7

	X820-004
	15.5
	1.0

	X174-026
	15.5
	1.0

	X821-003
	16.1
	1.0

	Jetty Pipework
	20.3
	6.7

	X174-008
	20.3
	0.0



Case 1.1: Pressure Switch Installed on Jetty
This scenario investigates the pressure set point of the pressure switch (PT) that would prevent vapour pocket formation in the system when the jetty deluge valves open.
At a nominal five seconds into the simulation it is assumed that the jetty deluge valves open over 2 seconds. As the pressure in the jetty pipework falls, the pressure switch is activated, and the electric main pump starts immediately. However, as the pressure drop is so rapid, the flow from the pump cannot pressurise the system before the low-pressure wave has transferred back towards the pumps, causing the vapour pressure of the fluid to be reached and vapour pockets to form in the ring main (around the offtake to the jetty). However, as the main pump has started, the vapour pockets rapidly collapse without causing large out of balance loads, as they are only formed for a very short time period. Various pressure set points of the PT were investigated, but even with a set point of 10 barg vapour pockets were formed in the system. A simulation that started the main pump at the same time as the valves were signalled to open also showed that the pressure dropped so rapidly that vapour pockets will always form.
Table 2.01 shows the maximum and minimum pressures at key locations
through the system when the PT has a set point of 10 barg. Although this is not a realistic set
point as the normal steady operating pressure of the jetty is 10.7 barg, these results show that
even though the pump is started rapidly, vapour pockets will form. This is shown by the minus figures on the table.
	Location
	Maximum
Pressure (barg)
	Minimum
Pressure (barg)

	Downstream of Jockey Pumps
	8.1
	0.3

	Downstream of Main Pumps
	10.4
	0.5

	Pump Manifold
	10.3
	0.4

	Ring Main
	10.3
	-1.0

	X820-004
	9.5
	-1.0

	X174-026
	9.6
	-1.0

	X821-003
	10.1
	-0.2

	Jetty Pipework
	11.3
	-0.9

	X174-008
	11.3
	0.0


Table 2.01: Jetty deluge valves open. PT sensor set at 10 barg (Case 1.1)
Case 1.2: Extended Stroke Times of Deluge Valves
As the pressure sensor failed to prevent vapour pockets forming in the system, further simulations were undertaken to establish the shortest stroke for the deluge valves that would hold the pressure in the ring main high enough so at to not allow vapour pockets to form until the pump had fully ramped up. Case 1.2 repeats Case 1.1, but the deluge valves open over 10 seconds and 20 seconds.
For this scenario, the pressure switch is disabled so that the minimum pressures generated can be established. The pumps are operating in accordance with the settings laid out previously. As the deluge valves have longer stroke times, the pressure drop is not as rapid and allows the jockey and main electric pumps to pressure the system before the vapour pressure of the fluid is reached, although low atmospheric pressures are still generated in the system. Extending the stroke times of the deluge valves may reduce the minimum pressures generated, however, there are guidelines relating to the minimum allowable length of time taken to establish flow in a deluge system.
For this study, a maximum allowable deluge valve stroke time of 20 seconds has been adopted. Table 2.02 shows the maximum and minimum pressures at key locations through the system when the deluge valves have stroke times of 10s and 20s.  The simulation results show that the installation of a pressure switch to start the electric pump when the pressures fall will not prevent sub-atmospheric pressures from occurring. However, if the main electric pump was started simultaneously when the deluge valves were signalled to open by a logic switch on the deluge valves, the minimum pressures are reduced. If the stroke time of the deluge valves is 20s and the pump is started immediately, the system pressures remain positive when the deluge valves open. Table 2.03 shows the maximum and minimum pressures at key locations through the system when the deluge valves have stroke times of 10s and 20s and the electric pump starts immediately. 
	Location
	Maximum Pressure (barg)
	Minimum Pressure (barg)

	Deluge Valve Stroke Time
	10 s
	20 s
	10 s
	20 s

	Downstream of Jockey Pumps
	8.1
	8.1
	0.5
	0.5

	Downstream of Main Pumps
	10.2
	11.2
	0.5
	0.7

	Pump Manifold
	10.1
	11.0
	0.5
	0.7

	Ring Main
	10.0
	11.0
	-0.6
	-0.2

	X820-004
	9.2
	10.3
	-0.7
	-0.4

	X174-026
	9.2
	10.3
	-0.7
	-0.4

	X821-003
	9.8
	11.0
	0.0
	0.3

	Jetty Pipework
	11.2
	11.4
	-0.6
	-0.2

	X174-008
	11.2
	11.4
	0.0
	0.0


Table 2.02: Jetty deluge valves open over extended time. No pressure sensor 
	Location
	Maximum Pressure (barg)
	Minimum Pressure (barg)

	Deluge Valve Stroke Time
	10 s
	20 s
	10 s
	20 s

	Downstream of Jockey Pumps
	8.1
	6.6
	0.5
	0.5

	Downstream of Main Pumps
	10.5
	12.5
	1.3
	2.8

	Pump Manifold
	10.3
	12.5
	1.3
	2.8

	Ring Main
	10.3
	12.4
	0.0
	1.7

	X820-004
	9.3
	11.6
	-0.2
	1.0

	X174-026
	9.3
	11.6
	-0.2
	1.0

	X821-003
	10.1
	12.3
	0.7
	1.0

	Jetty Pipework
	11.3
	12.8
	0.0
	1.7

	X174-008
	11.3
	12.8
	0.0
	0.0


Table 2.03: Jetty deluge valves open over extended time. Pump starts immediately
Case Two: Power Failure
It is required to measure the surge pressures and out of balance loads in the
Dragon LNG Terminal Firewater System when there is a power failure. When there is a
power failure at the Dragon LNG plant, the jetty deluge valves automatically open and as the
electric pumps cannot start, there is a delay of 10s for the diesel pump to prime. During the
initial study, it was established that following a power failure, pressures exceed the specified
rating of 19.8 barg of the pipework when vapour pockets form and subsequently collapse. Case
Two considers corrective actions to keep the pressures in the system within acceptable limits
when there is a power failure.
The initial operating conditions are the same as in Case One
Simulation Scenario
Upset event:
· Power failure at site
· Jetty deluge valves open over 2s


Case 2.1: Pressure Switch Installed on Jetty
This scenario investigates the pressure set point of the pressure switch (PT) that
would prevent vapour pocket formation in the system when the jetty deluge valves open upon a
power failure scenario.
At a nominal five seconds into the simulation it is assumed that there is a power failure and the jetty deluge valves open over 2 seconds. As the pressure in the jetty pipework falls, the pressure switch is activated, and a signal is sent to the pump to start immediately. However, unlike Case 1, the electric pump cannot start on falling pressure at the jetty and so there is a 10s delay as the diesel pump primes. Due to the valves opening so quickly, the pressure in the system falls rapidly and vapour pockets form in the high elevation pipework. As there is a delay in the diesel pump starting, the vapour pockets expand for 10 seconds and then collapse with large pressure spikes as the system pressure increases.
Installing a pressure switch on the jetty will not prevent vapour pockets and large pressures from being generated on a power failure unless further corrective actions are taken.
Table 3.01 shows the maximum and minimum pressures at key locations through the system when there is a power failure to the system and the diesel pump is signalled to start and ramps up after a 10s delay.
	Location
	Maximum
Pressure (barg)
	Minimum
Pressure (barg)

	Downstream of Jockey Pumps
	1.4
	0.0

	Downstream of Main Pumps
	10.8
	0.2

	Pump Manifold
	10.7
	0.1

	Ring Main
	11.0
	-1.0

	X820-004
	26.9
	-1.0

	X174-026
	10.1
	-1.0

	X821-003
	11.0
	-0.3

	Jetty Pipework
	12.2
	-1.0

	X174-008
	12.2
	0.0


Table 3.01: Power failure. Deluge valves open over 2s; Pump starts after 10s delay (Case 2.1)
Case 2.2: Extended Stroke Times of Deluge Valves
As the pressure sensor failed to prevent vapour pockets forming in the system
(Case 2.1), further simulations were undertaken to establish the shortest stroke of the deluge
valves that would hold the pressure in the ring main high enough to prevent vapour pockets
forming while the diesel pump is ramping up.
Case 2 considers that the diesel pump is signalled to start as soon as the deluge
valves begin to open, although it actually starts after a 10s delay. When the deluge valves
open over 10s or 20s, the minimum pressures fall below atmospheric, although vapour pockets
do not form. To keep the pressures in the system atmospheric there are two possible solutions
· Signal the diesel pump to start as soon as there is a power failure and extend the deluge valve opening time further, although to keep all pressures above atmospheric, the time taken for flow to develop is in excess of 30 seconds
· Signal the diesel pump to start as soon as there is a power failure, but delay the opening of the deluge valves to allow the system to be pressurised

Table 3.02 shows the maximum and minimum pressures at key locations
through the system when the deluge valves have stroke times of 10s and 20s and the diesel
pump starts after a 10s delay. 
	Location
	Maximum Pressure
(barg)
	Minimum Pressure
(barg)

	Deluge Valve Stroke Time
	10 s
	20 s
	10 s
	20 s

	Downstream of Jockey Pumps
	0.9
	0.7
	0.2
	0.3

	Downstream of Main Pumps
	10.8
	10.8
	0.4
	0.5

	Pump Manifold
	10.8
	10.6
	0.4
	0.4

	Ring Main
	10.8
	10.6
	-0.7
	-0.5

	X820-004
	9.9
	9.8
	-0.8
	-0.7

	X174-026
	9.9
	9.8
	-0.8
	-0.7

	X821-003
	10.8
	10.5
	-0.2
	0.0

	Jetty Pipework
	12.0
	12.0
	-0.7
	-0.5

	X174-008
	12.0
	12.0
	0.0
	0.0


Table 3.02: Power Failure. Jetty deluge valves open over extended time. Diesel pump starts after 10s
delay 
Discussion
The original study showed that vapour pockets formed in the relatively high elevation pipework in the ring main at the offtake to the jetty, when the jetty valves opened under normal operation or when there was a power failure. When the vapour pockets collapse as the pumps start, high pressures and out of balance loads can be generated in this pipework. Therefore, it was proposed that a pressure switch be installed on the jetty that would start the pump immediately when the pressure at the jetty falls to a pre-determined set point. Initial simulations to establish the low pressure set point of the pressure switch showed that even if the electric pump were started simultaneously when the deluge valves opened with a 2s stroke time, the pressures in the system dropped so rapidly as firewater left the system that vapour pockets would always form in the high elevation pipework. If the system remains as it is currently with no pressure switch installed, the deluge valve stroke time should be extended to a minimum of 10s to prevent vapour pockets from forming in the system. However, the pressures that are formed are still sub-atmospheric with a minimum pressure of -0.8 barg being generated when the deluge valves open over 10s and -0.6 barg, when they open over 20s.
If the pressure switch were installed, it would have to be extremely sensitive if set at approximately 10 barg, when the normal operating pressure of 10.7 barg at the jetty and difficult to keep the pressures throughout the system above atmospheric. However, if the switch were set at such a high set point, it is possible that false pump starts may occur. Therefore, it is advised that the deluge valve stroke time be extended to a minimum of 10s and the main electric pump be started simultaneously when the deluge valves open. This should ensure the system operates within guidelines. If there is a power failure at the Dragon LNG plant, the jetty deluge valves automatically open. However, due to the power failure all electrical pumps do not operate and cannot provide flow to the system when a low pressure is sensed. There is a delay of 10 seconds as the diesel pump starts, but within that time large vapour pockets form and expand for a few seconds in the ring main at the offtake to the jetty. As these vapour pockets collapse they cause large pressure spikes and out of balance loads. To prevent the vapour pockets from forming it is advised that when there is a power failure the diesel pump is signalled to start immediately, and the deluge valves have an extended stroke time of at least 10s.
To prevent sub-atmospheric pressures from being generated when there is a power failure, either the diesel pump should be started as soon as there is a power failure and extend the deluge valve opening time further, although to keep all pressures atmospheric, the time for firewater to develop through the deluge valves may exceed 30 seconds, or the diesel pump should be signalled to start as soon as there is a power failure, but delay the opening of the deluge valves to allow the system to be pressurised. This is achieved by the diesel pump starting into a pressurised system, thus not allowing vapour pockets to form for as long.
The installation of a pressure switch in the jetty pipework will not prevent vapour pocket formation.
Advantages 
The option of increasing the valve timings will satisfy the criteria of high pressure surges above the Maximum Allowable Operating Pressure. It will partially solve the high-pressure case. It is also a relatively simple and low-cost option that does not involve significant modification and new equipment. This option has the advantage of avoiding sub-atmospheric conditions in the piping on diesel pump start up during power outages. As a result, it will solve the low-pressure cases.

Disadvantages 
This solution does involve modification of how the system operates and delays the reaction time from detection to deluge. The time delay is relatively low, therefore will have low impact in an emergency, and will not move the system outside the NFPA guidelines which has been confirmed by the vendor.
Even though the option of changing valve opening times partially solves the high-pressure spike scenario, it does not address the sub- atmospheric conditions experienced in sections of the pipeline, which ideally should be avoided. The sub-atmospheric conditions are a result of the delay in diesel pump starting when the electric pump is unavailable, for example a power outage. As a result, it will not solve the low-pressure cases.
Therefore, in conclusion, this solution alone does not address all issues, but does solve the high-pressure spike problem that caused the valve damage.
The option of starting the diesel fire pump immediately alone will not solve all the issued identified in the report. As previously mentioned, it will solve the sub-atmospheric conditions during power loss but does not address the scenario of high pressure surges when the deluge valves fail open. This option will not solve the high-pressure case in a Power Failure.
It is not a simple modification as it involves the complete modification of the operating logic of the electrical and diesel-powered fire water pumps.
It is thus not recommended that this solution is taken forward.



Solution 2
[image: ]Activation of the Jetty Gangway Deluge system was completed as part of a regular maintenance check. A pressure surge exceeding the system design pressure was observed as follows:
Figure 6: Surge Pressure Observation from Plant Test
Analysis
Shown in the graph above is a typical release of the deluge system on the jetty gangway. This was recorded on the 1st of December 2016. Looking at the initial stages it shows that the pressure at this point on the jetty is 11 barg; this is higher than the required 7 barg due to the head pressure that increases that pressure over the 40m drop. It shows the release at approximately 4.5 seconds; it is shown by the spike in pressure at this time. This spike is due the Inbal valve opening. After the release, it can be seen from the graph that the pressure drops off from 4.5s to 16s. during this period the two jockey pumps would be started to try and retrieve the pressure lost but failing to do this as there continues to be a drop in pressure.  At the 16s mark it is clear to see that the electric fire pump kicks in. over the previous 16s the vapour pockets in the fire line have increased and are causing problems. For a system that has been designed to deal with a maximum of 19 bar, there is a period from 17s up to 20.5 where the pressure is over the 19 bar limit. 3.5s over the designed pressure is where the problem lays. During the time after this period until around the 31s mark the system still cycles over the design pressure; these periods may be small be are ultimately causing fatigue in the system which may cause problem at a later date.
Once the system has settled it can be seen that the pressure remains at approximately 17 bar. Over the duration of the test it is evident that there is a significant amount of cycling going on with the pressure differences, this is due to the vapour pockets collapsing and being driven out by the water from the pond. As is evident, this type of extreme pressure difference cannot continue.
The jockey pumps maintain the system pressure at ~7 barg at the top of the site, and the pressure above was measured at the jetty, roughly 40 metres lower. The pressure of 11 barg is therefore expected at this point.
When the jetty deluge was activated, the deluge valves slowly open and the flow climbs to ~170m3/h, which quickly exceeds the jockey pump flow capacity (~35m3/h per pump). The jockey pumps soon run off their flow-pressure curves and the system pressure falls. At 4.5 barg, the main electric fire pump is activated, which creates a huge flow momentum on the system. With a flow capacity exceeding 2000 m3/h, the pump is effectively starting into a closed system. This creates a large spike in pressure observed at the jetty. A similar peak is likely to occur at the pump discharge as well, but this was not recorded. On failure of the electric pump, there is a backup diesel pump that would start with a small delay. 


Surge Simulation Model Description
A surge analysis model was developed using actual plant data obtained from the site 3D piping model and records for jockey and electric pump curves. The actual motor torque curve and an assumption on the characteristics of the pump non-return valve were important parameters.
The following was reproduced by the model for the pressure at the jetty:
[image: ]Figure 7: Replicated Simulation Results

The only difference being, that the trip for the main electric pump was taken as 0 barg at the top rather than 4.5 barg at the jetty elevation.
If the main electric pump had an open minimum flow line that was open at start up, the initial surge could be relieved through this route. This line would then close in to ensure that the minimum hydraulic flow for the pump is maintained. A simple 8” spillback line fitted with a [image: ]globe valve was installed and the scenario run again with the following results:
Figure 8: Proposed Solution – 8” Spillback Line Result
Conclusions
1. The main electric pump is starting into an almost closed system creating a large pressure surge spike, which exceeds the design pressure of the system.
2. The jetty deluge flow is less than the hydraulic minimum flow for the main electric pump and a minimum flow spillback should be installed to prolong the pump life.
3. A minimum flow spillback could be used to relieve the surge pressure if it remains open during the start-up reducing the pressure spike to ~13 barg.


Next Steps
· Verify that the proposed solution follows good industry practice (refer to NFPA 25).
· Ensure with this solution, that the pump is able to maintain prime and will be always ready to start on demand.
· Confirm that the main pump actually trips at 4.5 barg, and if there is a delay in the pump starting.
· Perform a similar study of the Diesel run pump, to check for any surge issues.
· Complete more dynamic modelling to ensure that the solution is robust for all fire deluge scenarios. Use this work to size the spillback control valve and control tuning settings.
· Check that the surrounding pipework can withstand all expected forces.

Diesel Fire Pump Performance Test.
	Flow (T/h)
	DP (bar)
	Speed (RPM)
	Flow (m3/h)
	Head (m)
	Head(m) from curve
	Performance

	1400
	11.5
	1773
	1400
	117.227319
	118
	0.65%

	2100
	11.5
	1761
	2100
	117.227319
	93
	26.05%

	1200
	11.3
	1780
	1200
	115.188583
	120
	4.01%

	1000
	12
	1780
	1000
	122.324159
	125
	2.14%

	1000
	3
	950
	1000
	30.5810398
	120
	74.52%


Figure 9: Pump Power Curve

Shown above is the performance curve for the diesel pump. By including these values in the solution, it can be seen where the pump is most affective and at what RPM. As there are various settings that can be modified on the pump to change its characteristics it may be possible to reduce the overpressure once the diesel pump is required to kick in. as previously stated in the specifications there is a required rating that the pump must produce. Shown in the real time results in the pump graph above, that is not always the case; with varying head pressures and pump speeds, the best efficiency that was produced is approximately 75%, this is unlike the value given in the specifications. This difference in values can be sue to imperfections in the downstream system while also considering them inside the pump itself. As the run was completed recently, the age of the pump and also motor ae considered for wear and tear which can explain the deficit.
As stated previously, the diesel fire water pump was not considered in the solution 2 simulation tests. As there will still need to be consideration for the diesel fire pump, in terms of if there were to be a power failure, in conjunction with providing flow in case of a power failure a case to start both pumps if the deluge system is initiated. As this would only work for solution two it cannot be considered for solutions 1. 
By starting the diesel pump as well as the electric in solutions 2, it removes the time delay if there were to be a power failure and is still protecting the system from overpressure sue to the kickback valve installed. As there may not be a power failure, if the diesel is not required then the logic that controls the pumps can be modified in order to shut it down when not required.


Solution Evaluation 
Solution 1
Solution 1 provides all the required data to make a decision on whether to implement, shown in Appendix A and B are all the gathered data from the simulations. All the graphs show over time what the system is doing at different location. It is clear to see from the graphs that there are problems encountered with both cases put forward. 
Both solutions shown in this report have their advantages and disadvantages. Mainly the cost savings that would be saved by using solution 1 would have been one of the main features when deciding on a solution. But since the pressure gauge, re-timing the deluge valves while also in the case of a power loss having diesel pump run immediately would solve the problems in their own respect, the solution would not eliminate the problem altogether. By not achieving this the company is knowingly endangering the system and plant respectively. 
While solution 1 became one which was unsuitable for use, it provided a great deal of information in which could be used in the findings of solution 2. 
Solution 2
While using similar conditions in solution 2 as in solution 1 the data gathered may be similar in the first instance. This can be achieved by the normal operating values being the same day to day. Solution 2 provides a dramatic change in the pressures encountered. This can be see from the simulation graphs in the report showing that that overpressure had be reduced within specifications. However, this has only been done with use of the electric fire pump; this then indicates more simulations are required. 


Failure 
Due to the problems reoccurring or likely to occur each time the system is used it is at risk of failure; there ultimately will be failures in the system occurring more often. There are multiple sections where the strain can be measured. As stated in the solution 1 cases, there is as far greater risk to damaging the diesel fire water pump due to the time delay for it starting. This is due to the pump continuing to start into a closed system and the vapour pockets in the system have additional time to form.
Pump Failure
[image: ]This became evident when the pump failed under operation. During routine checks of the deluge systems the fire water pump was also tested and was started during a simulation of power failure. As the pump ramped up, the wear rings for the impeller failed. Shown in the pictures below are the rings which had detached and wedged themselves into the suction of the pump impeller. Reasons for the causes of this incident are multiple; but ultimately, as stated in the solutions, if a power failure were to occur then the diesel will take over, but during the time taken for the system to react the vapour pockets are far larger and in turn causing the effect of stating into the system more severe.




Figure 10: Wear Ring Damage

Performance Tests
Due to the system at Dragon being safety critical, it is also critical that there are checks made to ensure that the system runs correctly. This is done on each section of the plant every 6 months. Due to the problem reoccurring, it can be assumed that the failure may occur during the time of the running checks are made, it is possible to predict that there will be some failures across the system at some point in the life of the equipment. Stated below is the failures that have occurred.
Valve Failure 
During normal operation of the of the deluge system on the jetty at Dragon, the situation which is stated in this project re-occurred and caused a severe overpressure past the range on the gauge in the deluge cabinet on the jetty, this gauge had a range from 0 to 25 barg. As the water pressure raised in the systems 16” line, the pressure gained dramatically in the deluge line for the jetty gangway. Shown in the picture below is the valve after the line is reduced from 16” to 6”. Due to the huge pressure surge between the lines, the valve became the weakest point and ultimately failed. As stated the pressure reached a pressure past the gauge range and ultimately the design pressure for the system and the valve.
[image: L:\Mechanical\Shared\Equipment Records\DRAGON\Fire Water Equipment (W)\Damage butter fly valve DEC 2011\IMG_1558.JPG]Figure 11: Split Deluge Valve

Hydrant Failure
Shown in the picture below is where the overpressure has caused a hydrant to break its clamp and remove itself from its fittings. This hydrant was not in use during the failure but another test at a different section of the plant was being carried out. This is detrimental to the system as this section of the system is now out of service and also indicates that the whole system is at risk for the majority of the time the system is used. By having this section out of service, it is putting the plant at upmost risk due to this hydrant being situated at the send out skid. This part of the plant is where the high-pressure gas is being sent to the grid. As stated previously the fire water system is to suppress fire and to dissipate the gas quicker. While this hydrant is out of service there will be no protection.
[image: L:\Mechanical\Shared\Equipment Records\DRAGON\Fire Water Equipment (W)\damaged send out skid hydrant 06.05.11\DSC00649.JPG]Figure 12: Damaged Fire Hydrant

Gasket Failure
During the routine testing of the deluge systems on the LNG storage tank there was multiple failures recorded. As stated the LNG storage tanks have two different deluge locations; the PRV platform and in-tank pump platform. While running through the test procedure sheet, it stated that the PRV platform was to be released first. Operations had previously started both jockey pumps manually, at the time of the test the two smaller pumps were able to hold the pressure above the trip value for the main electric pump to kick in. While this was a showing that there were no blockages in the system, it was not a complete test. To initiate the electric pump, operations needed to manually stop one of the jockey pumps. The ring main line is 16” while the PRV platform line is 3”; when the electric pump was started, and the overpressure was encountered, multiple gaskets where fractured and caused leaks along the line. As the pipework and gaskets are specifically designed to withstand at designed pressure, during the test this limit was exceeded, and a failure encountered. While the line is still in operation, it is still detrimental to the fire system as the NFPA 25 regulations require a specific flow from the outlet nozzles on the platform, due to the leaks this was not being achieved once the pressure had settled.


Shown below is the ring main schematic that highlights the valves that have currently failed. It shows that the failures can occur at any location. As these valves are located near the areas in which the deluges are set off, these must be assumed as the valves most at risk. Also, these valves are within the same line and are near to the Inbal valve which are the valves that ultimately set off the deluge systems. This may have some correlation. The schematic shows that the vales had failed all in the sae occurrence. This sows that the systems pressure surge is having a dramatic effect on the integrity of the fire protection system. These failures had shut down the system while the problem was rectified. By having all these defects at the same time, the work priority’s change, this the in turn cost the company money as the scheduled work for that day has now been put on hold while the failures are rectified. 


[image: ]Figure 13: Dragon LNG Ringmain: Failed Valve Schematic 

Shown in the diagram below are all the valves that become out of balance and at most risk of failure during the testing or emergency use of the fire water system. Also due to the plant running across a large site, there are certain areas where the pipework is at risk. Shown in the diagram also are the locations in which bends, or flanges are located under the ground. If there were failures underneath the ground, there would be a case for implementing the solution as quickly as possible due to the downtime and repair of any major components of the ring main. 
[image: ]The X820 and X821 schematics are the deluge lines for the two LNG storage tanks. As detailed earlier in the report, the most recent failure has occurred in the X820 system. This then prompts that the may be a failure in the near future of the other system as they are subject to the same conditions. As previously explained, the tanks are a huge part of the plant and are one of the key areas when a fire would not be desired.  

[bookmark: _Toc512460950]Spares
Due to the unforeseen circumstances, there is now a need for holding critical spares in the stores. All valves are 100% replacements are available in the stores due to all the failures. Also, now that the impeller failed, there was a replacement made while the one that was damaged was taken away to SPP to be refurbished. This now means that Dragon must spend money buying spares that were not previously needed; in turn the storage cost now has risen sue to the failures. All spares are also of specific specifications and are replaced like for like. Whilst the Inbal valves are able to be sent away to be refurbished and are quite easily interchangeable, the other components may not be so easy. In terms of the isolation and butterfly valves that are failing during use, they are unable to be refurbished. These valves must be scrapped due to them now having weak points in their structure. 
Whilst the components that have been discussed are replaceable, other sections such as pipework may not be so simple to maintain and repair if needed. Whilst these components are largely not seen this provides a greater risk as the failures may not be seen at all. Also, as the pip was made to fit the site, there would be no easily accessible spares. 

[bookmark: _Toc512460951]Conclusion 
This report has been used to identify the problems that are occurring in the fire water protection system at Dragon LNG. All parameters where identified as they were required in able to produce the values that provide sound data from the solutions.
As there were two solutions and the two each had their merits, solution 1 was an option that could be implement if there were not as many failures occurring in the system around the plant. The solution would be inexpensive and would be relatively easy to implement. By test the solution at the jetty, it was possible that the solution could be placed into the other deluge cabinets around the plant. As previously stated the solution would partially solve the pressure surge but not the formation of vapour pockets in the system. By doing this the plant is not protected fully. While implementing this solution is a step in the correct direction, the regulations associated with the fire water systems would not allow the delays in the system to be implemented.  
It can clearly be seen that the solution of implementing a spillback line in the system in order to reduce the pressure surges in the systems, notably the jetty deluge has outweighed the other solution discussed in this report. As the deluge systems at the lower level at the jetty had already gained significant head pressure due to the elevation changes, the solution proposed in solution 1 was not enough intervention to prevent the surge. Whilst the solution did provide better results in terms of the vapour pockets forming, this would not provide any protection against failures in the system. Whilst this was also beneficial in terms of use at the jetty, there are also other section of the fire water system that would not be protected by this solution. As the solution that remains has proven in the simulation tests that the functioning spillback valve will reduce and eliminate the problems occurred, this solution must be implemented. However, by implementing this solution, there will be a significant amount of modifications applied to the system whilst also needing a change in the logic used in order to control this solution. The solution out lies how a spillback line will reduce the initial surge in pressure which ultimately is the primary cause of the failures around site, to reduce and potentially eliminate the problem will be significant. As stated the NFPA are the regulations in which the fire water protection system is produced, these guidelines must be followed; by reducing the pressure surge to within the operating pressure of the system is also beneficial while not affecting the flow and timings of the other components in the system. While the solution 1 considered the changes to both pumps, there is still need for further investigation on the effects that will occur when the spillback line is implemented and used in conjunction with the diesel pump.
[bookmark: _Toc512460952]Recommendations 
As outlines in this report, the conclusion has been made to go ahead with solution 2. By deciding on this solution, the fire water protection system will be provided with its own protection. As stated the solution will provide an affective way in which the overpressure can be reduced along with reducing the formation of vapour pockets inside the ring main. Due to lack of time in the process of conducting this report, it was unable to provide simulation reports for the solution 2 when using the diesel fire water pump. This may be considered to be conducted first before the system is changed.
As stated this solution is one in which the costs are dramatically higher than in solution. As the works will not be able to be completed from the in-house team at Dragon LNG, a contract will be sent out to specific vendors that will provide the service for the modifications. A number of different conditions will need to be assessed before a vendor is chosen. Notably the cost and time of the modifications will be a key aspect in the decision-making process that management will have. 
While the modification of the plant system will be conducted by an outside party, the commissioning of the system will be carried out be the staff at Dragon. By doing this the system will be more familiar to use and modify while also being able to set the system up the correct way.
The implementation of this solution will also reduce the current cost of spares that are required to be held. As the problem will be solved, the frequency in which the failures will occur will be also reduced, freeing up space in the stores.
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GRAPHICAL SIMULATION RESULTS
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Case 1.1: Jetty deluge valves open. PT set at 10barg
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Case 1.1: Jetty deluge valves open. PT set at 10barg
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Case 1.1: Jetty deluge valves open. PT set at 10barg
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Case 1.1: Jetty deluge valves open. PT set at 10barg
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Case 1.1: Jetty deluge valves open. PT set at 10barg
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Case 1.1: Jetty deluge valves open. PT set at 10barg
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Case 1.1: Jetty deluge valves open. PT set at 10barg
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Case 1.1: Jetty deluge valves open. PT set at 10barg
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Case 1.1: Jetty deluge valves open. PT set at 10barg
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Case 1.1: Jetty deluge valves open. PT set at 10barg
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Case 1.1: Jetty deluge valves open. PT set at 10barg
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Case 1.1: Jetty deluge valves open. PT set at 10barg
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Case 1.1: Jetty deluge valves open. PT set at 10barg
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Case 1.2a: Jetty deluge valves open (10s). No PT




PRESSURE HEAD METRES



12	120

11

10	100

9

8	80

7

6	60

5

4	40

3

2	20

1



4	8	12	16	20	24	28	32	36	40	44
TIME - SECONDS
PRESSURE / TIME PLOT
Jockey Pump Manifold	Graph No. 1.2a.01


FLOW
CU.METRES / HR


Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2a: Jetty deluge valves open (10s). No PT
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Case 1.2b: Jetty deluge valves open (20s). No PT
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Case 1.2b: Jetty deluge valves open (20s). No PT
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Case 1.2b: Jetty deluge valves open (20s). No PT
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Case 1.2b: Jetty deluge valves open (20s). No PT





6000

5500

5000

4500

4000

3500

3000

2500

2000

1500

1000

500



4	8	12	16	20	24	28	32	36	40	44
TIME - SECONDS
PUMP SPEED / TIME PLOT
Jockey Pump 2	Graph No. 1.2b.04


PUMP SPEED
R.P.M.


Case 1.2b: Jetty deluge valves open (20s). No PT
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Case 1.2b: Jetty deluge valves open (20s). No PT
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Case 1.2b: Jetty deluge valves open (20s). No PT
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Case 1.2b: Jetty deluge valves open (20s). No PT
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Case 1.2b: Jetty deluge valves open (20s). No PT
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Case 1.2b: Jetty deluge valves open (20s). No PT
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Case 1.2b: Jetty deluge valves open (20s). No PT
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Case 1.2b: Jetty deluge valves open (20s). No PT
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Case 1.2b: Jetty deluge valves open (20s). No PT
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Case 1.2b: Jetty deluge valves open (20s). No PT
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Case 1.2b: Jetty deluge valves open (20s). No PT
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Case 1.2b: Jetty deluge valves open (20s). No PT
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Case 1.2b: Jetty deluge valves open (20s). No PT




PRESSURE HEAD METRES
  120


11

10	100

9

8	80

7

6	60

5

4	40

3

2	20

1



-1	4	8	12	16	20	24	28	32	36	40	44
TIME - SECONDS



PRESSURE / TIME PLOT
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Case 1.2b: Jetty deluge valves open (20s). No PT




VELOCITY METRES / SEC
0.005




0.8

0.7


0.004



0.6

0.5

0.4

0.3


0.003



0.002



0.2

0.001


0.1





-0.1

-0.2

4	8	12	16	20	24	28	32	36	40	44
TIME - SECONDS



-0.001



-0.3

-0.4


-0.002





VELOCITY / TIME PLOT
To X821-003	Graph No. 1.2b.18


PRESSURE
BARG


Case 1.2b: Jetty deluge valves open (20s). No PT
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Case 1.2b: Jetty deluge valves open (20s). No PT
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Case 1.2b: Jetty deluge valves open (20s). No PT
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Case 1.2b: Jetty deluge valves open (20s). No PT
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To X174-008 (Jetty)	Graph No. 1.2b.22


PRESSURE
BARG


Case 1.2b: Jetty deluge valves open (20s). No PT
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VALVE STROKE
PERCENT OPEN


Case 1.2b: Jetty deluge valves open (20s). No PT
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VALVE STROKE
PERCENT OPEN


Case 1.2b: Jetty deluge valves open (20s). No PT
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CASE ONE


MAIN JETTY DELUGE VALVES OPEN


CASE 1.2
EXTENDED STROKE TIMES OF DELUGE VALVES


CASE 1.2C
DELUGE VALVES OPEN (10s STROKE TIME) ELECTRIC PUMP STARTS IMMEDIATELY
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Case 1.2c: Jetty deluge valves open (10s). Pump starts immediate
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Case 1.2c: Jetty deluge valves open (10s). Pump starts immediate
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Case 1.2c: Jetty deluge valves open (10s). Pump starts immediate
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Case 1.2c: Jetty deluge valves open (10s). Pump starts immediately 
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Case 1.2c: Jetty deluge valves open (10s). Pump starts immediately
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Electric main Pump	Graph No. 1.2c.05
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Case 1.2c: Jetty deluge valves open (10s). Pump starts immediately
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Case 1.2c: Jetty deluge valves open (10s). Pump starts immediately
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Case 1.2c: Jetty deluge valves open (10s). Pump starts immediately
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Flow through Electric main Pump PRV	Graph No. 1.2c.08
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Case 1.2c: Jetty deluge valves open (10s). Pump starts immediately 
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Case 1.2c: Jetty deluge valves open (10s). Pump starts immediately 
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Case 1.2c: Jetty deluge valves open (10s). Pump starts immediately
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Case 1.2c: Jetty deluge valves open (10s). Pump starts immediately
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Upstream of bypass valve, V820-0263	Graph No. 1.2c.12
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Case 1.2c: Jetty deluge valves open (10s). Pump starts immediately
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Upstream of PCV 820-3051	Graph No. 1.2c.13
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Case 1.2c: Jetty deluge valves open (10s). Pump starts immediately
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Case 1.2c: Jetty deluge valves open (10s). Pump starts immediately
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Case 1.2c: Jetty deluge valves open (10s). Pump starts immediately
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Case 1.2c: Jetty deluge valves open (10s). Pump starts immediately 
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Case 1.2c: Jetty deluge valves open (10s). Pump starts immediately

VELOCITY0.012 METRES / SEC


0.010



1.6

1.4


0.008



1.2

1.0

0.8

0.6


0.006



0.004



0.4

0.002


0.2





-0.2

-0.4

4	8	12	16	20	24	28	32	36	40	44
TIME - SECONDS



-0.002


-0.6




VELOCITY / TIME PLOT
To X821-003	Graph No. 1.2c.18




PRESSURE
BARG

Case 1.2c: Jetty deluge valves open (10s). Pump starts immediately 
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Case 1.2c: Jetty deluge valves open (10s). Pump starts immediately
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Upstream of PCV on X821-003	Graph No. 1.2c.20
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Case 1.2c: Jetty deluge valves open (10s). Pump starts immediately
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Case 1.2c: Jetty deluge valves open (10s). Pump starts immediately 
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To X174-008 (Jetty)	Graph No. 1.2c.22
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Case 1.2c: Jetty deluge valves open (10s). Pump starts immediately 

PRESSURE HEAD METRES



12	120

11

10	100

9

8	80

7

6	60

5

4	40

3

2	20

1



4	8	12	16	20	24	28	32	36	40	44
TIME - SECONDS
PRESSURE / TIME PLOT
Offtake to X174-008 (Jetty)	Graph No. 1.2c.23


VALVE STROKE
PERCENT OPEN

Case 1.2c: Jetty deluge valves open (10s). Pump starts immediately
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VALVE STROKE
PERCENT OPEN

Case 1.2c: Jetty deluge valves open (10s). Pump starts immediately 
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CASE ONE


MAIN JETTY DELUGE VALVES OPEN


CASE 1.2
EXTENDED STROKE TIMES OF DELUGE VALVES


CASE 1.2D
DELUGE VALVES OPEN (20s STROKE TIME)
ELECTRIC PUMP STARTS IMMEDIATELY
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately 
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately 
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PUMP SPEED
R.P.M.

Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately
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Jockey Pump 1	Graph No. 1.2d.03
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately
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Jockey Pump 2	Graph No. 1.2d.04
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately
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Electric main Pump	Graph No. 1.2d.05
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately 
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Downstream of electric main pump	Graph No. 1.2d.06
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately 
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately 
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately 
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately 
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately 
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately 
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately 
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately 
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately 
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately 
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately 
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately 
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Case 1.2d: Jetty deluge valves open (20s). Pump starts immediately 
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Case 1.2d: Jetty deluge valves open (20s). Pump starts 
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CASE TWO


POWER FAILURE


CASE 2.1
JETTY DELUGE VALVES OPEN
DIESEL PUMP STARTS AFTER 10 SECOND DELAY




























PRESSURE
BARG


Case 2.1: Power Failure. Diesel pump starts after 10s
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Case 2.1: Power Failure. Diesel pump starts after 10s
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PUMP SPEED
R.P.M.


Case 2.1: Power Failure. Diesel pump starts after 10s
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Case 2.1: Power Failure. Diesel pump starts after 10s
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Case 2.1: Power Failure. Diesel pump starts after 10s
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Case 2.1: Power Failure. Diesel pump starts after 10s
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Case 2.1: Power Failure. Diesel pump starts after 10s
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Case 2.1: Power Failure. Diesel pump starts after 10s
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Case 2.1: Power Failure. Diesel pump starts after 10s
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Case 2.1: Power Failure. Diesel pump starts after 10s
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Case 2.1: Power Failure. Diesel pump starts after 10s
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Case 2.1: Power Failure. Diesel pump starts after 10s
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Case 2.1: Power Failure. Diesel pump starts after 10s
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Case 2.1: Power Failure. Diesel pump starts after 10s
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Case 2.1: Power Failure. Diesel pump starts after 10s
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Case 2.1: Power Failure. Diesel pump starts after 10s
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Case 2.1: Power Failure. Diesel pump starts after 10s




PRESSURE HEAD METRES
  120


11

10	100

9

8	80

7

6	60

5

4	40

3

2	20

1



-1	4	8	12	16	20	24	28	32	36	40	44
TIME - SECONDS



PRESSURE / TIME PLOT
Upstream of PCV on X821-003	Graph No. 2.1.17


PRESSURE
BARG


Case 2.1: Power Failure. Diesel pump starts after 10s
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Case 2.1: Power Failure. Diesel pump starts after 10s
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Case 2.1: Power Failure. Diesel pump starts after 10s
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Case 2.1: Power Failure. Diesel pump starts after 10s
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Case 2.1: Power Failure. Diesel pump starts after 10s
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CASE TWO


POWER FAILURE


CASE 2.2A
JETTY DELUGE VALVES OPEN (10s) DIESEL PUMP STARTS AFTER 10 SECOND DELAY
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Case 2.2a: Power Failure. Dvs open (10s). Pump starts after 10s
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Case 2.2a: Power Failure. Dvs open (10s). Pump starts after 10s
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Case 2.2a: Power Failure. Dvs open (10s). Pump starts after 10s
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Case 2.2a: Power Failure. Dvs open (10s). Pump starts after 10s
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Case 2.2a: Power Failure. Dvs open (10s). Pump starts after 10s
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Case 2.2a: Power Failure. Dvs open (10s). Pump starts after 10s
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Case 2.2a: Power Failure. Dvs open (10s). Pump starts after 10s
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Case 2.2a: Power Failure. Dvs open (10s). Pump starts after 10s
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Case 2.2a: Power Failure. Dvs open (10s). Pump starts after 10s
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Case 2.2a: Power Failure. Dvs open (10s). Pump starts after 10s
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Case 2.2a: Power Failure. Dvs open (10s). Pump starts after 10s
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Case 2.2a: Power Failure. Dvs open (10s). Pump starts after 10s
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Case 2.2a: Power Failure. Dvs open (10s). Pump starts after 10s
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Case 2.2a: Power Failure. Dvs open (10s). Pump starts after 10s
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Case 2.2a: Power Failure. Dvs open (10s). Pump starts after 10s
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Case 2.2a: Power Failure. Dvs open (10s). Pump starts after 10s
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Case 2.2a: Power Failure. Dvs open (10s). Pump starts after 10s
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Case 2.2a: Power Failure. Dvs open (10s). Pump starts after 10s
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Case 2.2a: Power Failure. Dvs open (10s). Pump starts after 10s
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Case 2.2a: Power Failure. Dvs open (10s). Pump starts after 10s
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Case 2.2a: Power Failure. Dvs open (10s). Pump starts after 10s
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Case 2.2a: Power Failure. Dvs open (10s). Pump starts after 10s
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CASE TWO


POWER FAILURE


CASE 2.2B
JETTY DELUGE VALVES OPEN (20s) DIESEL PUMP STARTS AFTER 10 SECOND DELAY
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Case 2.2b: Power Failure. DVs open (20s). Pump starts after 10s
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Case 2.2b: Power Failure. DVs open (20s). Pump starts after 10s
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Case 2.2b: Power Failure. DVs open (20s). Pump starts after 10s
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PUMP SPEED / TIME PLOT
Diesel main Pump	Graph No. 2.2b.03
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Case 2.2b: Power Failure. DVs open (20s). Pump starts after 10s
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Pressure downstream of diesel main pump	Graph No. 2.2b.04
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Case 2.2b: Power Failure. DVs open (20s). Pump starts after 10s
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VELOCITY / TIME PLOT
Through diesel main pump	Graph No. 2.2b.05
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Case 2.2b: Power Failure. DVs open (20s). Pump starts after 10s
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VELOCITY / TIME PLOT
Flow through Diesel Pump PRV	Graph No. 2.2b.06
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Case 2.2b: Power Failure. DVs open (20s). Pump starts after 10s
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PRESSURE / TIME PLOT
Main Pump Discharge Header	Graph No. 2.2b.07
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Case 2.2b: Power Failure. DVs open (20s). Pump starts after 10s
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VELOCITY / TIME PLOT
To X820-004	Graph No. 2.2b.08
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Case 2.2b: Power Failure. DVs open (20s). Pump starts after 10s
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PRESSURE / TIME PLOT
Upstream of bypass valve, V820-0263	Graph No. 2.2b.09
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Case 2.2b: Power Failure. DVs open (20s). Pump starts after 10s
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PRESSURE / TIME PLOT
Upstream of PCV 820-3051	Graph No. 2.2b.10
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Case 2.2b: Power Failure. DVs open (20s). Pump starts after 10s
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PRESSURE / TIME PLOT
Upstream of PCV 820-3068	Graph No. 2.2b.11
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Case 2.2b: Power Failure. DVs open (20s). Pump starts after 10s
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VELOCITY / TIME PLOT
To X174-026	Graph No. 2.2b.12
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Case 2.2b: Power Failure. DVs open (20s). Pump starts after 10s
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PRESSURE / TIME PLOT
Upstream of bypass valve, V174-7913	Graph No. 2.2b.13
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Case 2.2b: Power Failure. DVs open (20s). Pump starts after 10s
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PRESSURE / TIME PLOT
Upstream of PCV 174-12034	Graph No. 2.2b.14
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Case 2.2b: Power Failure. DVs open (20s). Pump starts after 10s
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VELOCITY / TIME PLOT
To X821-003	Graph No. 2.2b.15
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Case 2.2b: Power Failure. DVs open (20s). Pump starts after 10s
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PRESSURE / TIME PLOT
Upstream of bypass valve on X821-003	Graph No. 2.2b.16
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Case 2.2b: Power Failure. DVs open (20s). Pump starts after 10s
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PRESSURE / TIME PLOT
Upstream of PCV on X821-003	Graph No. 2.2b.17
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Case 2.2b: Power Failure. DVs open (20s). Pump starts after 10s
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PRESSURE / TIME PLOT
Offtake to Jetty	Graph No. 2.2b.18
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Case 2.2b: Power Failure. DVs open (20s). Pump starts after 10s
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TIME - SECONDS
VELOCITY / TIME PLOT
To X174-008 (Jetty)	Graph No. 2.2b.19
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Case 2.2b: Power Failure. DVs open (20s). Pump starts after 10s
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PRESSURE / TIME PLOT
Offtake to X174-008 (Jetty)	Graph No. 2.2b.20




VALVE STROKE
PERCENT OPEN

Case 2.2b: Power Failure. DVs open (20s). Pump starts after 10s
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TIME - SECONDS
VALVE STROKE / TIME PLOT
DV1	Graph No. 2.2b.21


VALVE STROKE
PERCENT OPEN

Case 2.2b: Power Failure. DVs open (20s). Pump starts after 10s
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VALVE STROKE / TIME PLOT
DV2	Graph No. 2.2b.22



















APPENDIX B




OUT OF BALANCE LOADS TABLE
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Table B: Out of balance loads (kN) for the remedial cases discussed in this technical note







Diesel FW Pump Performance Curve
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