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The below will be found throughout this publication. It is important that the significance of each is thoroughly understood by those using this document. The definitions are as follows: NOTE Highlights an essential element of a procedure to assure correctness. CAUTION Indicates a potentially hazardous situation, which, if not avoided, could result in minor or moderate injury or equipment damage.



WARNING INDICATES A POTENTIALLY HAZARDOUS SITUATION, WHICH, IF NOT AVOIDED, COULD RESULT IN DEATH OR SERIOUS INJURY



***DANGER*** INDICATES AN IMMINENTLY HAZARDOUS SITUATION, WHICH, IF NOT AVOIDED WILL RESULT IN DEATH OR SERIOUS INJURY.
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GE Energy Partner, The content of this document is being presented as a new revision rather than as a totally new document for the following reasons: ●



It is a further development and evolution of the concepts and methods described in the preceding revisions based on the consensus of individual contributors from many company departments



●



There are no new requirements that have been introduced which in any way would invalidate or render untenable any designs completed under previous versions



●



Any new content applies to new products and equipment arrangements that have become available since the last edition



●



Dynamic criteria have been rewritten in accordance with recent design experience, but essentially remain unchanged in their impact on foundation design



●



Descriptions of how to interpret and apply static loads and MTM have been clarified and enhanced with charts and diagrams, and likewise updated to reflect new products



●



The content derived from building codes, specifically load factors and load combinations, conform to the current standards



●



Minor editorial and proofreading corrections to text, diagrams, and formulas



The issuance of this revision is not intended to imply that designs to previous revisions of this document now need to be retroactively upgraded to the specific content of the current revision in order to assure safe and reliable performance of machine and foundation systems. Previous designs can be expected to continue to perform to the same level of safety and reliability as will be produced by application of the content of this new revision. Should any questions arise from this revision, please feel free to contact your GE Energy representative.
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I. PURPOSE General Electric turbine-generators are designed to provide reliable service for many years. This reliability is dependent on the turbine-generator foundation having adequate strength, long-term stability, and suitable dynamic properties. To assist the foundation designer in this design effort, the GE turbinegenerator product groups provide assorted foundation design information, which include foundation loads, recommended foundation interface hardware designs, and recommended deflection and dynamic design criteria. The purpose of this document is to provide part of this turbine-generator foundation design information, as well as provide guidance for interpreting foundation design information that GE product departments provide separately in their customer drawing package as foundation load data. The guidance and instruction presented in this document is generally applicable to the turbines-generators manufactured by General Electric power generation product departments. Because these product lines are evolving and new ones are being introduced, some product lines may have additional or somewhat different presentations or requirements than those described in this document. It is necessary for the Engineer to be alert to such differences and to follow the requirements specified in the product department information provided for those units where it supplements or supersedes the information contained herein. II. FOUNDATION DESIGN LOADS The turbine-generator foundation imposed during the service life of standpoint. Such forces are not enclosures, environmental forces associated equipment.



must have adequate structural integrity to withstand all the forces the equipment, both from a strength and from a stiffness (deflection) only produced by the turbine-generator, but from piping, valves, such as earthquake and wind depending on exposure, and other



A. Foundation Load Categories The turbine-generator foundation loads may be divided into one of three categories: equipment loads, environmental loads, and installation / maintenance loads. Equipment loads are produced by the turbine generator, and include dead, normal operation, emergency operation and catastrophic loads. Environmental loads result from external forces acting on the turbine-generator, and include wind, seismic and snow loads. Installation / maintenance loads result from installation / maintenance activities, and include equipment laydown and rotor removal loads, and certain floor and roof live loads. B. Foundation Load Types GE provides turbine-generator foundation loads in one of two ways: static and dynamic. Static foundation loads are generally known with a high degree of certainty, and are unchanging to the extent that the loads can be assumed a constant value for turbine-generator foundation design purposes. Transient aspects of static loads are normally accounted for by appropriately selecting load factors in the respective load combinations (reference Section III). The turbine-generator dead load is an example of a static load. Dynamic loads are time dependent. For most time-dependent turbine-generator foundation loads, GE provides the loads as static equivalent loads in order to simplify the foundation design effort. Machine catastrophic and emergency loads are time-dependent foundation loads that are provided as equivalent static loads. These load categories are not intended to be included in any forced vibration analysis for dynamic response of the foundation system because of the transient nature and rapid
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decay of these loads with time. However, as static equivalent loads, they must be included in any conventional analysis for strength design. Rotor unbalance loads are also time-dependent turbine-generator foundation loads. GE provides the magnitude of these loads occurring at each bearing specific to each unit. The unit may continue to operate under the influence of these unbalance loads for an extended period of time until corrections can be made. If determined to be necessary, these loads may be applied by the designer in an analysis to verify dynamic performance in accordance with GE requirements utilizing structural modeling or mathematical techniques at his discretion. C. Foundation Load Direction / Orientation The turbine-generator foundation loads are normally assumed to act in one of three ways: unidirectional, bidirectional and rotating. A unidirectional load acts in only one direction. Such loads include the dead load, the steam turbine vacuum load and the gas turbine axial thrust load. Bidirectional loads act nonconcurrently in opposing directions. Such loads include thermal friction loads. Rotating loads can act in any direction in the plane of action. GE normally specifies rotating loads as four separate load cases, which consist of a load case in each of the four primary orthogonal directions in the plane of action (e.g., both directions along the vertical and horizontal axis). Such loads include the turbine loss-of-bucket load. D. Turbine-Generator Equipment Foundation Loads Turbine-generator foundation loads commonly provided by GE include: Dead Load - The static load at each turbine-generator support from the final installed weight of the turbine-generator. Thermal Friction - The loads that can be developed at the turbine-generator supports from static frictional resistance to thermal movement of the turbine-generator. Thermal friction loads normally originate at the weight-bearing turbine-generator supports, and impart corresponding reaction loads on the supports that maintain the horizontal alignment of the turbine-generator, e.g., anchor supports, centerline guides, etc. The tabulated thermal friction loads are the maximum expected thermal friction loads at each support, and will not simultaneously exist at all of the supports as-tabulated. In other words, the tabulated thermal friction loads are the design loads for each specific support location, and are not intended to be collectively applied to the foundation as-tabulated. Should it be desired to assess the collective effect of the thermal friction loads on the foundation, the foundation designer will need to develop a manageable number of thermal friction load cases. Recognizing that the turbine-generator thermal friction loads will not impart a net resultant load on the foundation (since the load at one support is balanced by an equal and opposite load at another support), the thermal friction loads for each load case must be selected to not impart a net resultant load on the foundation in order to be a valid load case. Note that there can be a net thermal friction force across a specific foundation element as depicted below, but any system of thermal friction loads applied to the equipment interface must be in equilibrium and not produce a resultant shear or overturning moment acting on the foundation. See Figure1 below, and Appendix 1 for more detailed examples.
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Figure 1. Foundation Member with a Net Thermal Friction Force



There will be a net thermal friction force of magnitude FT across each foundation beam



FT is the thermal friction force acting at the (4) equipment supports
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Thermal Expansion - The loads that can be developed at the turbine-generator supports from mechanical resistance to the thermal movement of the turbine-generator. Examples include steam turbine flex leg supports, which deflect to accommodate thermal movement of the turbine. Thermal expansion loads are similar to thermal friction loads, with the fundamental difference that a thermal friction load ceases to exist once the turbine-generator moves (i.e., the static resistance force is overcome), whereas a thermal expansion load is always present once the turbine-generator moves from the unrestrained position. Similar to thermal friction loads, the thermal expansion load taken collectively at all of the turbine-generator supports will not impart a net resultant load on the foundation, though a net thermal expansion force can exist across a specific foundation element as described for thermal friction loads. Normal Operational Torque - Fluid or magnetic coupling between the rotor and stator can produce an overturning torque oriented about the turbine-generator rotor axis. The normal operational torque load is typically based on the highest expected output of the turbine-generator, or the maximum generator rating. For the turbine, the normal operational torque load is oriented in the opposite direction to that of unit rotation, whereas for the generator, the normal operational torque load is oriented in the direction of unit rotation. See the following Figures A through E for normal torque orientation for several types of gas turbines and single-shaft arrangements. When looking in the direction of gas flow, the gas turbine rotates counter-clockwise, or anti-clockwise. Steam turbines are driving elements or engines as are gas turbines, and normal operational torque, therefore, will be oriented opposite to that of unit rotation. For single-shaft applications steam turbine direction of rotation must necessarily follow that of gas turbines. However, as may be the case for smaller, singlecasing steam turbines, steam turbine direction of rotation does not necessarily follow the rule for gas turbines. Therefore, no general diagrams are provided for these applications and the Engineer must utilize the project-specific product department documentation to confirm steam turbine direction of rotation.
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Figure A. Orientation of Normal Torque for Axial Exhaust, Cold-End drive Gas Turbine Such as 7F and 9F
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Figure B. Orientation of Normal Torque for Side Exhaust, Hot-End Drive Gas Turbine Such as 7E and 9E
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Figure C. Orientation of Normal Torque for Unit with Load Gear Such as Frame 6
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Figure D. Orientation of Normal Torque for Single-Shaft Unit 109FB-SS
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Figure E. Orientation of Normal Torque for Single-Shaft Unit 109FA-SS



14



© General Electric Company, 2008. GE Proprietary Information. All Rights Reserved.



Turbine Generator Foundations



GEK 63383d



Axial Thrust / Pressure Differential (Gas Turbines) - This load has two components: the axial load from flow momentum change through the gas turbine, and the axial load from the pressure differential between the gas turbine inlet and exhaust. This foundation load is often given as two values: a static load corresponding to turbine operation with a normal level of exhaust back pressure, and a static load corresponding to turbine operation with an emergency shut-down level of exhaust back pressure. Axial Thrust Flex-Coupling (Gas and Steam Turbines) - This is an axial load that may exist in rotor trains that include a flex coupling. The flex coupling load may differ in magnitude and direction between the cold-set and operating state due to installation pre-tensioning or compression, and subsequent rotor movement to the hot operating state. The flex-coupling load will not impart a net resultant load to the foundation since the load transmitted to the thrust bearing and foundation on each side of the flex coupling is equal and opposite. However, there may be a net flex coupling force across a specific foundation element. The turbine-generator load tables will include this flex-coupling load when applicable. Depending on the location of the thrust bearing and type of unit, the flex coupling load may either counteract or be additive to other axial forces such as jet thrust, condenser vacuum, shutdown level backpressure, and axial seismic accelerations affecting the rotor mass.



Figure F. Illustration of the Flex Coupling Force (Flex Coupling in Compression – Operating State)
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Condenser Vacuum Loads (Steam Turbine) - The loads from the vacuum pull of the condenser on the steam turbine. The condenser vacuum loads are normally based on zero absolute pressure, and a flexible connection to the condenser. Emergency Torque - For generators, large torque loads can arise from operational incidents such as a generator short circuit or synchronization out-of-phase. For turbines, abnormal torque loads can be developed from unexpected operating incidents. These emergency torque loads are normally specified as static equivalent loads. In actual occurrence, the emergency torque loads should rapidly decay, and should be significantly less than the listed magnitude after ½ second or less. For conservatism, it is normally assumed that the emergency torque load can act in both the direction of unit rotation, and in the opposite direction, but emergency torques are always opposed from turbine to generator when thay are rigidly coupled and rotating in the same direction. Non-sliding Standard (Steam Turbine) - The front and mid-standards on many steam turbines have a sliding interface between the base of the standard, and the associated foundation baseplate. This sliding interface allows for thermal movement of the steam turbine. In the unlikely event that this sliding movement is hindered, significant forces can be developed on the steam turbine supports. Similar to thermal friction loads, the non-sliding standard load will not impart a net resultant load on the foundation, though a net thermal load can exist across a specific foundation element as described for thermal friction loads. This would be considered an emergency load. Loss of Bucket / Blade (Gas / Steam Turbine) - A large dynamic force can result from the loss of turbine buckets / blades. This force will rotate with the rotor, with a magnitude that varies as a square of the turbine speed, and a duration that is dependent on the coast-down speed of the turbine. The loss of bucket / blade load is normally given as an equivalent static load. This would be considered a catastrophic load. Bowed Rotor (Steam Turbine) - An unusually severe packing rub or water induction can cause a bowed rotor in the steam turbine high pressure or intermediate pressure section. The resulting force will rotate with the rotor, with a magnitude that varies as a square of the turbine speed, and a duration that is dependent on the coast-down speed of the turbine. The bowed rotor load is normally given as an equivalent static load corresponding to a severely bowed rotor. This would be considered a catastrophic load. Combined Valve Trip (Steam Turbine) - During a valve trip, the turbine-generator foundation can be subject to significant piping / valve loads. The magnitude, duration, and orientation of the valve trip loads will be dependent on a number of factors, including the degree of synchronism of valve closures on opposite sides of the foundation. Valve trip loads are not provided by GE, but are determined by the plant pipe designer. However, valve and piping loads are rarely available in time to support the foundation design, and generally have little influence on the analysis, unless the plant piping design reveals significant transient moments from unsynchronized valve closures. E. Turbine-Generator Environmental Foundation Loads Snow Loads - The static load on the turbine-generator supports from an assumed level of snow accumulation on the turbine-generator. The GE provided snow loads may be site specific, or may be based on an assumed maximum case design basis which may be scaled to the site-specific conditions by the Engineer. Seismic Loads - For the seismic design of the turbine-generator foundation supports, GE normally follows a static force design procedure, and if so, will provide foundation loads based on this design approach. For sites where an appreciable level of seismic activity is possible, the seismic design loads
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may be significant, especially for the supports that maintain the horizontal alignment of the turbine generator. The GE provided seismic design loads may be site specific, or may be based on an assumed maximum case design basis which may be scaled to the site-specific conditions by the Engineer. Wind Loads - Wind loads are generally not significant for a turbine-generator in comparison to operational loads and seismic loads (which may not be the case for associated equipment such as enclosures and gas turbine inlet systems). When wind loads are provided by GE for a turbinegenerator, the wind loads may be site specific, or may be based on an assumed maximum case design basis which may be scaled to the site-specific conditions by the Engineer. F. Turbine-Generator Installation / Maintenance Foundation Loads Laydown - Certain parts of the turbine-generator and associated equipment (e.g., enclosure roof panels) may need to be temporarily stored on the turbine-generator foundation during periods of turbine-generator maintenance. The foundation designer should consider the potential for such laydown loads in the design of the turbine-generator foundation. Jacking Posts - Jacking posts are steel fabrications or rolled shapes that are often embedded in the foundation, against which a jacking device such as a hydraulic cylinder can be placed to move the turbine-generator horizontally during installation and maintenance re-alignments. The jacking post design load is dependent on the turbine-generator weight, and may be provided by GE in the turbine generator foundation load table. This is not an operating load affecting the overall performance of the foundation, but a local maintenance load affecting only the immediate area of the embedment. Rotor Removal - Temporary loads may be placed on the foundation from jacking devices or other tools used to remove turbine-generator rotors. An example is the jacking devices that are placed underneath the gas turbine casing to prevent ovalization of the lower-half casing when the upper-half casing is removed. This is not an operating load affecting the overall performance of the foundation, but a local maintenance load affecting only the immediate area of its application. Turning Gear – A turning gear is an accessory device to the centerline equipment. When the machine is operating, the turning gear is idle. When the machine is not operating, the turning gear is engaged to periodically rotate the shaft so that it does not develop a permanent bow, sag, or set from residing too long in any one static position. It is not part of the normal operating loads of the unit. The turning gear “break-away” torque is the maximum force required to intiate movement in the rotor from the at-rest state after which any further move results only in turning gear “normal operation” loads. G. Other Foundation Loads The turbine-generator foundation loads listed Sections II.D, II.E and II.F, are the loads from the turbine-generator that most commonly need to be considered in the design of the turbine-generator foundation (though not all of the listed foundation loads will apply to every turbine-generator). In addition to the loads from the turbine-generator, the foundation designer must consider loads from associated equipment and components such as enclosures, heaters, tanks, pumps, valves, ducts, and piping. This can include not only dead loads, but appreciable operational loads as well (e.g., pipe thermal expansion forces). Moreover, the foundation designer should confirm that all live and laydown loads that may arise during turbine-generator installation / maintenance are accounted for in the foundation design.
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H. Overspeed This is not an actual load applied to the foundation, but represents a transient condition the unit may experience which will affect the dynamic loading applied at the bearings or equipment interface. Should the resistance to the driving force of the steam or gas turbine that is usually supplied by the generator be suddenly removed, or because of the effect of trapped gasses left in the system after a trip signal to shut down the unit occurs, the turbine may accelerate and may reach a transient peak as high as 126% of normal operating speed before the unit protective and safety systems intervene to shut the unit down. Although this condition is only a peak transient and not a steady state, it is conservatively analyzed as if it were a steady and continuous dynamic loading condition to 120% of normal operating speed.
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Table 1. Summary Foundation Design Loads Turbine-Generator Foundation Load



Typical Applicability GT



Category



Type



Direction / Orientation



Static



Unidirectional



Static



Unidirectional



Static



Bidirectional



Static



Bidirectional



ST Gen Equipment (Normal Operation) Equipment (Normal Operation) Equipment (Normal Operation) Equipment (Normal Operation) Equipment (Normal Operation) Equipment (Normal Operation) Equipment (Normal Operation) Equipment (Normal Operation) Equipment (Emergency Operation) Equipment (Emergency Operation) Equipment (Emergency Operation)



Static



Unidirectional



Static



Unidirectional



Static



Unidirectional



Static



Bidirectional



Static



Unidirectional



Static



Bidirectional



Static



Bidirectional



X



Equipment (Catastrophic)



Static



Bowed Rotor



X



Equipment (Catastrophic)



Static



Combined Valve Trip



X



Dead



X



X



X



Live



X



X



X



Thermal Friction



X



X



X



Thermal Expansion (Flex leg ST only)



X



Normal Operating Torque



X



Normal Axial Thrust / Pressure Differential



X



Condenser Vacuum Axial Thrust / Flex Coupling Shut-Down Axial Thrust / Pressure Differential Emergency Torque



Seismic Wind Snow Lay-down Jacking Post Rotor Removal Turning Gear Rotor Unbalance Normal Operating Speed Rotor Unbalance 120% Normal Speed



X



X X



X



X X



Non-Sliding Standard Loss-of-Bucket / Blade



X



X



X



X X



X X X X X X X



X X X X X X X



X X X X X X X



X



X



X



X



X



X



Equipment (Emergency Operation) Environmental Environmental Environmental Installation — Maintenance Installation — Maintenance Installation — Maintenance Installation — Maintenance Equipment (Normal Operation) Equipment (Normal Operation)



© General Electric Company, 2008. GE Proprietary Information. All Rights Reserved.



Rotating (Applied as Static) Rotating (Applied as Static)



—



—



Static Static Static Static Static Static Static



Bidirectional Bidirectional Unidirectional Unidirectional Unidirectional Unidirectional Unidirectional Rotating (Time-dependent) Rotating (Time-dependent)



Dynamic Dynamic
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III. FOUNDATION LOAD COMBINATIONS The foundation designer is responsible for the selection of the load combinations for the design of the turbine-generator foundation. The load combinations should be based on the applicable building code / design code specified load combinations, supplemented as necessary to account for foundation loads unique to turbine-generators. To appropriately account for the latter, the combinations in which the loads can act, and the frequency of occurrence and accuracy in prediction, need to be considered. To this end, the following are GE’s recommendations for developing load combinations to account for turbinegenerator unique foundation loads. A. Dead Loads Dead loads may be used as stated on the foundation load data with no further modification required by the designer. As required by the prevailing code being used for design, it may be appropriate to assign a load factor of less than 1.0 when evaluating uplift effects, in order to avoid underestimating the design uplift load on the turbine-generator foundation anchorage. B. Normal Operation Loads Normal operation loads are the foundation loads produced by the turbine-generator when operating in the normal design envelope. Continuous operation of the turbine-generator at normal operation load levels should have no adverse effect on equipment life or performance, and no detrimental effect on or degradation of foundation systems. Examples of such loads include: thermal friction, thermal expansion, normal operating torque, normal axial thrust, and steam turbine vacuum. Normal operation loads are typically assigned a load factor consistent with a live load (with the exception of the steam turbine vacuum load as noted below), and should be included in all load combinations that include live loads, except as noted below: 1. Normal operation loads in some cases can reduce the overall design load. In such cases, it may be appropriate to exclude the normal operation load. For example, assume a unidirectional normal operation load, such as the gas turbine axial thrust load. For a concurrently directed seismic force, this normal operation load will increase the overall design load, whereas for an opposing seismic force, this normal operation load will decrease the overall design load. In latter case, it may be appropriate to exclude the normal operation load (i.e., reflecting the load state of the unit shutdown) where it acts to reduce the seismic load effect. 2. Normal operation loads are usually included in the load combinations for turbine-generator emergency operation or catastrophic loads, except when the normal operation load is superseded by the specific emergency operation or catastrophic load (see Notes 5 and 6). 3. In some cases, building codes / design codes may allow a reduced load factor to be used for certain types of live loads. For turbine-generator normal operational loads, the most conservative load factor applicable to live loads, that is, largest in magitude, should be used. 4. Since thermal friction loads are transitory, thermal friction loads are normally not included in load combinations for low probability, transient events such as seismic loads, turbine-generator emergency loads and turbine-generator catastrophic loads. Since thermal expansion loads are not transitory, they should be considered in all such load combinations as appropriate. 5. The normal operational torque load is normally superseded by emergency torque load, and therefore, the two are normally not included in the same load combinations.
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6. The gas turbine axial thrust / pressure differential foundation load may be specified at two load states: under normal operating conditions, and at an emergency shut-down level. Since the latter supersedes the former, the two are normally not included in the same load combinations. 7. Since the magnitude of steam turbine condenser vacuum load can be accurately predicted, the vacuum loads are typically assigned a load factor consistent with a dead load and not a live load. C. Emergency Operation Loads Emergency operation loads result from an abnormal transient event that may occur more than once, though infrequently, during the life of the turbine-generator. Operational integrity of the turbine generator and no damage to foundation systems is expected after such an event. Examples of emergency operation foundation loads include emergency torque loads, the gas turbine axial thrust / pressure differential load at the shut-down level, the steam turbine non-sliding standard load, and the loads from a steam turbine valve trip. Unique load combinations normally need to be developed for emergency operation loads, and are normally patterned after the building code / design code specified load combinations for live loads, with the following considerations: 1. When developing load combinations for emergency operation loads, it is normally not necessary to consider emergency operation loads acting concurrently with limited occurrence loads such as seismic loads and turbine-generator catastrophic loads. 2. Emergency operation loads are typically assigned a load factor consistent with a live load. 3. When developing load combinations for emergency operation loads, it is normally appropriate to assume that the emergency operation loads act concurrent with the turbine-generator normal operation loads, except in those cases where the emergency operation load supersedes the normal operation load. For example, the emergency torque foundation load supersedes the normal operation torque load, and therefore, the two loads should not be included in the same load combination. 4. In the case of the turbine emergency torque load and the generator emergency torque load, it is recommended that several load cases be considered: the emergency torque loads acting nonconcurrently, the emergency torque loads acting concurrently in the same orientation, and the emergency torque loads acting concurrently in opposing orientations. D. Catastrophic Foundation Loads Catastrophic foundation loads result from an abnormal transient event that has a low probability of occurrence during the life of the machine, and for which operational integrity of the turbine-generator is not specifically required after occurrence. Similarly, some inelastic deformation and foundation damage may be tolerated, but not to the level of catastrophic structural failure. Examples of catastrophic foundation loads include turbine loss-of-blade / loss-of-bucket, and steam turbine bowed rotor. Unique load combinations normally need to be developed for catastrophic loads, and are normally patterned after the building code / design code specified load combinations for live loads, with the following considerations: 1. When developing load combinations for catastrophic loads, it is normally not necessary to consider catastrophic loads acting concurrently with low probability, transient loads such as seismic loads, turbine-generator emergency operation loads, and other turbine-generator catastrophic loads.
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2. Catastrophic loads are generally assigned a load factor consistent with a dead load. 3. For steam turbine dual-flow LP exhaust hoods, it is normally assumed that the loss-of-bucket load acts non-concurrently at either end of the exhaust hood. 4. The gas turbine loss-of-compressor blade load is normally assumed to act non-concurrently with the gas turbine loss-of-turbine bucket load. E. Environmental Foundation Loads Load combinations for environmental foundation loads such as wind and seismic are normally dictated by the project-specific building code or design code. Caution should be exercised if the GE provided turbine-generator environmental foundation loads are based on a different code since the two codes may have an inconsistent design basis. Typically, the turbine-generator wind and seismic loads are assumed to act as follows: 1. The turbine-generator seismic loads resulting from the assumed horizontal seismic design acceleration are normally specified in two axes: an axis parallel and perpendicular to the turbinegenerator shaft centerline axis. The seismic loads are normally assumed to act non-concurrently in the two axes unless the project-specific code requires consideration of seismic forces acting simultaneously about orthogonal axes. 2. The turbine-generator seismic loads resulting from the assumed vertical seismic design acceleration are assumed to act concurrently with the seismic loads resulting from an assumed horizontal seismic design acceleration unless the project-specific code grants relief depending on level of seismic risk. 3. The turbine-generator wind loads resulting from the assumed horizontal wind pressure are normally specified in two axes: an axis parallel and perpendicular to the turbine-generator shaft centerline axis. The wind loads are generally assumed to act non-concurrently in the two axes unless the project-specific code requires consideration of wind forces acting simultaneously about orthogonal axes. 4. The turbine generator wind loads resulting from the assumed wind uplift pressure are normally assumed to act concurrently with the wind loads resulting from the assumed horizontal wind pressure. F. Example Load Combinations for Turbine-Generator Foundation Loads The following is an example of developing load combinations to account for the foundation loads that are unique to a turbine-generator. This example is based on a strength design approach, and assumes building code / design code specified load combinations following those stated in IBC and ASCE. It is also based upon a strength-level limit for earthquake loads rather than an equivalent earthquake loading for use with allowable stress design. CAUTION The following is simply an example, and should not be considered a set of GE recommended load combinations for the design of the turbine-generator foundation.
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Table 2. Model Load Combinations (Based on IBC / ASCE) 1.4D 1.2D + 1.6L + 0.5(S or Lr) 1.2D + 1.6(S or Lr) + (L or 0.8W) 1.2D + 1.6W + 1.0L + 0.5(S or Lr) 0.9D + 1.6W 1.2D + 1.0E + 1.0L + 0.2S 0.9D + 1.0E



D: L: W: E: S: Lr:



Dead Live Wind Seismic Snow Roof live load



Table 3. Load Key and Applicability



TYPE Non-operating Environmental Normal Operation



GAS TURBINE STEAM TURBINE GENERATOR D, Jacking Post, Maintenance, Laydown, Rotor Removal L, Lr, W, E, S D, TF, NTQ, NTH, D, TF, TE, NTQ, CV, D, TF, NTQ ATH ATH ETQ, ETH ETQ, NSS ETQ LBC, LBT BR, LBT



Emergency Catastrophic KEY: • D: Dead • NTH: Normal Thrust / Normal Pressure Differential (Axial) • L: Live • ATH: Axial Thrust / Flex Coupling • Lr: Roof Live • ETQ: Emergency Torque • W: Wind • ETH: Emergency Thrust / • E: Earthquake Shutdown Pressure Differential • S: Snow • LBC: Loss of Compressor Blade • CV: Condenser Vacuum • LBT: Loss of Bucket • TF: Thermal Friction • BR: Bowed rotor • TE: Thermal Expansion Non-sliding standard • NTQ: Normal Operating Torque • NSS: NOTES: 1. Piping/valve trip loads not considered 2. Earthquake is strength-level load 3. L may be considered live load on foundation surfaces while Lr is live load on roof of enclosures. 4. W and S are applicable depending on exposure of equipment 5. Special seismic loading combinations as required by IBC and ASCE not shown 6. ATH is present only for certain machine configurations. 7. For GT, LBC is loss of blade from compressor section, and LBT is loss of bucket from combustion section. For ST, LBT may be understood as loss of last stage (longest) bucket from LP (low pressure) section. BR affects only HP/IP section of ST.
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G. Example Load Combinations Developed for the Gas Turbine These are loading conditions for static strength analysis. These loading combinations, are not intended for static deflection or MTM analysis, or for dynamic analysis, or for soil pressures or pile reactions. Load cases may need to be expanded for reversing emergency loads, for catastrophic forces acting horizontally and vertically, and for LBT and LBC acting separately (for gas turbine). For design of tension embedments auch as anchor bolts, the load combinations using 0.9D when dead load opposes the effects of applied machine loads is likely to be critical. However, for the design of those members in which the anchor bolts are embedded, then the load combinations using 1.2D when dead load is additive to the effects of machine loads, is likely to be critical. For single-shaft applications, catastrophic loads for gas and steam turbines need not be applied simultaneously. Non-Operating 1.4D + (Jacking Post, Maintenance, Laydown, Rotor Removal) Normal Operation (Including Environmental) 1.2D + 1.6(TF + NTQ + NTH + ATH + L) + 0.5(S or Lr) 1.2D + 1.0(TF + NTQ + NTH + ATH + L) + 1.6(S or Lr) 1.2D + 0.8W + 1.6(S or Lr) 1.2D + 1.6W + 1.0(TF + NTQ + NTH + ATH + L) + 0.5(S or Lr) 0.9D + 1.6W 1.2D + 1.0E + 1.0(TF + NTQ + NTH + ATH + L) + 0.2S 0.9D + 1.0E Emergency Operation νD + 1.6(TF + ETQ + NTH + ATH + L) + 0.5(S or Lr) νD + 1.0(TF + ETQ + NTH + ATH + L) + 1.6(S or Lr) νD + 1.6(TF + NTQ + ETH + ATH + L) + 0.5(S or Lr) νD + 1.0(TF + NTQ + ETH + ATH + L) + 1.6(S or Lr) NOTE ν = 1.2 when D is additive to ETQ and ETH, and ν = 0.9 when D counteracts the effects of ETQ and ETH Catastrophic Event νD + 1.2(LBC or LBT) + 1.6(TF + NTQ + NTH + ATH + L) + 0.5(S or Lr) νD + 1.2(LBC or LBT) + 1.0(TF + NTQ + NTH + ATH + L) + 1.6(S or Lr) NOTE ν = 1.2 when D is additive to LBC and LBT, and ν = 0.9 when D counteracts the effects of LBC and LBT
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H. Example Load Combinations Developed for the Steam Turbine These are loading conditions for static strength analysis. These loading combinations, are not intended for static deflection or MTM analysis, or for dynamic analysis, or for soil pressures or pile reactions. Load cases may need to be expanded for varying condenser operating conditions, for reversing emergency loads, for catastrophic forces acting horizontally and vertically, for catastrophic forces acting at one end of rotor or the other (for steam turbines), and for LBT and BR acting separately. For design of tension embedments auch as anchor bolts, the load combinations using 0.9D when dead load opposes the effects of applied machine loads is likely to be critical. However, for the design of those members in which the anchor bolts are embedded, then the load combinations using 1.2D when dead load is additive to the effects of machine loads, is likely to be critical. For singleshaft applications, catastrophic loads for gas and steam turbines need not be applied simultaneously. Non-Operating 1.4D + (Jacking Post, Maintenance, Laydown, Rotor Removal) Normal Operation (including Environmental) 1.2(D + CV) + 1.6(TF + TE + NTQ + ATH + L) + 0.5(S or Lr) 1.2(D + CV) + 1.0(TF + TE + NTQ + ATH + L) + 1.6(S or Lr) 1.2(D + CV) + 0.8W + 1.6(S or Lr) 1.2(D + CV) + 1.6W + 1.0(TF + TE + NTQ + ATH + L) + 0.5(S or Lr) 0.9(D + CV) + 1.6W 1.2(D + CV) + 1.0E + 1.0(TF + TE + NTQ + ATH + L) + 0.2S 0.9(D + CV) + 1.0E Emergency Operation ν(D + CV) + 1.6(TF + TE + ETQ + ATH + L) + 0.5(S or Lr) ν(D + CV) + 1.0(TF + TE + ETQ + ATH + L) + 1.6(S or Lr) ν(D + CV) + 1.6(TF + TE + NTQ + NSS + L) + 0.5(S or Lr) ν(D + CV) + 1.0(TF + TE + NTQ + NSS + L) + 1.6(S or Lr) NOTE ν = 1.2 when D is additive to ETQ and ETH, and ν = 0.9 when D counteracts the effects of ETQ and ETH Catastrophic Event ν(D + CV) + 1.2(BR or LBT) + 1.6(TF + TE + NTQ + NTH + ATH + L) + 0.5(S or Lr) ν(D + CV) + 1.2(BR or LBT) + 1.0(TF + TE + NTQ + NTH + ATH + L) + 1.6(S or Lr) NOTE ν = 1.2 when D is additive to BR and LBT, and ν = 0.9 when D counteracts the effects of BR and LBT
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I. Example Load Combinations Developed for the Generator These are loading conditions for static strength analysis. These loading combinations, are not intended for static deflection or MTM analysis, or for dynamic analysis, or for soil pressures or pile reactions. Load cases may need to be expanded for reversing emergency loads, and for emergency loads affecting centerline components separately or in any combination. For design of tension embedments such as anchor bolts, the load combinations using 0.9D when dead load opposes the effects of applied machine loads is likely to be critical. However, for the design of those members in which the anchor bolts are embedded, then the load combinations using 1.2D when dead load is additive to the effects of machine loads, is likely to be critical. Non-Operating 1.4D + (Jacking Post, Maintenance, Laydown, Rotor Removal) Normal Operation (including Environmental) 1.2D+ 1.6(TF + NTQ + L) + 0.5(S or Lr) 1.2D + 1.0(TF + NTQ + L) + 1.6(S or Lr) 1.2D + 0.8W + 1.6(S or Lr) 1.2D + 1.6W + 1.0(TF + NTQ + L) + 0.5(S or Lr) 0.9D + 1.6W 1.2D + 1.0E + 1.0(TF + NTQ + L) + 0.2S 0.9D + 1.0E Emergency Operation νD + 1.6(TF + ETQ + L) + 0.5(S or Lr) νD + 1.0(TF + ETQ + L) + 1.6(S or Lr) NOTE ν = 1.2 when D is additive to ETQ, and ν = 0.9 when D counteracts the effects of ETQ IV. STATIC DEFLECTION CRITERION The turbine generator foundation must have sufficient stiffness to insure adequate bearing alignment under all turbine-generator operational loads. In addition, the foundation design must insure that the turbine-generator alignment is not adversely affected by long-term differential foundation settlement. The purpose of the static deflection criteria is to provide the foundation designer a means to assess the effect of foundation deflections and settlements on the turbine-generator bearing alignment. This is a static, elastic analysis, and does not consider dynamic loads. A. Foundation Deflections/Settlements Permanent foundation deflections and settlements that occur prior to the turbine-generator installation alignment do not normally need to be evaluated in the static deflection analysis since these deflections and settlements are inherently accounted for in the turbine-generator alignment (e.g., the foundation deflections due to the turbine-generator dead weight). In addition, deflections resulting from transient foundation loads such as turbine-generator thermal friction loads, turbine-generator emergency loads, and wind and seismic loads are not included in the static deflection analysis. Rotating, time-dependent, bearing unbalance loads are not considered in the static deflection analysis.
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Foundation temperature gradients arising from both the operational heat load of the turbine-generator and differences in site ambient temperature are generally ignored in a conventional static analysis. It is extremely difficult to accurately quantify thermal environments, transients, and gradients affecting the various areas of a structure as large and extensive as a turbine-generator foundation exposed to many interconnected, complex, heat-producing systems, and operating conditions, for the purpose of structural analysis. It is equally difficult to accurately determine the thermal properties, parameters, coefficients, and variables for a non-homogenous material such as reinforced structural concrete to support coherent thermal modeling. For example, if the mineralogy of the large aggregate in the concrete mix were to vary from limestone to granite, it would affect the coefficient of expansion by a factor of 2. It is not feasible to control structural concrete in this respect. Typical general purpose structural analysis computer design aids are not intended for the sophisticated and higher-order modeling necessary to investigate this problem or to deal with it as a function of time. Therefore, based on the successful service history of many previous installations that have performed well, new designs of similar proportion and dimension are expected to perform equally well without the benefit of thermal analysis. Foundation deflections may also arise due to long term foundation differential settlement. The foundation designer should include a realistic allowance in the calculated foundation deflections, to account for long-term foundation settlement. This allowance should be consistent with the type of foundation construction (e.g., piled versus soil supported), and site soil type. Note that this is not settlement or rotation of the foundation as a rigid block with respect to adjacent foundations. The settlement to be considered in this respect is any further elastic deformation of the turbine foundation itself occurring over time with respect to its deflected shape at the time of the initial calculation because of long-term, time-dependent soil behaviors such as consolidation of soft clays. If for a specific project, the potential foundation settlement is of concern, the designer should also provide the appropriate foundation settlement benchmark locations. It is recommended that benchmarks be embedded in the foundation on each side of the turbine-generator train at journal bearing locations whose purpose will be to provide the capability to measure relative foundation settlement over time. Hypothetical benchmark locations have been shown for information on Figures 2 and 3. It is the foundation designer's responsibility to determine exact locations for benchmarks based upon the following guidelines: (a) All benchmarks should be placed at turbine deck level. (b) If possible, benchmarks should be placed as close as possible to each journal bearing while remaining outside of lagging enclosures so that measurements can be obtained without removing lagging. (c) Protective covers should be provided to prevent benchmarks from being damaged or upset. Refer Figures 2 and 3 for more information.
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Figure 2. Foundation Settlement Benchmark Locations for HP, IP and LPA Sections



Figure 3. Foundation Settlement Benchmark Locations for LPB and Generator
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Figure 4. Picture of a Foundation Settlement Benchmark Flush Mounted on the Surface



Figure 5. Picture of the Foundation Settlement Benchmark Provided with a Protective Cover © General Electric Company, 2008. GE Proprietary Information. All Rights Reserved.
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B. Static Deflection Criteria: Simplified Method For certain turbine-generators, a simplified static deflection criteria may suffice, typically consists of two requirements: controlling foundation vertical deflection/settlement and controlling foundation twist. Foundation vertical deflection/settlement is usually controlled by limiting the difference in slopes between the shaft centerlines of adjacent equipment - Reference Figure 6. Foundation twist is usually controlled by requiring the supports at the four "corners" of each equipment base to be coplanar within a specified amount. The project-specific GE foundation drawings will indicate whether the simplified method is appropriate, and will provide the evaluation criteria.



Assumed Shaft Centerline



θ Acc/GT



θ GT/Gear



θ Gear/Gen



Accessory Base Gas Turbine Base



Load Gear



Generator



Figure 6. Shaft Centerline Slopes C. Static Deflection Criteria: Misalignment Tolerance Matrix Method For most turbine-generators, the static deflection criteria follows the comprehensive misalignment tolerance matrix (MTM) method. The MTM defines the percentage of available misalignment that is consumed at a given bearing due to a displacement at another bearing. For a turbine-generator with ’n’ bearings, ’n’ numbers are required to describe the effect on the shaft-line bearing alignment of a displacement at a single bearing. Therefore, for a turbine-generator with ’n’ bearings, a {n x n} matrix is required to describe the effect on the shaft-line bearing alignment of displacements at all of the turbine-generator bearings. For a rigidly-coupled turbine-generator, the MTM is specified in the project-specific GE foundation drawings. The following is an example of an MTM, in this case, a six bearing turbine-generator unit: Bearing No. 1 2 3 4 5 6



30



1 0.9 -3.6 2.3 -0.2 0.0 0.0



2 -3.9 22.9 -16.6 2.8 -0.7 0.0



3 3.2 -22.7 18.4 -6.4 3.5 -0.2



4 -0.3 4.3 -7.4 15.4 -15.2 1.7



5 0.1 -0.9 3.5 -13.0 14.2 -1.9



6 0.0 0.0 -0.2 1.4 -1.8 0.4
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Note that the units of the values tabulated in the MTM are:



 % of Allowable Misalignment    0.001 inches   In the MTM, the column headings correspond to the bearing at which the displacement occurred. The associated column array tabulates the percentage of allowable misalignment consumed at each bearing location due to this displacement. For example, assume a -0.005" [-0.127mm] vertical displacement at bearing No. 2, with no corresponding horizontal deflection. This would result in 19.5%, 114.5%, 83.0%, 14.0% and 3.5% of the allowable misalignment being consumed at bearing locations 1, 2, 3, 4 and 5, respectively, which are the values in column 2 each multiplied by (0.005/0.001) = 5. The MTM is based on relative movement of the turbine-generator bearings, and therefore, the calculated foundation deflections need to be evaluated at the elevation of the turbine-generator bearings. This may be accomplished by including suitable rigid links in the foundation model that match as realistically as possible the configuration of equipment supports, without introducing erroneous restraints or stiffness into the model that will skew the results. Recommendations for including such rigid links are as follows. Centerline Supported Equipment: “Centerline supported equipment” is that equipment which is supported on a single foundation / base plate that is centered on the turbine-generator centerline. Examples include steam turbine HP/IP sections. For centerline supported equipment, the rigid links should span the width of the associated baseplate, and should be located as coincident as possible to the centerline of the bearing – reference Figures 7 and 13. Steam Turbine Down-Flow Exhaust Hoods: For steam turbine down-flow exhaust hoods, the rigid links should be located as close as possible to the inside corners of the exhaust hood foundation opening - reference Figures 7 and 14. Steam Turbine Axial Flow Exhaust Hoods: For the LP-end bearing of an axial flow steam turbine, the span of the rigid links should be the approximate spacing of the exhaust hood support feet, and the rigid links should be located as coincident as possible to the centerline of the bearing - reference Figures 8 and 15. Base-Mounted Steam Turbines: For base-mounted steam turbines, the rigid links should span the width of the turbine base, and should be located as coincident as possible to the centerline of the bearing - reference Figures 9 and 16. Gas Turbines: For gas turbines, the rigid links should span the approximate spacing of the turbine base anchor bolts, and should be located as coincident as possible to the centerline of the turbine forward and aft supports - reference Figures 10 and 17. Generators: For generators, the rigid links should span the approximate spacing of the generator foundation anchor bolts, and should be located as coincident as possible to the centerline of the generator bearings – reference Figures 11, 12, and 17. © General Electric Company, 2008. GE Proprietary Information. All Rights Reserved.
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The resulting vertical and transverse components of the calculated bearing displacements should be segregated into two separate arrays (∆V) and (∆T) where the transverse component is the horizontal component perpendicular to the turbine-generator shaft centerline. The two arrays are then used in conjunction with the GE provided MTM as follows. Note: rigid movement of the turbine-generator foundation will not affect the turbine-generator bearing alignment. Mathematically, rigid vertical or transverse translation of the foundation will be factored-out when performing the static deflection analysis. However, rigid rotation will not. Accordingly, any contribution to the bearing displacements that is due to rigid rotation can be excluded when performing the static deflection analysis.



∆V1  V1  {MTM } M  =  M  ∆  V   Vn   n  ∆T1  T1      {MTM } M  =  M  ∆  T   Tn   n  The components of the two resulting arrays are then combined on a SRSS (square root of the sum of the squares) basis to determine the percentage of misalignment consumed at each bearing location:



 V2 +T2 1   R1   1     M = M    R   2 2  Vn + Tn   n  As a minimum, the foundation should be considered too flexible if any of the numbers in the calculated array {R} exceed 100. However, the lower the {R} value, then the greater the ability of the design to accomodate uncertainties in the calculated foundation deflections, or in the predicted foundation settlements, or to compensate for the absence of thermal material properties and gradients from the structural model. Should the value in {R} for a specific bearing exceed the acceptance criteria, the most effective way of reducing the {R} value may be by changing the foundation design at an adjacent bearing location, versus at the bearing location corresponding to the excessive {R} value. This can be assessed by examining the MTM for the relative influence of the adjacent bearings on the calculated {R} value.
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Figure 7. Steam Turbine with a “Centerline Supported” HP/IP Section and a Down-Flow Exhaust Hood



Typical baseplates for centerline supported equipment, such as steam turbine HP/IP sections
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Fig 15 Fig 13
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Figure 8. Axial Flow Steam Turbine
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Fig 16 Fig 16
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Figure 9. Base-Mount Steam Turbine



Fig 16 Fig 16
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Figure 10. Gas Turbine



Fig 17 Fig 17



Fig 17
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Figure 11. Generator
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Figure 12. Generator
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Figure 13. Recommended Rigid Link Configuration – Centerline Supported Equipment
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Figure 14. Recommended Rigid Link Configuration – Steam Turbine Down-Flow Exhaust Hoods
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Figure 15. Recommended Rigid Link Configuration – LP End Bearing – Axial Flow Steam Turbines



Figure 16. Recommended Rigid Link Configuration – Base Mounted Steam Turbines
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∆Tn



Deflected position of structure from static linear elastic analysis analysis using load combinations for MTM



∆Vn



Figure 17. Recommended Rigid Link Configuration – Gas Turbines/Generators The following is an example application of the MTM for a (6) bearing turbine-generator unit. Assume the following displacements at the turbine-generator bearings (displacements are in inches). [Note: the assumed displacements would have been determined from the foundation deflections due to the turbine generator operational loads, plus an allowance for long-term foundation settlement and thermal gradient effects, all translated to the elevation of the turbine-generator bearings].



 0.001  − 0.002    − 0.005  ∆V n =   − 0.005  − 0.005    − 0.002 



{ }



− 0.002 − 0.002   − 0.001 ∆Tn =   − 0.001  0.001     0.001 



{ }



Given the {6 x 6} MTM listed earlier in this section, the effect of the above bearing deflections is:



− 3.9 3.2 − 0.3 0.1 0.0   0.001   0.9 − 3.6 22.9 − 22.7 4.3 − 0.9 0.0  − 0.002   2.3 − 16.6 18.4 − 7.4 3.5 − 0.2 − 0.005 {∆V } =     2.8 − 6.4 15.4 − 13.0 1.4  − 0.005 − 0.2  0.0 − 0.7 3.5 − 15.2 14.2 − 1.8  − 0.005      0.0 0.0 − 0.2 1.7 − 1.9 0.4  − 0.002 Therefore, the calculation for Bearing 3 vertical component would be:
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V3 = [(2.3)(0.001)+(-16.1)(-0.002)+(18.4)(-0.005)+(-7.4)(-0.005) +(3.5)(-0.005)+(-0.2)(-0.002)]/(0.001) = -36.6% Similarly, for the corresponding transverse component: T3 = [(2.3)(-0.002)+(-16.1)(-0.002)+(18.4)(-0.001)+(-7.4)(-0.001) +(3.5)(0.001)+(-0.2)(0.001)]/(0.001) = 20.9% Therefore, the resultant value at Bearing 3 is:



R3 =



(− 36.6)2 + (20.9)2



= 42.1% < 100%



This same procedure is then followed for the other five bearings, with the resulting six R values compared against the assessment criteria. The static deflection criteria is satisfied if none of the R values exceed a value of 100. D. Supplemental Sloping Criteria at Mid-Standard Support for Large, Axial Exhaust Steam Turbines For certain large axial exhaust steam turbines as indicated on load data document, a supplemental criteria must be satisfied in addition to the static deflection MTM criteria described in Sections IV (A), (B), and (C). This additional criteria limits the slope along the axial length of the top surface of the element supporting the mid standard under vacuum, vacuum + normal torque, or (for single-shaft units) vacuum + normal torque + gas turbine jet thrust. This requirement will be satisfied if ANY of the following three criteria are met: CRITERIA 1 and 2 are based on a full structural model of the entire pedestal foundation including elastic boundary conditions: CRITERIA 1:



θTOTAL < 0.0001 radians NOTE



This is equivalent to slope < 1/10,000, OR 1mm/10m, OR 0.12 inches per 100 feet If CRITERIA 1 is met, no further investigation is required. If CRITERIA 1 is not met, then the designer may satisfy this requirement by validating the following: CRITERIA 2:



θNET = θTOTAL – θRB < 0.0001 radians



where θNET may be calculated as illustrated in the following Fig. G by approximating the rigid body rotation, θRB, as shown:
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Figure G. Full Structural Model for Evaluating Mid-Standard Slope under Vacuum Loads
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As an alternate to CRITERIA 1 or 2, the designer may evaluate CRITERIA 3 based on a modified structural model as illustrated in Fig. H as follows: CRITERIA 3:



θTOTAL, MOD < 0.0001 radians



θTOTAL, MOD: Global or total rotation



of surface supporting mid-standard element under influence of vacuum load with respect to undeformed alignment Undeformed Shaft Alignment



Front Standard



Mid Standard



Exhaust Duct



Linearly elastic structural model incorporating stiffness properties of members but mat-supporting medium (soils, piles) is considered infinitely stiff



Figure H. Modified Structural Model for Evaluating Mid-Standard Slope under Vacuum Loads
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V. DYNAMIC CRITERIA Favorable dynamic behavior of the turbine-generator foundation is necessary to achieve long and successful turbine operation. There are two ways to address favorable dynamic behavior: ●



comparison of the natural frequencies of the foundation with the excitation frequencies of the turbinegenerator



●



evaluation of the dynamic response of the foundation to the forced vibration from the turbinegenerator.



A. Evaluation of Natural Frequencies The natural frequencies and associated mode shapes should be calculated for the combined foundation / turbine-generator model The specific method of analysis is at the discretion of the foundation designer, and should be consistent with commonly accepted practices and techniques. The turbine-generator foundation, when considered on it’s own elastic base (i.e. soil and/or pilings), will likely have a fundamental frequency lower than the operating speed of the machine. Large amplitudes of vibration should not occur in this system at resonance (operating speed) since the foundation mass is large in comparison with the mass of the rotating machine parts. However, in order to prevent the vibration of individual units comprising the foundation, the natural frequency of each part/unit should be evaluated and shown to be larger than the operational frequency of the machine. If this criterion cannot be satisfied, then further evaluation is warranted. The natural frequencies should be calculated in ascending order with the assessment criterion being the requirement that the foundation should exhibit no significant response in the frequency range of 80% to 120% of rated turbine speed. Moreover, the foundation should exhibit no significant response in the vicinity of turbine-generator hold points defined in the Foundation Load Data documents. (e.g. potential start-up hold points of 1,000 and 3,000 rpm for a 60 hertz steam turbine-generator, and hold points for gas turbine purge). “No significant response” can be ascertained in the following ways: ●



By determining that the foundation has no natural frequencies in the range



● By examining the excitation potential of the natural frequency and the criticality of the associated mode shape for natural frequencies that fall within this range, B. Forced Vibration Turbine-generator rotors are balanced to low levels of residual unbalance. As a result, the forces imposed on the foundation due to rotor unbalance are normally not significant. However, the unbalance loads may become appreciable due to long-term degradation of the rotor, or transient events such as thermal shocks. In some cases, it may be necessary to operate for an extended period of time with a significant rotor unbalance until corrections can be made. The turbine-generator Foundation Load Data provided by GE includes rotor unbalance loads due to an assumed rotating mass eccentricity of 0.5 mils (12.7µm). This level of rotor unbalance corresponds to a turbine-generator rotor that is in an operable condition, but in need of balancing. The total unbalance force, F (lbf), due to the weight of the rotor between any two adjacent bearings is given by:
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F = 1.419(10-8)W(N2) Where: W = the rotor weight (lbf) N = the machine design operating speed in rpm F = total unbalance force (lbf) F should be apportioned to the bearings either side of the rotor span considering the rotor span between bearings as a simple beam and considering the position of the center of mass of the rotor within the span. The foundation should be analyzed for the unbalance forces acting in a common direction, and in sequentially opposite directions down the length of the turbine-generator. The unbalance loads can be adjusted for speed by multiplying them by the square of the ratio of the speed in question and the design operating speed. (Note that the method of analysis must account for the fact that the direction of the applied unbalance loads, with respect to the foundation, varies with shaft rotation.) The point of application of the rotor unbalance loads on the foundation is dependent on the equipment support configuration. Figures 18 through 21 depict both the rotor unbalance force, F, acting at the shaft centerline as calculated by the above formula, and the equivalent system of forces when F is resolved into its components acting at the foundation interface. For other turbine-generator support configurations, contact GE for guidance. The response of the foundation should be assessed based on the following criteria. These assessment criteria need not be considered absolute acceptance criteria, but instead, should be used as an indicator of potential problems with the dynamic response of the foundation. For example, a foundation that exceeds the assessment criteria in only a few widely dispersed points may be considered to have an adequate dynamic response, especially if the points are not adjacent to the turbine-generator supports. However, if a specific region of the foundation is found to exceed the assessment criteria, or to exhibit a significantly higher dynamic response than the rest of the foundation, then corrective action may be required. This corrective action may simply consist of a modeling refinement, or may entail a design change to the foundation itself. The recommended assessment criteria are: 1. At rated speed, the peak vibration velocity in the direction of each principal axis of the foundation should be less than 0.06 inches/second [1.52 mm/second]. 2. At any speed up to 120% of rated turbine speed (with the unbalance force adjusted for speed), the peak vibration velocity in the direction of each of the principal axis of the foundation should be less than 0.15 inches/second [3.81 mm/second]. NOTE These recommended assessment criteria are based strictly on turbine-generator performance, and not on the comfort/safety of plant personnel. The foundation designer should consider the latter as necessary. For comparison, a vibration intensity of 0.01 inches/second [0.25 mm/second] is commonly cited as the average limit of human perception, while a vibration intensity of 0.10 inches/second [2.54 mm/second] can be considered troublesome. © General Electric Company, 2008. GE Proprietary Information. All Rights Reserved.



47



GEK 63383d



Turbine Generator Foundations



Figure 18. Rotor Unbalance Force –Centerline Supported Equipment



Figure 19. Rotor Unbalance Force – Steam Turbine Double-Flow Down-Flow Exhaust Hoods
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Figure 20. Rotor Unbalance Force – Axial Flow Steam Turbine – LP end Bearing



Figure 21. Rotor Unbalance Force – Gas Turbines and Generator
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VI. FOUNDATION MATERIALS The reliability of a turbine generator should never be impaired by inadequate foundation design. It is, therefore, necessary to use high-quality materials with predictable properties. The recommendations regarding static and dynamic foundation characteristics apply to all foundations regardless of design and construction material. Based on this, a few comments can be made about the relative merits of steel and concrete as construction materials. Most General Electric turbine generators have been installed on rather massive concrete foundations, and this type of foundation has been extremely successful. The concrete foundations generally have very favorable dynamic characteristics due to the massive decks and the relatively high damping of concrete. These beneficial material properties are not present to the same degree in steel foundations, though the desired characteristics may be obtained by careful design with skillful use of dynamic analysis. Another consideration is noise. Steel foundations will transmit noise and could act as a noise amplifier due to localized resonances in plates and cavities. The thermal properties of steel and concrete are vastly different. The heat storing capacity of concrete structures far exceeds that of steel structures of similar strength due to the larger mass of concrete. The thermal conductivity of steel is several times larger than concrete and steel structures will consequently respond much faster to temperature changes. Great care must, therefore, be taken to assure that the total bearing deflections stay within the misalignment tolerance for steady as well as transient temperature distributions in the foundation. The worst possible case of temperature change in a foundation would occur during a fire. Unprotected steel foundations are more likely to be distorted by excessive heating. Filling the cavities of the top deck of a steel foundation with concrete will improve its performance related to dynamic response, noise transmission, and thermal behavior.
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APPENDIX 1 DEVELOPMENT OF THERMAL FRICTION LOAD CASES



© General Electric Company, 2008. GE Proprietary Information. All Rights Reserved.



51



GEK 63383d



Turbine Generator Foundations



A-I. PURPOSE This Appendix will demonstrate the development of thermal friction load cases using foundation load data from a 7FA gas turbine and 7FH2 generator. A-II. EXPLANATION OF FIGURES The pages of the load data document relating to the gas turbine are shown as Fig. A1-1 and A1-2. Fig. A1-3 illustrates the arrangement of thermal friction loads in the longitudinal (+X) direction. All equipment supports are assumed to react against the anchor support at C7. The system of thermal friction forces is in equilibrium and no net resultant force or moment is imposed on the foundation. Also, the direction of the forces may reverse. Fig. A1-4 illustrates the arrangement of thermal friction loads in the transverse (+Y) direction. The turbine supports on one side of the machine are assumed to react against the turbine centerline restraints at the anchor support and centerline guides, C7 and C8, respectively. Again, equilibrium is always maintained, and the forces may reverse in direction, or be applied on the other side of the machine. The pages of the load data document relating to the generator are shown as Fig. A1-5 and A1-6. Fig. A1-7 illustrates the arrangement of thermal friction loads in the longitudinal (+X) direction. The collector pads react against each other, while the generator pads react against the non-adjacent axial stop block. The system of thermal friction forces is in equilibrium and no net resultant force or moment is imposed on the foundation. Also, the direction of the forces may reverse, except for those at the axial stop blocks. Fig. A1-8 illustrates the arrangement of thermal friction loads in the transverse (+Y) direction. The collector pads react against each other, while the generator supports on one side of the machine are assumed to react against the centerline restraints. Again, equilibrium is always maintained, and the forces may reverse in direction, or be applied on the other side of the machine. Please also note that because the plane of thermal friction loads is above foundation surface, a corresponding moment is also introduced due to these loads, as indicated in the notes included in the load data drawing. These moments are not considered in the following discussion, but must not be overlooked by the Engineer.
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Centerline Guide



Anchor Support



GAS FLOW



Forward Pier



Aft Pier



Figure A1-1. 7FA Gas Turbine Support Pad Designations Load Data Drawing
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Figure A1-2. 7FA Gas Turbine Thermal Friction Loads Load Data Drawing
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NOTE ΣFx = 0; Forces (kips) may reverse in direction. Figure A1-3. 7FA Gas Turbine Thermal Friction Loads Longitudinal Arrangement



NOTE ΣFy = 0; Forces (kips) may reverse in direction, or be applied on opposite side of piers. Figure A1-4. 7FA Gas Turbine Thermal Friction Loads Transverse Arrangement
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Collector End



Gas Turbine End



Figure A1-5. 7FH2 Generator Support Pad Designations Load Data Drawing
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Figure A1-6. 7FH2 Generator Thermal Friction Loads Load Data Drawing
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NOTE ΣFx = 0; Forces (kips) may reverse in direction except at axial stop blocks. Figure A1-7. 7FH2 Generator Thermal Friction Loads Longitudinal Arrangement



NOTE ΣFy = 0; Forces (kips) may reverse in direction, or be applied on opposite side of generator. Axial Stop Blocks do not participate in transverse loadings. Figure A1-8. 7FH2 Generator Thermal Friction Loads Transverse Arrangement
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