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Transformer Transportation



Tutorial of CIGRE WG A2.42 Convenor: Asgeir Mjelve, Norway



WG A2-42  CIGRE working group started up spring 2010  To prepare a Technical Brochure on Transformer Transportation among other with focus on: • Example cases of transportation damage, failure modes and their mitigation • Typical conditions/forces that can occur in various forms of transport • Specification and Design review requirements • Recommendations for design parameters for withstanding the forces • Management of transportation • Shock recorders



 TB is by far finished and will be sent for circulation in SC and hopefully published within 2015 2
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Contend of this presentation  Contend of the Technical Brochure  Introduction  Transportation modes and their specifics • Road, Rail, Marine and Waterways



 Design requirements – recommendation from WG  Design review and limiting curves  Shock recorders
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Main chapters of the Brochure  • Transport incidents • General design  requirements • Specification  requirements • Design review  requirements • Transportation modes and  their specifics • Shock recorders • Interpretation and use of  shock recorder data



• Indication of centre of gravity • Transportation process • Transport drawing and  instructions • Load securing • Transformer transport  with or without oil • Evaluation of transport • Annexes 1 to 13
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Transformer Transportation – Introduction  Transformers have to be transported from factory to site of assembly (substation, storage) when new. •



Also during transformer service life, movement might be necessary due to repair, reallocation and end of life treatment.



 Due to size and weight, transport of medium size and large power transformers are complex and demanding.  It may include multiple transport modes (road, rail, ship, barge, air), and only experienced specialized companies should be used to deal with such operations.  Special attention must be paid at load breaks when shifting between different transport modes  During transport the transformer will be subjected to transport forces, shocks and loads that must be taken into account in the design of the transformer. Limitations related to dimensions and weight will also give design input.  Design reviews are of great importance and impacts should be monitored during transport. Transformer Transportation – CIGRE A2.42
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Transport modes and their specifics Road  Travel by road is almost inevitable during transformer transport • either to the nearest port • or to rail siding • or to the substation either from the nearest port or rail siding • or the hole transport distance (for smaller transformers up to around 80 metric tons)



 The limitation depends greatly on the dimensions and weight of the transformer  These limitations also include choice of truck type and speed  Over longer distances and with large dimensions also rail and barge should be considered
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Road transport – Conventional trailers • Flatbed-, lowbed- and semitrailers – A wide variety of vehicle types and the maximum capacity can vary – Speed of the loaded vehicle can reach highway speeds for smaller transformers, while larger transformers may be limited to less than 40km/h – High loads can be moved at low speed and/or increased axle loads if permitted locally
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•Transformer moved by multi-wheel trailer
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Road transport – Girder trailers • Trailers supporting the transformer using girders on both sides. Dollies support the girder frame on both ends • High load capacity, which can exceed 600 metric tons • Low speeds, which cannot be expected to exceed 30km/h 8



•Girder trailer in action



Transformer Transportation – CIGRE A2.42



Seite 4



Road transport – Modular trailers • Consists of modules having 2,3,4 or 6 axcles each. • SPMT is a special type of modular trailer • Capacity in terms of both weight and dimensions is almost unlimited – Limitations are therefore other than the vehicle



• Max speed as low as 20km/h should be expected • SPMT less than 5 km/h 9



•Transformer on a SPMT crossing various obstacles
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Road transport – Road survey  Axle loads, axle distance and total weight limits of roads and bridges,  Radii and road width at curves, bends, junctions and traffic circles,  Gradient of inclines and declines,  Horizontal radius of dips and bumps in roads and at bridges and level crossings,  Width and height under road and railway bridges and viaducts,  Clearance under overhead lines and gantries,  Lay-by areas for temporary parking and passing,  Any other obstruction restricting transport. 10
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Road transport – Influence on design • During road transport the transformer is subjected to mechanical loads, such as shocks and vibration



• •



•



•



• Many load securing standards list the acceleration:



These values might be considered valid for normal loads on normal trucks Abnormal loads on specialised vehicles might never experience acceleration of this magnitude The accelerations above apply unchanged for calculating the required load securing irrespective of the type of load or vehicle. Road conditions, spring type and trailer conditions will affect the vibration and other mechanical loads on the transformer.



– forward acceleration varies from 0.8 to 1.2g – sideways and backwards acceleration are listed 0.5g – vertical acceleration is hardly ever listed. One source mentions values of 0.85g and 1g in addition to standard earth gravity •Pictorial summary of accelerations during road transport 11
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Road transport – How to minimize forces • Use experienced and reliable transporter which can be expected to choose an acceptable trailer or configuration which will thus minimize the forces • A correctly lashed transformer will not move on the vehicle and minimize the force during road transport • Driver skill, experience and responsibility will go a long way to minimize the forces during transport • Road features such as rail crossing, speed bump, road access ramps, inclination and state of maintenance will invariably induce forces on the transformer. • Passing such features with care will minimize the forces and again requires driver skill, experience and responsibility
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Transport modes and their specifics - Rail  The differences in transport forces between transports on railroads are due to 7 main factors: • Type of railcar used • Type of buffers and couplers used on the rail car • Fixing method of transformer to the rail car • Caution ticket used for the transport • Changes in roadbed and track geometry • Differences in train braking mechanisms • Train configuration: Length, distributed power and position in the train 13
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Railcar type – Heavy duty flat bed • A flat bed railroad car is a standard railroad carriage designed to carry loads too large or too cumbersome to be loaded in enclosed cars • Transformers require heavy capacity cars • The loading platform is a flat plane, supported on both ends by a set of axes • Heavy capacity cars are designed to carry more than 90 metric tons and often have more than the typical 4 axles
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•Transformer on a heavy duty flat car



Transformer Transportation – CIGRE A2.42



Seite 7



Railcar type – Depressed centre flat-bed car •



Depressed center flat-bed cars are heavy-duty flat-bed cars where the load platform has a depressed center – are also classified as “Heavy duty flat-bed car”



•



Investigations shows higher forces acting on the transformer during transport than normal heavy duty flat-bed cars



•Depressed center flat-bed rail car in action



– believed to be the higher flexibility of the depressed car. For example the car can bend during longitudinal compressive forces, which results in a vertical deflection and acceleration



•
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Flat bed and depressed center flat-bed rail cars should be treated as different rail car types
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Railcar type – Schnabel car • A Schnabel car is a specialized type of railroad carriage that is designed to carry heavy and oversized loads • the complete railroad loading gauge is available for the load • the transformer will become a part of the railroad carriage. • Some Schnabel rail cars can have a deck inserted between the two ends • Certification of transformer may required, in addition to railcar.



•Schnabel railcar carrying a transformer



•Transformer on a Schnabel rail car with deck 16
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Railcar type – Girder Railcar • A Girder railcar is a last type of specialized railroad carriage that is designed to carry heavy loads • The load is suspended between 2 strong girders • Almost the complete height of the railroad profile is available for the load • The width of the transformer is slightly restricted due to the girders



•Girder railcar in action
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Railroad transport – Buffers  Two types: • Standard buffers (installed on most railcars) • High performance buffers • have a longer travel length than the standard buffers • “CTU packing guidelines” : reducing the "normal" switching impacts from 4 g to 2 g • “US department of forest products”: standard buffers gave g forces of 10g for 30ms for an impact speed of 9Mph. High performance buffers with 24 inch travel length gave 2.3g during 250ms for an impact speed of 12MPh



• High performance buffers are significantly reducing the amplitude of the shocks occurring during switching, at the cost of a longer duration of the shocks 18
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Railroad transport – Couplers  Both manual and automatic are used. • Basic couplers used in Europe are a combination of 2 buffers and a chain coupling (non-automatic). This coupling limits slack and reduces shocks between rail cars. • Automatic coupling systems can cause high dynamical forces with peak values above 10g. • Forces can be greatly reduced when the transformer is: • transported on a carriage with high-performance buffers • not switched at all while travelling in a block train 19
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Railroad transport – Connection to railcar  Blocking and lashing only • it allows the load to lift up from the carriage in case of severe shocks • This results in a hammering effect that causes more severe shocks on the transformer



 Bolted or welded to rail car • The transformer is firmly connected to the rail car by using a connection method that can also arrest tension forces in the connection



 Example from measurements (paper by Gadrix of 1979 ) : • Maximal g value of shocks 8 g in case of a not fixed connection • and only 3.2 g in case of a fixed connection 20
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Forces acting during rail transport •Mechanical load limits for freight on railroad according to UIC



•Design limits for supports of loads on railroad according to AAR
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Railroad transport – Best railroad practices •



• • •



Request railroad transport in time with highest caution ticket and prevent switching of the rail car while carrying the transformer. Before start of the design Perform survey of route to travel Select rail car type (flat-bed car, Schnabel car or other type) Design of the transformer: – – – – – – – –



22



To fit inside most restricting loading gauge and negotiate obstacles seen during survey With sufficient support of active part in travel direction All small parts fixed with non-friction based means Core laminations held in place with nonfriction based means. No gaps in support structure of active part Center of gravity of transformer as low as possible With enough lashing points on the tank in travel direction For the required other transport modes (multi-modal)



•



Use a suitable railcar: – – – –



•



• •



Equipped with effective long-travel, high performance buffers Floor of rail car clean and free of debris Blocking at base of transformer being tight against transformer Transformer fixed firmly to railcar by bolting and/or welding



Locate the transformer close to the front locomotive with only fully loaded cars between the transformer and this locomotive Bail-off should be used for the locomotive Other cars in the train should be equipped with normal buffers
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Transport modes – Marine and waterways  Marine (on sea or ocean) transport generally has lower acceleration values than railway or road transport  However, marine vessels are sometimes exposed to extreme weather conditions that cannot be avoided and which can cause damage to vessel and cargo  Transportation on inland waterways (on lakes, rivers, canals) carries a very low risk although during the docking stage impacts may occur of similar magnitude to marine transportation 23



Transformer Transportation – CIGRE A2.42



Main forces and motions during marine transportation  The cargo on board a ship will be subjected to forces resulting from ship movement  The ship movement may be divided into three types of linear motion and three types of rotational motion as shown in the figure
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Marine – Accelerations  The magnitude of the inertia forces due to alternating movements are dependent on: •



the location of the transformer on board the ship



•



the angle of the ship in rolling and pitching motion, and the natural period of the rolling and pitching motion



 IMO incorporates a comparison to illustrate the influence of the stowage allocation on acceleration values •



“Lower hold” location has always a lower acceleration and at the half length of the ship there is the lowest acceleration value



•



transverse position of transformers is more preferable than longitudinal one.
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Marine accelerations - Correction factors  Influence of ships’ size and speed on the acceleration • The ship length and speed influence the ship acceleration figures. IMO recommends a correction factor for ships of a length other than 100m and a service speed other than 15 knots •



the acceleration figures should be corrected by a factor given in the Table below



• Acceleration decreases with the increase of the ship length. For rough sea large vessels should be used to reduce acceleration values
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Marine accelerations - Correction factors  Influence of ships’ stability on the acceleration • The ratio of ship breadth/ship metacentric height (B/GM) influences the accelerations and therefore correction factor should be included • For ships with B/GM less than 13, the transverse acceleration figures should be corrected by a factor given in the table below



•M= Metacentre •G= Senter of Gravity •B= Buoyancy •GM= Metacentric height: Distance between G and M 27



Transformer Transportation – CIGRE A2.42



Marine accelerations - Comments to IMOtables  Some precautions must be taken to the three acceleration tables • In the case of marked roll resonance with amplitudes above ±30° • In the case of heading into the high seas at high speed with marked slamming shocks • In the case of running before large stern or quartering sea
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Marine and waterways – Best practices • • • •



A ship with suitable size, capacity and stability should be chosen The transformer should be loaded on board on lower hold and half length of ship For inland waterways an on deck loading is usually fully acceptable On deck usually not suitable for



•



• •



marine transportation –



• •
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On-deck loading could be allowed on special purpose vessel, which will stay in a harbour to avoid bad weather



For marine transportation, the transformer should not be loaded next to the engine chamber Adequate lashing and shoring should be used to prevent sliding and tipping of transformers



•



Drawings of the transformer loaded/lashed on barges or vessels are required documents for transformer transport planning Studies on the vessel size and stability are also mandatory During the planning stage, crane configuration (for each crane used) and method study on how the transformer will be loaded on barges and pontoons are required concerning lifting provisions The port(s) of loading should be checked whether it has cranes with adequate lifting capacity –



If this is not the case, either a roll-on roll-off vessel or self-geared vessel needs to be chosen
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Design requirements – Recommendations from WG  A transformer must be designed to withstand transport related loadings. • Static 1g could be a starting point of design limit, except for railway transport, 2g or higher could be required. (Different manufacturers have different design limit and it is difficult to reach a common higher value than 1g)



• If more concrete information is available, this design limit could be increased or reduced. For example, better static design limits can be derived from dynamic shock loads based on experience and design knowledge. • Design limits are based on static calculations, which is much more feasible than dynamic calculations since they require realistic input of dynamic condition and they are generally not known well enough (e.g. dynamic accelerations and damping). There is difference between shock loads and design limits. • Design limits for different transport modes are different. If not distinguished , worst case should be used • During mechanical design review, dynamic shock load limit should be required and velocity change criteria applied
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Transformer design for transport – Recommendations from WG • Good fixation of the active parts to the tank is required to prevent any movement • The clamping system should completely fix all the core packages and individual core sheets without any movement • Clamping pressure on the core should be sufficient to keep core sheets in place • Permanent active part supporting structure is preferred • Transformer must fit to all transport limitations (i.e. trans • The design of the lifting, jacking, haulage, blocking and lashing points on the tank must meet the requirements for all the transport modes of the transformer (reference to transport drawings) • The transport of separated accessories is also an issue and precaution should be paid attention. Some of the requirements of transformer transport may or may not be applicable to that of accessories
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Design for vibrations  If the transformer is transported over a significant distance or is subjected to large in-service vibrations, special design considerations are necessary  At present, detailed design for vibration is not possible because the expected vibration magnitudes, frequencies and durations are not yet well enough understood  Anyhow, some general precautions can be taken
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Design for vibrations • • • •



•
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Core laminations should be hold in place mechanically. Small insulation pieces and spacers should be secured by mechanical way. Insulating blocks and spacers that form a part of the winding are clamped by the pre-clamping force. This force is typically more than large enough to keep these parts in place, even during long railroad transports. However, it is considered prudent to lock these parts as well as possible in the horizontal direction. Small gaps that are left in the support structure of the active part against the tank will increase the (shock) loads that are acting on the active part. This kind of tolerances must therefore be avoided at all cost.



•



•



Dampening material can be added in the support structure of the active part to reduce the vibrations that are acting onto the active part. However, care must be taken while designing a support structure with such a dampening component. A correctly designed dampening component will decrease the vibrations and shocks acting on the active part, where a wrongly designed one can even increase the loads on the active part. Bolted connections need to be protected against loosening. Special care needs to be taken for electrically insulated bolted connections.. Brittle components should not be used to carry mechanical transport shocks and vibrations.
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Design review guidlines  The manufacturer must state the acceptable limits for transport loads  The follwing list shows some important components to be discussed: • How is the fixation of the core sheets done? • The coupling between active part and tank? • Fixation of parts not under winding pressure? • How are other components fixed? • Are temporary support structures used? • Will transport be with components as bushings, concervator etc. mounted? • Will the transformer be transported partly- or filled with oil? 34
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Limiting curves •



It is adviable to establish limiting curves in the design review process



•



Ocurence of shocks above these limits are a reason for concern and should be investigated



•



Note: It is not a direct indication of damage to the transformer.



•Example of limiting curve 35
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Shock recorders – Accelerations  Accelerations can be presented as peak accelerations • This is basically the same output mechanical SR’s provide.



 Accelerations can be presented as events: • Includes peak acceleration and its duration. • The most detailed presentation is an acceleration time history in which detailed acceleration data is plotted against time. • all data would be accompanied by a time stamp giving the time and date of the shock.
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Shock recorders – Limitation of measurements  Shock recorders are limited by: • their measuring range of accelerations in g's • their frequency range (in Hz) • their sampling rate • recording time or battery life (in days or months) • available memory (depends on what is stored) • Mounting location may also reduce its usefulness • Mode of transport may require different setups or specifications due to different characteristics Transformer Transportation – CIGRE A2.42
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Shock recorders – Setting recommendations  Use an measuring range of 10g. •



A higher setting will have reduced accuracy for low accelerations. A lower setting may be acceptable, but higher accelerations will not be accurately measured. For heavier transformers, i.e. over 200tons, a lower setting of 3-5g is recommended.



 Use an upper frequency range of 30-50Hz or minimum shock duration of 10-15ms. •



This should reduce the number of false readings due to vibrations in the transformer tank.



 Use an appropriate threshold setting for recording acceleration-time histories •



This setting will be based on the transport modes and design specifications. The value should be at least 10% of the measuring range.



 If multiple transport modes - use the setting for the severest transport mode.  The acceleration and frequency settings given above determine which acceleration will be registered when they occur during transport. 38



Transformer Transportation – CIGRE A2.42



Seite 19



Shock recorders – Acceleration examples Theoretical accelerations during transport and the effect of the peak value on the recording of the event.



Theoretical accelerations during transport and the effect of the frequency on the recording of the event.



The figure shows three acceleration – time histories that might occur during transport. The blue curve will be correctly recorded because it sits between the acceleration range value and the acceleration threshold value. The green curve falls beneath the acceleration threshold and will not be recorded. The red curve exceeds the acceleration range. It will be recorded because it exceeds the acceleration threshold, but it will be truncated by the acceleration range.



The blue curve will be correctly recorded because it sits between the upper and lower frequency band values of the shock recorded. The green curve falls beneath the lower frequency band and will not be recorded. The rolling movement of a ship would be an example of such an event. The red curve exceeds the upper frequency band and will not be recorded. Vibration within the structure of the transformer tank would be an example of such an event.
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Shock recorders – Mounting and recording  Shock recorders are best mounted at or near the centre of gravity of the object being monitored  For transformers this is often impossible or impractical therefore using the centreline is an alternative but off centre acceleration may not be correctly registered.  The shock recorders may not record the actual accelerations the transformer is subjected to because: • normally the shock recorders are mounted to the transformer tank and they are actually recording the local response of the structure • This local response may be an amplified acceleration due to resonance • This resonance can cause impact of rigging equipment to register as shocks. The shock recorder should be mounting on a rigid part of the tank to avoid this • The resonance frequency of the local structures do not have a value outside the measuring range of the shock recorder 40
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Shock recorders – Mounting and location  The two external shock recorders should be mounted at both longitudinal ends of the transformer. If they are not mounted at the centreline, they should be diagonally opposite.



Preferred location



Optional shock recorder



Alternative location



•Preferred and alternative locations on the transformer tank for two shock recorders 41
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Shock recorders – Mounting and location  Mounting location should be rigid, preferably near the corner of three intersecting surfaces. • Rigid means that the natural frequency of the mounting location lies outside the measuring band of the shock recorder. • Rigid also means that the mounting location lies at or near a node of the standing wave in the transformer structure.



•The preferred location of the intersection of three plane (in green) to mount the shock recorder
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Shock recorders – Mounting and location  The shock recorders should be bolted to the transformer tank (or active part). Using straps or magnets are alternatives to using bolts but these methods are not preferred • If numerous false readings due to structural vibration are recorded, the shock recorder can be mounted using vibration isolators. The manufacturer might provide guidance how to mount their shock recorders using vibration isolation. Shock recorder



Shock recorder directly bolted to the tank.



Shock recorder bolted to the tank using vibration isolation.



•Details of the connection of the shock recorder to the transformer tank 43
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For more information Brochure No. « to be decided »



Insert here an image of the cover page of the Brochure
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Thanks to CIGRE A2.42 members Asgeir Mjelve, Convenor (NO), Jeroen Hermans, Secretary (BE)



Members: W.J. Bergman (CA), Tirdad Boroomand (UK), Sihui Chen (FR), Peter Cole (AU), Johannes Huygh (BE), Andre Vanderwerff (FR), Kyrill Melai (NL), Fernando T. Da Silva (BR), Kjetil Ryen (NO), Andreas Schoenauer (DE), Johannes Schnieders (DE), Adrian Vintila (RO), Michael Wilfling (AT)
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