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[bookmark: _Toc97740708][bookmark: _Hlk97739021]Introduction
The following report is a predictive numerical and Computational Fluid Dynamics (CFD) study undertaken by Alden Research Laboratory of Massachusetts; U.S.A. Alden researchers were tasked to evaluate the Hanna Mono-radial turbine in its early design phase. The study was funded by the U.S. Department of Energy through its TEAMER (Testing and Expertise for Marine Energy) Program [1].  The turbine was invented by John Clark Hanna of Oregon, U.S.A. [2].  
The details of the report are intended to be “Open Source” materials which shall exist in the public domain. It is the inventor’s desire to make this information available to all developers around the world to stimulate competition within the nascent marine renewable energy sector. This will foster improvements of the design and help lower the cost of marine energy making it more affordable in the marketplace.
The modeling effort focuses on the evaluation of a small 12-inch diameter air turbine used as a wave energy converter (WEC). A generator is driven by alternating air flows created by the up and down motion of waves. A simple arrangement of flow-activated, V-shaped “flapper hinges,” rectifies the bi-directional air streams to allow the turbine’s rotor to spin in one direction only. The study compared various design iterations of two or eight inlet nozzle configurations. Computational modeling served to predict the turbine’s performance metrics. The data showed how the device performs as an air-driven wave energy power take-off (PTO).
[bookmark: _Ref95803475][bookmark: _Toc97740709]Device Description 
The device is an impulse-type mono-radial air turbine PTO for wave energy conversion. The turbine is self-rectified, meaning that it spins in one direction only while capturing the bi-directional air flows developed within an OWC (Oscillating Water Column) system. The turbine’s rotor resembles a water wheel that is driven by air. Reciprocating air flows are developed by two prime mover options:
1. One prime mover is the rise and fall of the air/water interface within an OWC system. This prime mover is typical of an OWC arrangement and is known as an ‘open-ended’ system, where it pushes compressed air through the turbine and exhausts into the atmosphere as water levels rise inside the OWC wave capture chamber. When the water level recedes, air is sucked back through the turbine and into the wave chamber, completing one full wave cycle. When measuring the back-and-forth air movements within a typical OWC, the flows are seen to be uneven; air that is pushed out of the system is more dynamic than the air which is sucked back in. It will also power floating OWC-type buoys

2. The second prime mover develops a balanced flow of reciprocating air. It is created within a ‘closed loop’. A sealed system such as this can be energized by the action of opposing sets of bellows or bladders. When one set of bellows are collapsing, the opposing set expands at the same time creating a full, free-flowing action upon the turbine’s rotor. This system will provide low-wattage power for charging batteries on small data collection and research buoys [2].  

The air is injected into the sealed turbine through two nozzles. The reciprocating flows are mechanically rectified to cause the turbine’s rotor to spin in one direction only. The one-way rotary motion is achieved by simple, flow-activated, V-shaped ‘flapper hinges’ that redirect the incoming and outgoing flows to give the turbine its one-way driving force. The device has two air injection options to be evaluated: a two-nozzle delivery system and an eight-nozzle configuration. 
[bookmark: _Toc97740710]Literature Review
Literature sources were reviewed for applicable and existing design standards. 
[bookmark: _Toc97740711]Literature Findings
The literature research showed that the top OWC turbines are:
· Wells turbine
· Radial impulse
· Bi-radial 
Based on the review there were no other documented impulse-type mono-radial air turbine PTO matching the Hanna Wave Energy approach. The lack of literature available for similar turbines showed that the approach for extracting the wave energy was novel. 
The major turbine flow characteristic that separates the Hanna Wave Energy turbine was the circumferential flow path around the turbine. The turbine is operated via an inlet and outlet located on the outside diameter of the device.
The impulse-type mono-radial air turbine PTO is closer to the Pelton Turbine than a radial turbine. 
[bookmark: _Toc97740712]Literature Modeling Inputs
Following the conclusions of the turbine type, attention was directed to documenting the available energy input for the modeling efforts. The review showed a reasonable starting point for the turbine analysis to focus on a pressure input that was between 5-15 kPa. 
[bookmark: _Ref95806225][bookmark: _Toc97740713]Deviation from the Test Plan
The use of BEM was tabled due to the flow configuration through the mono-radial turbine. The flow characteristics around the outside of the blade verse through the blade invalidates the use of BEM. Therefore, 2D CFD was used to evaluate the initial turbine performance.  
The 2D flow characteristics in the mono-radial turbine are well suited to starting with a 2D model. The initial 2D modeling efforts would focus on an idealized turbine geometry to estimate the performance of the device. Based on the finding of the 2D modeling the 3D model would be developed to provide a more accurate view of the turbine performance. 
The Flow3D model to evaluate the air-to-water interface was eliminated; based on the lower than desired device performance. The 2D modeling effort was expanded to capture further geometric features and design variables. The inventor intends to continue working on this device and will need to address the air-water interface once he is successful at increasing the performance.
The current turbine design torque performance was found to be lower than desired, and not sufficient for most use applications. Therefore, further testing, specifically the transient flapper valve analysis, was shelved to better understand the root cause of low power performance. 
A reference model was determined to help show the level of expected and desired performance. The reference model was a simplified radial turbine sized like the Hanna turbine. This modeling effort would remain in the 2D space. 
[bookmark: _Toc97740714]Analysis Methods
The original plan to use a BEM model was changed after a detailed review of the turbine concept. Instead, an idealized 2D model of the turbine was developed. The idealized model reduces the complexities of the original device with the following:
· Mock flapper valve using walls to redirect the flow 
· Provide tangential inlet nozzle 
· More formal diffuser at the exit of the centrifugal model outlet
The ANSYS-Fluent commercial CFD package was used for all CFD modeling performed. 
The CFD model physics: 
· 2D/3D Steady-State
· Iso-thermal 
· 2-equation turbulence model: SST k-Omega 
· 2nd order discretization for all solution variables
· Turbo machinery is model using the moving reference frame model
· Boundary conditions:
· Inlet: pressure 
· Outlet: specified pressure
· Wall: hydraulicly smooth non-slip
The mesh used unstructured hexahedral (2D) and hybrid polyhedral (3D) meshes. The resolution was fit to capture the gradients within the flow. Figure 5‑1 shows the mesh used in the 2D and 3D models.
[image: ]
[bookmark: _Ref95752927][bookmark: _Toc97740724]Figure 5‑1: Model Mesh Overview: (left) 2D Hanna Turbine; (right) 3D 8-Nozzle 
Figure 5‑2 provides a detailed view of the model inlet zone.

[image: ]
[bookmark: _Ref95753107][bookmark: _Toc97740725]Figure 5‑2: Model Inlet Mesh Detailed View: (left) 2D Hanna Turbine; (right) 3D 8-Nozzle 
[bookmark: _Toc97740715]CFD Model Definition
Table 5‑1 provides a summary of the CFD model geometries evaluated. These variations allow for understanding the performance impact based on geometric changes.
[bookmark: _Ref97716840][bookmark: _Toc97740763]Table 5‑1: CFD Model Summary
[image: ]
A comparison of various models is shown in Figure 5‑3 through Figure 5‑6. These models are a combination of 2D and 3D models. The inlet and outlet boundaries are highlighted on each figure. For example, Figure 5‑3 shows the inlets to both 2D models in the lower right and the outlet at the top left.

[image: ]
[bookmark: _Ref95751919][bookmark: _Toc97740726]Figure 5‑3: 2D Models: (left) Representative Hanna Turbine; (right) Turbine Blade Angle 2 (55°)
Figure 5‑4 shows the 2D model on the left and 3D model on the right, again with the pressure boundary conditions highlighted.
[image: ]
[bookmark: _Ref95752110][bookmark: _Toc97740727]Figure 5‑4: 2D & 3D Models: (left) 2D Representative Hanna Turbine; (right) 3D Turbine Blades (1”)
Figure 5‑5 shows a comparison view of the 2D and 3D models. The 3D model was updated to have a 360° inlet to provide a more consistent comparison to the 2-nozzle and 8-nozzle systems.

[image: ]
[bookmark: _Ref95752367][bookmark: _Toc97740728]Figure 5‑5: 2D & 3D Models: (left) Blade Angle 2 (55°); (right) 3D 2-Nozzle Blade Angle 2 (55°)
Figure 5‑6 shows the model comparison between the 2-nozzle and 8-nozzle arrangements. These models are both 3D. The 8-nozzle design was only considered in 3D. 

[image: ]
[bookmark: _Ref95751943][bookmark: _Toc97740729]Figure 5‑6: 3D Models: (left) 3D 2-Nozzle Blade Angle 2 (55°); (right) 3D 8-Nozzle Blade Angle 2 (55°)
The test plan included a view of the 8-nozzle arrangement (Figure 5‑7). This arrangement did not use the flapper valve. The inventor envisioned the turbine functioning like a De Laval impulse turbine. The staggered inlet arrangement shown in Figure 5‑7 created concerns around the complexity of the flow paths exiting the turbine and possible blade force maldistribution. 

[image: Diagram
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[bookmark: _Ref97641138][bookmark: _Toc97740730]Figure 5‑7: Test Plan 8-Nozzle Conceptual Sketch and 3D Geometry
Two 3D CFD models were created for this 8-nozzle arrangement without the flapper valve: the first with staggered nozzles and the second with the nozzles inline. Figure 5‑8 presents the two CFD models.
[image: A picture containing gear
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[bookmark: _Ref97641176][bookmark: _Toc97740731]Figure 5‑8: 8 Nozzle Test Plan Concepts (left) Staggered Nozzles; (right) Inline Nozzles
[bookmark: _Toc97740716]2D CFD Analysis
2D analyses were used to quickly investigate turbine performance under various boundary and geometric conditions. These models run much quicker than 3D simulations. The 2D models utilize a simplified flapper valve that  provided an idealized tangential inlet nozzle and outlet diffuser for the turbine (Figure 5‑9). The inlet nozzle provides an accelerated flow into the device and the outlet diffuser improves the flow expansion exiting the device.
 The flow redirection of the flapper valve was achieved with walls.  
[image: ]
[bookmark: _Ref97639689][bookmark: _Toc97740732]Figure 5‑9: 2D CFD Model Idealized Flapper Valve Arrangement 
The inputs for the 2D analysis are shown in Table 5‑2. A Design of Experiments (DoE) approach was used to supply the CFD models with a table of inputs to simulate and report performance values. This DoE style of analysis can be key in the determination of an optimized design. The DoE technique was used to provide an analysis of the torque for each model configuration at a wide range of pressure inputs and rotor speeds. 
[bookmark: _Ref95753278][bookmark: _Toc97740764]Table 5‑2: 2D CFD Model Inputs
[image: ]
[bookmark: _Toc97740717]3D CFD Analysis
The 3D model shown in Figure 5‑10 highlights the inlet and outlet flapper valve flow redirection.  
[image: ]
[bookmark: _Ref97641835][bookmark: _Toc97740733]Figure 5‑10: 3D Model, Flapper Valve Arrangement
The addition of the flapper valve created a flow obstruction that provided substantial impact to the entering flow. This was a dramatic change from the 2D analysis and lower torque values were expected as a result. 
[bookmark: _Toc97740765]Table 5‑3: 3D CFD Model Inputs
[image: ]
[bookmark: _Toc97740718]Project Outcomes
[bookmark: _Toc97740719]Results
The torque is predicted through the forces and moments on the rotor. The sign (positive or negative) of the torque is the expansion or compression of the air. The positive torque values calculated represent an expansion of the air. The expanding air through a turbine is the reason for the typical inlet nozzle and outlet diffuser; however, this application requires a more neutral geometry as the turbine spins only in a single direction no matter the flow direction. 
The 2D results are presented in Figure 6‑1. Only the model cases producing a positive torque value are reported.
[image: ]
[bookmark: _Ref95754348][bookmark: _Toc97740734]Figure 6‑1: Overview Torque for the Flow Expansion 2D CFD Cases 	
Tabulated in Table 6‑1 through Table 6‑3 the top 3 performing cases from the 2D are summarized. These cases were used to decide what cases were analyzed in 3D.
[bookmark: _Ref95754298][bookmark: _Toc97740766]Table 6‑1: 2D Results from the Representative Hanna Turbine (DP = Design Point)
[image: ]

[bookmark: _Toc97740767]Table 6‑2: 2D Results from the Blade A  Turbine
[image: ]
[bookmark: _Ref95754401][bookmark: _Toc97740768]Table 6‑3: 2D Results from the Blade B Turbine
[image: ]
The tabulated results can be seen in Figure 6‑2 plotted for a visual summary. All three cases are similar.

[image: ]
[bookmark: _Ref95754689][bookmark: _Toc97740735]Figure 6‑2: Summary Plot of the Top 3 Performing 2D Turbine models
The Hanna turbine 2D results are presented in Figure 6‑3 showing the torque impact as function of model inlet pressure vs. rotor speed. The literature review provided a basis for the selection of inlet pressure range 5-15 kPa, the model runs included pressures down to 250 Pa.

[bookmark: _Ref95755146][bookmark: _Toc97740736]Figure 6‑3: 2D Analysis Results Highlighting the Impact of Model Inlet Pressure 
The tabulated results for the 3D model runs are shown in Table 6‑4. 
[bookmark: _Ref95756250][bookmark: _Toc97740769]Table 6‑4: 3D Model Results
[image: ]
The 3D model results are presented graphically in Figure 6‑4. Positive values of torque are the goal. 

[bookmark: _Ref95756048][bookmark: _Toc97740737]Figure 6‑4: 3D Model Results
Using the same layout of the earlier figures, the following will walk through a graphical comparison of the various models. The data is taken from the top 2D model runs (Figure 6‑2) and the 3D model runs (Figure 6‑4). The inlet pressure (10 kPa) and the rotation (1000 rpm) were the same for all figures.
Figure 6‑5 and Figure 6‑6 show the pressure profiles that are similar through the models. The 3D shows the adverse impact of the flapper valve on local pressure profile. Note that the flapper valve is idealized in the 2D models, so the results over-predict performance.
[image: ]
[bookmark: _Ref95756908][bookmark: _Toc97740738]Figure 6‑5: Contours of Pressure (left) 2D Hanna Turbine; (right) 2D Blade Angle 2
[image: ]

[bookmark: _Ref95756916][bookmark: _Toc97740739]Figure 6‑6: Contours of Pressure (left) 2D Hanna Turbine; (right) 3D Blade A
The addition of the 360° affects the pressure profile as the flow needs to go through an inlet port to reach the turbine proper. Figure 6‑7 compares the 2D and 3D cases. The 2D model predicted a positive torque, whereas the 3D model predicted a negative torque. 

[image: ]
[bookmark: _Ref95757301][bookmark: _Toc97740740]Figure 6‑7: Contours of Pressure (left) 2D Blade Angle 2; (right) 3D 2-Nozzle Blade Angle 2
Figure 6‑8 compares the 2-nozzle and 8-nozzle arrangements for the turbine. The 360° inlet was created to provide a consistent inlet comparison between the 2 nozzle and 8 nozzle models. This provides a view of how the air intake would impact the pressure profile through the device. 

[image: ]
[bookmark: _Ref95757432][bookmark: _Toc97740741]Figure 6‑8: Contours of Pressure (left) 3D 2-Noz. Blade Angle 2; (right) 3D 8-Noz.Blade Angle 2
The velocity-based graphics highlight the limited use of the blade passageway. The circumferential flow primarily interacts with the blade tips. The alternating flow is only available to 50% of the blades at one time in the 2-nozzle arrangement. The 8-nozzle arrangement addressed this by using more inlets and outlets. The results showed an increase in overall performance for the 8-nozzle arrangement (Table 6‑4). 
Figure 6‑9 and Figure 6‑10 show the primary flow path through the two models. There are some minor differences in the velocity profiles due to the angle changes in the blades. 
[image: ]
[bookmark: _Ref95757971][bookmark: _Toc97740742]Figure 6‑9: Contours of Velocity (left) 2D Hanna Turbine; (right) 2D Blade Angle 2

[image: ]
[bookmark: _Ref95758069][bookmark: _Toc97740743]Figure 6‑10: Contours of Velocity (left) 2D Hanna Turbine; (right) 3D Blade 2
There is a dramatic entrance effect seen in Figure 6‑11 created by the flapper valve (3D). The flow from the flapper is not tangential entering the turbine. This creates an energy loss as the flow changes direction and reduces the overall performance of the turbine. 
[image: A picture containing diagram
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[bookmark: _Ref95758192][bookmark: _Toc97740744]Figure 6‑11: Contours of Velocity (left) 2D Blade Angle 2; (right) 3D 2-Nozzle Blade Angle 2
Figure 6‑12 shows the common velocity profile in the 3D models. Noting the velocity profile change due to blade alignment at 10 o’clock with the 8-nozzle model.

[image: ]
[bookmark: _Ref95758350][bookmark: _Toc97740745]Figure 6‑12: Contours of Velocity (left) 2D 2-Noz. Blade Angle 2; (right) 3D 8-Noz. Blade Angle 2
The entrance flow is shown for comparison in Figure 6‑13. The idealized flow in the 2D model sets the flow through the device up substantially more tangentially producing an improved flow profile. The velocity vectors provide flow directionality at the blades.

[image: ]
[bookmark: _Ref95758359][bookmark: _Toc97740746]Figure 6‑13: Contours & Vectors, Model Inlet, (left) 2D Hanna Turbine; (right) 3D Blade Angle 2
Figure 6‑14 removes the underlying velocity contour from Figure 6‑13 allowing the vectors to highlight the dominate flow path. 


[image: ]
[bookmark: _Ref95758943][bookmark: _Toc97740747]Figure 6‑14: Velocity Vectors, Model Inlet, (left) 2D Hanna Turbine; (right) 3D Short Blade Angle 2
Figure 6‑15 looks at the outlet flow profile with the same model runs as Figure 6‑14. The 2D model outlet was enlarged to supply more flow expansion at the exit. Based on the velocity profiles through the gap, the geometric feature in the 2D model is not providing significant positive flow characteristic.
[image: ]
[bookmark: _Ref95759084][bookmark: _Toc97740748]Figure 6‑15: Velocity Vectors, Model Outlet, (left) 2D Hanna Turbine; (right) 3D Short Blade Angle 2
There are options to develop a flapper valve arrangement that may create an improved inlet nozzle. In the scope of this analysis, the simplified nozzle still under-performed with low torque values. Any changes to the flapper to make a substantial impact on the turbine performance would likely include changes to the flow through the blade passages and are out of the current scope of work.
In Figure 6‑16 the flow characteristics between the 2-nozzle and 8-nozzle are highlighted. Neither the 2 nor 8 nozzle arrangement provided a flow expansion at 1000 rpm; however, the 8-nozzle did provide an expansion of the flow at 250 rpm. This is an improvement over the 2-nozzle arrangement.
[image: ]
[bookmark: _Ref95759413][bookmark: _Toc97740749]Figure 6‑16: Velocity Vectors (left) 3D 2-Nozzle; (right) 3D 8-Nozzle
The colorized vectors in Figure 6‑17 and Figure 6‑18 provide a view of the velocity profile through the device. The view of the 8-nozzle inlet and outlet are shown in Figure 6‑18.
[image: ]
[bookmark: _Ref95759632][bookmark: _Toc97740750]Figure 6‑17: Velocity Vectors 3D 8-Nozzle Turbine


[image: ]
[bookmark: _Ref95759640][bookmark: _Toc97740751]Figure 6‑18: Velocity Vectors Flow Inlet & Outlet, 3D 8-Nozzle Turbine
The 8-nozzle arrangement from the test plan results are shown in Figure 6‑19 and Figure 6‑20. The tabulated results in Table 6‑4 show the performance of the staggered nozzle to be on par with the 8-nozzle flapper valve arrangement. However, the performance of the inline arrangement is poor by comparison. Without the mechanical redirection of the flapper valve, the flow inefficiency (energy loss) is at the outlet connection. 


[image: Diagram

Description automatically generated]
[bookmark: _Ref97643513][bookmark: _Toc97740752]Figure 6‑19: Contours of Pressure (left) Staggered Nozzles; (right) Inline Nozzles
[image: Diagram
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[bookmark: _Ref97643527][bookmark: _Toc97740753]Figure 6‑20: Contours of Velocity (left) Staggered Nozzles; (right) Inline Nozzles
Section 2.0 discusses the reciprocating flows are mechanically rectified to cause the turbine’s rotor to spin in one direction only. The CFD modeling efforts considered the steady-state operation in either flow direction based on a pressure differential. This could be considered an open or closed loop operation. As noted previously the closed loop would be highly dependent on the air-water interface.
The following figures (Figure 6‑21 to Figure 6‑24) show the turbine operating through ‘Path A’ then ‘Path B’. The first figures are velocity contours followed by velocity vector plots showing the details of the flows entering/exiting the turbine. 
 
 
[image: ]
[bookmark: _Ref97593648][bookmark: _Toc97740754]Figure 6‑21: Velocity Contours, Mechanically Rectified Unidirectional Turbine Rotation

[image: ]
[bookmark: _Toc97740755]Figure 6‑22: Velocity Vectors, Mechanically Rectified Unidirectional Turbine Rotation

[image: ]
[bookmark: _Toc97740756]Figure 6‑23: 2D Model Idealized Flapper Valve, Inlet/Outlet Flow Overview (1)

[image: ]
[bookmark: _Ref97593700][bookmark: _Toc97740757]Figure 6‑24: 2D Model Idealized Flapper Valve, Inlet/Outlet Flow Overview (2)


[bookmark: _Ref95805881][bookmark: _Toc97740720]Lessons Learned
The first take-away from this work is the turbine inlet nozzle importance. It was shown in the changes in performance from the 2D to 3D turbine. 
Likewise, the turbine must use the blade passage to create torque more effectively for the system.
As a reference, a simplified radial turbine was modeled in 2D to compare with the Hanna turbine model (2D), Figure 6‑25. Under OWC boundaries the radial turbine provides low loss entry and exit. The flow is improved as it passes through the turbine radially outward or inward without mechanical redirection. Some radial turbines utilize flow controls to improve the turbine performance, however none were used in the reference model. 
[image: A picture containing text

Description automatically generated]
[bookmark: _Ref95759739][bookmark: _Toc97740758]Figure 6‑25: 2D Models: (left) Simplified Radial & (right) Hanna Turbine, Mesh Shown

As shown in Figure 6‑26 the simplified radial turbine produced torque roughly two orders of magnitude higher than the Hanna turbine. 

[bookmark: _Ref95760243][bookmark: _Toc97740759]Figure 6‑26: 2D Models, Torque Comparison: Hanna Turbine vs. Simplified Radial Turbine
Table 6‑5 tabulates the model results for the simplified radial turbine.
[bookmark: _Ref95760307][bookmark: _Toc97740770]Table 6‑5: 2D Simple Radial Turbine Results
[image: ]
Figure 6‑27 illustrates the blade engagement differences between the radial and Hanna turbines. The radial turbine engages the full blade passageway and flows through all the blades. The Hanna turbine blade interaction is with the turbine tip.
[image: ]
[bookmark: _Ref95760376][bookmark: _Toc97740760]Figure 6‑27: 2D Models: Velocity Vectors (left) Simplified Radial & (right) Hanna Turbine
Figure 6‑28 shows the velocity profile through the two CFD models.
[image: ]
[bookmark: _Ref95760566][bookmark: _Toc97740761]Figure 6‑28: 2D Models: Velocity Contours (left) Simplified Radial & (right) Hanna Turbine
Figure 6‑29 captures the pressure profile difference between the two turbine models.
[image: ]
[bookmark: _Ref95760605][bookmark: _Toc97740762]Figure 6‑29: 2D Models: Pressure Contours (left) Simplified Radial & (right) Hanna Turbine
The low torque nature of the Hanna turbine would suit itself well with a low speed and low torque motor.
The target application is to provide low-wattage battery charging power for small autonomous data collection buoys. The low performance characteristics of the device are suited for charging applications where the device would work as a trickle charging driver verse a high-powered rapid charger. 
There were various generator options discussed with the bulk of the initial low torque motors being higher speed. The inventor has identified a generator that will require further discussion with the manufacture to determine if a match exists. Geometrically, both devices appear to match well. Alden has reviewed some of the supplier generator data, and it would show that it would require much higher torque than the Hanna Turbine is producing. These machines are showing 15 - 750 kNm torque [4, 5] compared to 0.01 kNm from the best performing 2D simulation. The high torque value is for a larger machine and scaling the diameter down would decrease the torque requirement. The available documentation did not provide any guidance for scaling the generator.
[bookmark: _Toc97740721]Conclusions and Recommendations
In this predictive numerical study, the Hanna Mono-radial Turbine was analyzed in its initial stages of development.  It showed that it can operate as a torque producing turbine.  The torque values are lower than desired. The inventor has devised two turbine iterations which use different nozzle configurations. The data predicts that either nozzle arrangement provide similar performance. In 2D the maximum estimated torque for the 12” rotor is 10 Nm; whereas, in 3D estimated torque is less 1 Nm.  
The in-house bench testing performed by the inventor, focused on visual characteristics of the device and no specific measurements were taken to quantify the level of performance through the tests. The needed measurements to quantify the performance are not typical in an inventor’s shop [2].  
As discussed in Section 6.2, the initial target for the mono-radial turbine would be as a charging system for small data collection-type buoys. The lower-than-expected performance in this early-stage design would require a specific system where the generator and turbine are matched for a low torque, low rotational speed application. The specifics around the OWC were tabled in this analysis to look at an expanded range of geometric features (Section 4.0).
The mono-radial turbine performance characteristics are lower than desired:
· Lack of blade engagement as the circumferential flow bypasses the blade passageway,
· Complex flow path needed to enter the device around the flapper value, or
· Complex flow in the exit of the 8 Nozzle staggered non-flapper valve device.
Armed with the lessons learned through this project the inventor should continue his pursuit to foster improvements of the design and help lower the cost of marine energy making it more affordable in the marketplace.
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2D Turbine Torque vs. Rotor Speed
Representative Hanna Wave Energy Turbine
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Comparison:
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Blade Length Blade Angle Hub Gap Turbine OD

[in] [°] [in] [in]

Hanna Wave Energy, 35 Blades, 2 1/2", 44°, Gap 1/4" 2D 35 2.5 44 0.25 12

Blade A (1") 2D 35 1 44 0.25 12

Blade B (1/2") 2D 35 0.5 44 0.25 12

Blade Angle 2 (55°) 2D 35 2.5 55 0.25 12

Blade-Hub Gap 1 (1/8") 2D 35 1.2 44 0.13 12

Blade-Hub Gap 1, 6" Diameter turbine 2D 35 0.6 44 0.06 6

Blade A, 6" Diameter Turbine 2D 35 0.5 44 0.13 6

Rep. Hanna Turbine, 6" Diameter 2D 35 1.2 44 0.13 6

Blade A, 51 Blades 2D 51 1 44 0.25 12

Blade-Hub Gap 2 (1/16") 2D 35 1.2 44 0.06 12

35-1" Blades 3D 35 1 44 0.25 12

35 Blades, Angle 2 3D 35 2.5 55 0.25 12

Test Plan 35 Blades 3D 35 2.5 44 0.25 12

CFD Model ID Number Blades Model
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[Pa] [in Wg] [rad/s] [rpm]

DP 45 250 1.00 104.72 1000.00

DP 46 250 1.00 52.35 499.91

DP 47 250 1.00 209.44 2000.01

DP 48 250 1.00 314.16 3000.01

DP 49 150 0.60 104.72 1000.00

DP 50 350 1.41 104.72 1000.00

DP 51 450 1.81 104.72 1000.00

DP 52 550 2.21 104.72 1000.00

DP 53 350 1.41 209.44 2000.01

DP 54 450 1.81 209.44 2000.01

DP 55 350 1.41 314.16 3000.01

DP 56 450 1.81 314.16 3000.01

DP 57 250 1.00 13.00 124.14

DP 58 150 0.60 13.00 124.14

DP 59 75 0.30 13.00 124.14

DP 60 150 0.60 52.35 499.91

DP 61 75 0.30 52.35 499.91

DP 62 250 1.00 26.00 248.28

DP 63 150 0.60 26.00 248.28

DP 64 75 0.30 26.00 248.28

DP 65 350 1.41 52.35 499.91

DP 66 15000 60.28 104.72 1000.00

DP 67 1000 4.02 104.72 1000.00

DP 68 5000 20.09 104.72 1000.00

DP 69 10000 40.19 104.72 1000.00

DP 70 15000 60.28 209.44 2000.01

DP 71 1000 4.02 209.44 2000.01

DP 72 5000 20.09 209.44 2000.01

DP 73 10000 40.19 209.44 2000.01

DP 74 15000 60.28 52.35 499.91

DP 75 1000 4.02 52.35 499.91

DP 76 5000 20.09 52.35 499.91

DP 77 10000 40.19 52.35 499.91

DP 78 15000 60.28 26.00 248.28

DP 79 1000 4.02 26.00 248.28

DP 80 5000 20.09 26.00 248.28

DP 81 10000 40.19 26.00 248.28

Inlet P Ang. Speed Design Point 

Inputs
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3D CFD Inputs Press. In Rot-Speed

Case ID [Pa] [rpm]

35-250 2 10000 250

35-500 2 10000 500

35-1000 2 10000 1000

51-250 2 10000 250

51-500 2 10000 500

51-1000 2 10000 1000

35-2NA1 2 10000 250

35-2NA1 2 10000 1000

35-8NA1 8 10000 250

35-8NA1 8 10000 1000

8N-4S-250 8 10000 250

8N-8I-250 8 10000 250

35-1" Blades

51-1" Blades

35 Blades, Angle 2

Test Plan 35 Blades

Model Notes # Nozzles


image18.png
Torque [Nm]

10.0000

9.0000

8.0000

7.0000

6.0000

5.0000

4.0000

3.0000

2.0000

1.0000

0.0000

Overall Torque Performance
All 2D CFD Runs

——Hanna Wave Energy, 35 Blades, 2 1/2", 44°, Gap 1/4"
—Blade A (1")

——Blade B (1/2")

—Blade Angle 2 (55°)

——Blade-Hub Gap 1 (1/8")

——Blade-Hub Gap 1, 6" Diameter turbine

=RBlade A, 6" Diameter Turbine

= Rep. Hanna Turbine, 6" Diameter

=RBlade A, 51 Blades

=—Blade-Hub Gap 2 (1/16")

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Torque Producing Cases

23




image19.emf
Rot. Speed P Inlet Torque Power Press In Mass In Mass Out Rot. Speed Torque

Name [rad/s] [Pa] [Nm] [W] [Pa] [Kg/s] [kg/s] [rpm] [Nm]

DP 78 -26.00 15000.00 -9.47 246.3 14812.07 1.13 -1.13 248.28 9.47

DP 74 -52.35 15000.00 -8.41 440.3 14808.92 1.14 -1.14 499.91 8.41

DP 66 -104.72 15000.00 -6.13 642.3 14799.31 1.17 -1.17 1000.00 6.13

DP 81 -26.00 10000.00 -6.12 159.0 9873.70 0.93 -0.92 248.28 6.12

DP 77 -52.35 10000.00 -5.23 274.0 9871.36 0.94 -0.94 499.91 5.23

DP 69 -104.72 10000.00 -3.39 355.1 9865.25 0.96 -0.96 1000.00 3.39

DP 80 -26.00 5000.00 -2.85 74.2 4937.89 0.65 -0.65 248.28 2.85

DP 76 -52.35 5000.00 -2.21 115.6 4935.10 0.67 -0.67 499.91 2.21

DP 70 -209.44 15000.00 -1.03 214.8 14787.43 1.21 -1.21 2000.00 1.03

DP 68 -104.72 5000.00 -0.79 83.0 4931.49 0.68 -0.69 1000.00 0.79

DP 79 -26.00 1000.00 -0.39 10.1 987.29 0.29 -0.29 248.28 0.39

DP 57 -13.00 250.00 -0.09 1.2 246.91 0.15 -0.15 124.14 0.09

DP 75 -52.35 1000.00 -0.07 3.7 986.61 0.30 -0.30 499.91 0.07

DP 58 -13.00 150.00 -0.05 0.6 148.17 0.11 -0.11 124.14 0.05

DP 59 -13.00 75.00 -0.01 0.1 74.06 0.08 -0.08 124.14 0.01

DP 62 -26.00 250.00 0.00 0.0 246.78 0.15 -0.15 248.28 0.00

Rep. Hanna Wave Energy (2 1/2" Length, 44°, 35 Blades)
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Rot. Speed P Inlet Torque Power Press In Mass In Mass Out Rot. Speed Torque

Name [rad/s] [Pa] [Nm] [W] [Pa] [Kg/s] [kg/s] [rpm] [Nm]

DP 78 -26.00 15000.00 -9.26 240.7 14811.30 1.14 -1.14 248.28 9.26

DP 74 -52.35 15000.00 -8.27 433.1 14806.84 1.15 -1.15 499.91 8.27

DP 66 -104.72 15000.00 -6.17 646.1 14796.45 1.18 -1.18 1000.00 6.17

DP 81 -26.00 10000.00 -5.99 155.7 9874.83 0.93 -0.93 248.28 5.99

DP 77 -52.35 10000.00 -5.16 270.2 9869.29 0.95 -0.95 499.91 5.16

DP 69 -104.72 10000.00 -3.43 359.2 9863.12 0.97 -0.97 1000.00 3.43

DP 80 -26.00 5000.00 -2.82 73.3 4937.06 0.66 -0.66 248.28 2.82

DP 76 -52.35 5000.00 -2.20 115.4 4934.18 0.67 -0.67 499.91 2.20

DP 70 -209.44 15000.00 -1.26 263.7 14785.00 1.21 -1.21 2000.00 1.26

DP 68 -104.72 5000.00 -0.88 92.5 4930.52 0.69 -0.69 1000.00 0.88

DP 79 -26.00 1000.00 -0.40 10.4 987.12 0.30 -0.30 248.28 0.40

DP 75 -52.35 1000.00 -0.09 4.9 986.45 0.30 -0.30 499.91 0.09

DP 57 -13.00 250.00 -0.09 1.2 246.79 0.15 -0.15 124.14 0.09

DP 58 -13.00 150.00 -0.04 0.5 148.08 0.11 -0.11 124.14 0.04

DP 62 -26.00 250.00 -0.02 0.6 246.73 0.15 -0.15 248.28 0.02

DP 59 -13.00 75.00 -0.01 0.1 74.04 0.08 -0.08 124.14 0.01

Blade A (1" Length)
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Rot. Speed P Inlet Torque Power Press In Mass In Mass Out Rot. Speed Torque

Name [rad/s] [Pa] [Nm] [W] [Pa] [Kg/s] [kg/s] [rpm] [Nm]

DP 78 -26.00 15000.00 -9.00 233.9 14811.54 1.14 -1.14 248.28 9.00

DP 74 -52.35 15000.00 -7.92 414.6 14808.24 1.15 -1.15 499.91 7.92

DP 81 -26.00 10000.00 -5.80 150.8 9874.88 0.93 -0.92 248.28 5.80

DP 66 -104.72 15000.00 -5.75 602.6 14798.89 1.17 -1.17 1000.00 5.75

DP 77 -52.35 10000.00 -4.94 258.5 9871.90 0.94 -0.94 499.91 4.94

DP 69 -104.72 10000.00 -3.22 336.8 9864.49 0.96 -0.96 1000.00 3.22

DP 80 -26.00 5000.00 -2.70 70.1 4937.51 0.65 -0.65 248.28 2.70

DP 76 -52.35 5000.00 -2.07 108.5 4934.71 0.67 -0.67 499.91 2.07

DP 70 -209.44 15000.00 -1.11 233.5 14785.26 1.21 -1.21 2000.00 1.11

DP 68 -104.72 5000.00 -0.82 86.3 4930.76 0.69 -0.69 1000.00 0.82

DP 79 -26.00 1000.00 -0.37 9.7 987.24 0.30 -0.30 248.28 0.37

DP 57 -13.00 250.00 -0.09 1.1 246.91 0.15 -0.15 124.14 0.09

DP 75 -52.35 1000.00 -0.08 4.0 986.47 0.30 -0.30 499.91 0.08

DP 58 -13.00 150.00 -0.04 0.5 148.10 0.11 -0.11 124.14 0.04

DP 62 -26.00 250.00 -0.02 0.4 246.74 0.15 -0.15 248.28 0.02

DP 59 -13.00 75.00 -0.01 0.1 74.06 0.08 -0.08 124.14 0.01

Blade B (1/2" Length)
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3D CFD Results Press. In Rot-Speed Torque Power Mass In Mass Out

Case ID [Pa] [rpm] [Nm] [W] [kg/s] [kg/s]

35-250 2 10000 250 0.024 0.615 0.006 -0.006

35-500 2 10000 500 0.006 0.303 0.007 -0.006

35-1000 2 10000 1000-0.021 0.006 -0.006

51-250 2 10000 250 0.030 0.785 0.006 -0.006

51-500 2 10000 500 0.023 1.192 0.006 -0.006

51-1000 2 10000 1000-0.001 0.006 -0.006

35-2NA1 2 10000 250-0.008 0.006 -0.006

35-2NA1 2 10000 1000-0.053 0.005 -0.005

35-8NA1 8 10000 250 0.012 0.313 0.025 -0.025

35-8NA1 8 10000 1000-0.021 0.026 -0.026

8N-4S-250 8 10000 250 0.017 0.432 0.070 -0.070

8N-8I-250 8 10000 250 0.001 0.018 0.045 -0.045

35-1" Blades

51-1" Blades

35 Blades, Angle 2

Test Plan 35 Blades

Model Notes # Nozzles
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2D / Representative Hanna Turbine — Flow A
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Rot. Speed P Inlet Torque Power Press In Mass In Mass Out Rot. Speed Torque

Name [rad/s] [Pa] [Nm] [W] [Pa] [Kg/s] [kg/s] [rpm] [Nm]

DP 78 -26.00 15000.00 -656.43 17067.2 6005.74 89.43 -89.43 248.28 656.43

DP 74 -52.35 15000.00 -597.62 31285.6 6341.63 87.75 -87.75 499.91 597.62

DP 66 -104.72 15000.00 -488.16 51120.1 6936.51 84.67 -84.67 1000.00 488.16

DP 81 -26.00 10000.00 -427.47 11114.2 4053.14 72.72 -72.72 248.28 427.47

DP 77 -52.35 10000.00 -380.30 19908.5 4319.65 71.07 -71.07 499.91 380.30

DP 70 -209.44 15000.00 -294.18 61613.0 7870.40 79.62 -79.62 2000.00 294.18

DP 69 -104.72 10000.00 -292.95 30677.8 4780.58 68.12 -68.12 1000.00 292.95

DP 80 -26.00 5000.00 -202.72 5270.7 2077.87 50.98 -50.98 248.28 202.72

DP 76 -52.35 5000.00 -170.51 8926.2 2259.20 49.37 -49.37 499.91 170.51

DP 73 -209.44 10000.00 -143.75 30106.8 5470.29 63.46 -63.46 2000.00 143.75

DP 68 -104.72 5000.00 -112.41 11771.1 2544.75 46.72 -46.72 1000.00 112.41

DP 79 -26.00 1000.00 -32.10 834.7 458.34 21.95 -21.95 248.28 32.10

DP 75 -52.35 1000.00 -19.43 1017.4 520.20 20.65 -20.65 499.91 19.43

DP 72 -209.44 5000.00 -18.67 3911.2 2953.97 42.65 -42.65 2000.00 18.67

DP 57 -13.00 250.00 -7.84 101.9 114.75 10.97 -10.97 124.14 7.84

DP 62 -26.00 250.00 -4.74 123.3 129.97 10.33 -10.33 248.28 4.74

Simple Radial Implus 
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Available

Rot. [rad/s] Pin [Pa] Torqure [N/m] PI [Pa] MFRI [kg/s] MFRO [kg/s] Rot. [RPM] Tor [Nm]

Name P1 P2 P3 P4 P5 P6 P1 + RPM P3

DP 78 -26 15000 -9.4741 14812.0670 1.1338 -1.1321 248 9.4741

DP 74 -52.35 15000 -8.4116 14808.9210 1.1432 -1.1440 500 8.4116

DP 66 -104.72 15000 -6.1336 14799.3060 1.1718 -1.1706 1000 6.1336

DP 81 -26 10000 -6.1172 9873.6992 0.9289 -0.9220 248 6.1172

DP 77 -52.35 10000 -5.2340 9871.3604 0.9381 -0.9404 500 5.2340

DP 69 -104.72 10000 -3.3908 9865.2471 0.9603 -0.9604 1000 3.3908

DP 80 -26 5000 -2.8526 4937.8936 0.6520 -0.6519 248 2.8526

DP 76 -52.35 5000 -2.2084 4935.1025 0.6665 -0.6665 500 2.2084

DP 70 -209.44 15000 -1.0257 14787.4300 1.2061 -1.2061 2000 1.0257

DP 68 -104.72 5000 -0.7921 4931.4873 0.6849 -0.6853 1000 0.7921

DP 79 -26 1000 -0.3893 987.2944 0.2950 -0.2950 248 0.3893

DP 57 -13 250 -0.0926 246.9137 0.1456 -0.1454 124 0.0926

DP 75 -52.35 1000 -0.0716 986.6093 0.3028 -0.3028 500 0.0716

DP 58 -13 150 -0.0494 148.1735 0.1101 -0.1125 124 0.0494

DP 59 -13 75 -0.0067 74.0618 0.0803 -0.0808 124 0.0067

DP 62 -26 250 -0.0015 246.7765 0.1487 -0.1486 248 0.0015

DP 63 -26 150 0.0073 148.0518 0.1162 -0.1149 248

DP 64 -26 75 0.0441 74.0206 0.0819 -0.0819 248

DP 61 -52.35 75 0.1516 74.4032 0.0642 -0.0641 500

DP 65 -52.35 350 0.1547 345.2058 0.1811 -0.1811 500

DP 46 -52.35 250 0.1807 246.6248 0.1522 -0.1529 500

DP 60 -52.35 150 0.1913 148.6803 0.0950 -0.0946 500

DP 49 -104.72 150 0.5350 148.8504 0.0887 -0.0883 1000

DP 45 -104.72 250 0.5549 247.5298 0.1274 -0.1181 1000

DP 50 -104.72 350 0.5985 346.9032 0.1445 -0.1446 1000

DP 51 -104.72 450 0.6762 445.9784 0.1663 -0.1665 1000

DP 67 -104.72 1000 0.7257 985.8400 0.3114 -0.3114 1000

DP 52 -104.72 550 0.7332 544.9510 0.1860 -0.1853 1000

DP 73 -209.44 10000 1.1296 9857.5479 0.9873 -0.9873 2000

DP 47 -209.44 250 2.0453 248.0901 0.1144 -0.1141 2000

DP 53 -209.44 350 2.0738 347.3735 0.1342 -0.1342 2000

DP 54 -209.44 450 2.0979 446.5547 0.1533 -0.1534 2000

DP 71 -209.44 1000 2.3367 991.2744 0.2445 -0.2444 2000

DP 72 -209.44 5000 2.6424 4926.9414 0.7071 -0.7072 2000

DP 56 -314.16 450 4.6323 446.3267 0.1587 -0.1587 3000

DP 55 -314.16 350 4.6349 346.9335 0.1452 -0.1450 3000

DP 48 -314.16 250 4.6368 247.4680 0.1322 -0.1311 3000

Rep. Hanna Wave Energy
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Available

Rot. [rad/s] Pin [Pa] Torqure [N/m] PI [Pa] MFRI [kg/s] MFRO [kg/s] Rot. [RPM] Tor [Nm]

Name P13 P14 P15 P16 P17 P18 P13 + RPM P15

DP 78 -26 15000 -9.258 14811.295 1.136 -1.137 248 9.2576

DP 74 -52.35 15000 -8.273 14806.844 1.150 -1.150 500 8.2726

DP 66 -104.72 15000 -6.170 14796.451 1.180 -1.180 1000 6.1702

DP 81 -26 10000 -5.989 9874.831 0.926 -0.925 248 5.9891

DP 77 -52.35 10000 -5.162 9869.289 0.946 -0.946 500 5.1620

DP 69 -104.72 10000 -3.430 9863.123 0.968 -0.968 1000 3.4303

DP 80 -26 5000 -2.818 4937.055 0.656 -0.656 248 2.8177

DP 76 -52.35 5000 -2.204 4934.181 0.671 -0.671 500 2.2043

DP 70 -209.44 15000 -1.259 14784.999 1.213 -1.213 2000 1.2591

DP 68 -104.72 5000 -0.883 4930.515 0.690 -0.690 1000 0.8832

DP 79 -26 1000 -0.401 987.117 0.297 -0.297 248 0.4014

DP 75 -52.35 1000 -0.094 986.453 0.305 -0.305 500 0.0944

DP 57 -13 250 -0.093 246.794 0.148 -0.148 124 0.0927

DP 58 -13 150 -0.042 148.079 0.115 -0.115 124 0.0416

DP 62 -26 250 -0.022 246.732 0.150 -0.150 248 0.0219

DP 59 -13 75 -0.008 74.040 0.081 -0.081 124 0.0081

DP 63 -26 150 0.018 148.042 0.116 -0.116 248

DP 64 -26 75 0.039 74.024 0.082 -0.082 248

DP 61 -52.35 75 0.122 74.404 0.064 -0.064 500

DP 65 -52.35 350 0.145 345.204 0.181 -0.181 500

DP 60 -52.35 150 0.163 148.681 0.095 -0.095 500

DP 46 -52.35 250 0.176 246.619 0.152 -0.152 500

DP 49 -104.72 150 0.421 148.877 0.088 -0.088 1000

DP 45 -104.72 250 0.467 247.941 0.119 -0.119 1000

DP 50 -104.72 350 0.519 346.954 0.144 -0.144 1000

DP 51 -104.72 450 0.573 445.966 0.166 -0.166 1000

DP 52 -104.72 550 0.626 544.973 0.186 -0.186 1000

DP 67 -104.72 1000 0.704 985.952 0.310 -0.310 1000

DP 73 -209.44 10000 0.825 9856.656 0.990 -0.991 2000

DP 47 -209.44 250 1.578 248.131 0.113 -0.113 2000

DP 53 -209.44 350 1.596 347.407 0.133 -0.133 2000

DP 54 -209.44 450 1.625 446.565 0.153 -0.153 2000

DP 71 -209.44 1000 1.877 991.353 0.243 -0.243 2000

DP 72 -209.44 5000 2.397 4927.053 0.707 -0.707 2000

DP 56 -314.16 450 3.525 446.395 0.157 -0.157 3000

DP 55 -314.16 350 3.529 346.957 0.144 -0.144 3000

DP 48 -314.16 250 3.542 247.493 0.131 -0.131 3000

Blade A (short)
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Available

Rot. [rad/s] Pin [Pa] Torqure [N/m] PI [Pa] MFRI [kg/s] MFRO [kg/s] Rot. [RPM] Tor [Nm]

Name P19 P20 P21 P22 P23 P24 P19 + RPM P21

DP 78 -26 15000 -8.997 14811.540 1.136 -1.135 248 8.9971

DP 74 -52.35 15000 -7.920 14808.235 1.146 -1.146 500 7.9204

DP 81 -26 10000 -5.802 9874.885 0.925 -0.925 248 5.8016

DP 66 -104.72 15000 -5.754 14798.893 1.173 -1.173 1000 5.7545

DP 77 -52.35 10000 -4.937 9871.903 0.936 -0.936 500 4.9371

DP 69 -104.72 10000 -3.216 9864.493 0.963 -0.963 1000 3.2164

DP 80 -26 5000 -2.698 4937.507 0.654 -0.654 248 2.6979

DP 76 -52.35 5000 -2.073 4934.709 0.669 -0.669 500 2.0727

DP 70 -209.44 15000 -1.115 14785.262 1.212 -1.212 2000 1.1148

DP 68 -104.72 5000 -0.825 4930.760 0.688 -0.688 1000 0.8245

DP 79 -26 1000 -0.373 987.243 0.296 -0.296 248 0.3732

DP 57 -13 250 -0.088 246.909 0.145 -0.145 124 0.0884

DP 75 -52.35 1000 -0.077 986.473 0.304 -0.304 500 0.0773

DP 58 -13 150 -0.039 148.098 0.114 -0.114 124 0.0389

DP 62 -26 250 -0.017 246.736 0.150 -0.150 248 0.0167

DP 59 -13 75 -0.007 74.057 0.080 -0.080 124 0.0069

DP 63 -26 150 0.019 148.039 0.116 -0.116 248

DP 64 -26 75 0.064 74.274 0.071 -0.071 248

DP 61 -52.35 75 0.107 74.390 0.065 -0.065 500

DP 65 -52.35 350 0.137 345.219 0.181 -0.181 500

DP 60 -52.35 150 0.147 148.673 0.095 -0.095 500

DP 46 -52.35 250 0.227 247.405 0.133 -0.133 500

DP 49 -104.72 150 0.359 148.827 0.090 -0.090 1000

DP 45 -104.72 250 0.407 247.880 0.121 -0.121 1000

DP 50 -104.72 350 0.455 346.884 0.146 -0.146 1000

DP 51 -104.72 450 0.508 445.906 0.167 -0.167 1000

DP 52 -104.72 550 0.565 544.899 0.187 -0.187 1000

DP 73 -209.44 10000 0.901 9856.491 0.991 -0.991 2000

DP 67 -104.72 1000 0.914 989.127 0.273 -0.273 1000

DP 47 -209.44 250 1.339 248.018 0.117 -0.117 2000

DP 53 -209.44 350 1.355 347.263 0.137 -0.137 2000

DP 54 -209.44 450 1.389 446.426 0.156 -0.156 2000

DP 71 -209.44 1000 1.630 991.061 0.247 -0.247 2000

DP 72 -209.44 5000 2.095 4927.315 0.705 -0.705 2000

DP 55 -314.16 350 3.004 346.752 0.149 -0.149 3000

DP 56 -314.16 450 3.006 446.122 0.163 -0.163 3000

DP 48 -314.16 250 3.008 247.349 0.135 -0.135 3000

Blade B (shorter)
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Available

Rot. [rad/s] Pin [Pa] Torqure [N/m] PI [Pa] MFRI [kg/s] MFRO [kg/s] Rot. [RPM] Tor [Nm]

Name P37 P38 P39 P40 P41 P42 P37 + RPM P39

DP 78 -26 15000 -656.431 6005.739 89.434 -89.434 248 656.4307

DP 74 -52.35 15000 -597.623 6341.629 87.745 -87.745 500 597.6235

DP 66 -104.72 15000 -488.160 6936.506 84.675 -84.675 1000 488.1601

DP 81 -26 10000 -427.471 4053.143 72.717 -72.716 248 427.4707

DP 77 -52.35 10000 -380.296 4319.648 71.067 -71.067 500 380.2964

DP 70 -209.44 15000 -294.180 7870.401 79.618 -79.618 2000 294.1797

DP 69 -104.72 10000 -292.951 4780.577 68.124 -68.124 1000 292.9511

DP 80 -26 5000 -202.719 2077.875 50.975 -50.975 248 202.7186

DP 76 -52.35 5000 -170.511 2259.200 49.366 -49.366 500 170.5110

DP 73 -209.44 10000 -143.749 5470.292 63.460 -63.460 2000 143.7488

DP 68 -104.72 5000 -112.405 2544.747 46.722 -46.722 1000 112.4051

DP 79 -26 1000 -32.105 458.335 21.946 -21.946 248 32.1048

DP 75 -52.35 1000 -19.434 520.197 20.654 -20.654 500 19.4338

DP 72 -209.44 5000 -18.675 2953.966 42.646 -42.646 2000 18.6746

DP 57 -13 250 -7.839 114.747 10.965 -10.965 124 7.8393

DP 62 -26 250 -4.741 129.969 10.328 -10.328 248 4.7409

DP 58 -13 150 -4.078 71.900 8.330 -8.330 124 4.0777

DP 63 -26 150 -1.862 82.431 7.751 -7.751 248 1.8621

DP 65 -52.35 350 -1.655 204.249 11.384 -11.383 500 1.6552

DP 59 -13 75 -1.518 38.485 5.695 -5.695 124 1.5177

DP 64 -26 75 -0.127 44.698 5.187 -5.187 248 0.1272

DP 46 -52.35 250 0.257 152.141 9.325 -9.325 500

DP 67 -104.72 1000 0.545 607.473 18.677 -18.677 1000

DP 60 -52.35 150 1.666 97.237 6.846 -6.845 500

DP 61 -52.35 75 2.091 52.384 4.481 -4.482 500

DP 52 -104.72 550 6.823 359.936 12.994 -12.994 1000

DP 51 -104.72 450 7.575 301.891 11.469 -11.469 1000

DP 49 -104.72 150 7.675 107.480 6.140 -6.140 1000

DP 50 -104.72 350 8.024 241.328 9.823 -9.823 1000

DP 45 -104.72 250 8.131 176.760 8.063 -8.063 1000

DP 54 -209.44 450 29.026 320.065 10.725 -10.725 2000

DP 71 -209.44 1000 32.013 707.571 16.110 -16.110 2000

DP 47 -209.44 250 161.855 -276.395 21.623 -21.623 2000

DP 53 -209.44 350 180.680 -290.802 23.859 -23.859 2000

DP 48 -314.16 250 303.120 -600.307 27.477 -27.477 3000

DP 55 -314.16 350 324.144 -608.326 29.172 -29.172 3000

DP 56 -314.16 450 344.831 -619.465 30.819 -30.819 3000

Simple Radial Implus 
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Available

Rot. [rad/s] Pin [Pa] Torqure [N/m] PI [Pa] MFRI [kg/s] MFRO [kg/s] Rot. [RPM] Tor [Nm]

Name P43 P44 P45 P46 P47 P48 P43 + RPM P45

DP 78 -26 15000 -5.981 14897.978 0.836 -0.836 248 5.9807

DP 74 -52.35 15000 -5.388 14893.628 0.853 -0.853 500 5.3877

DP 81 -26 10000 -3.899 9931.939 0.683 -0.682 248 3.8994

DP 66 -104.72 15000 -3.751 14885.039 0.887 -0.887 1000 3.7505

DP 77 -52.35 10000 -3.372 9928.412 0.700 -0.700 500 3.3718

DP 80 -26 5000 -1.843 4965.835 0.484 -0.484 248 1.8425

DP 69 -104.72 10000 -1.820 9921.542 0.733 -0.733 1000 1.8200

DP 76 -52.35 5000 -1.410 4963.348 0.501 -0.501 500 1.4100

DP 79 -26 1000 -0.255 992.876 0.221 -0.221 248 0.2549

DP 68 -104.72 5000 -0.229 4957.951 0.538 -0.531 1000 0.2293

DP 57 -13 250 -0.063 248.305 0.108 -0.108 124 0.0627

DP 58 -13 150 -0.026 148.966 0.084 -0.084 124 0.0259

DP 59 -13 75 -0.004 74.463 0.061 -0.061 124 0.0037

DP 62 -26 250 0.004 248.073 0.115 -0.115 248

DP 75 -52.35 1000 0.026 991.714 0.238 -0.235 500

DP 63 -26 150 0.034 148.790 0.091 -0.091 248

DP 64 -26 75 0.055 74.349 0.067 -0.067 248

DP 65 -52.35 350 0.226 346.968 0.142 -0.147 500

DP 46 -52.35 250 0.228 248.059 0.115 -0.128 500

DP 61 -52.35 75 0.243 74.072 0.078 -0.075 500

DP 60 -52.35 150 0.265 148.704 0.091 -0.103 500

DP 52 -104.72 550 0.952 543.091 0.220 -0.199 1000

DP 67 -104.72 1000 0.964 990.753 0.256 -0.260 1000

DP 51 -104.72 450 0.981 444.227 0.202 -0.182 1000

DP 50 -104.72 350 0.996 345.115 0.185 -0.163 1000

DP 45 -104.72 250 1.004 246.139 0.164 -0.140 1000

DP 49 -104.72 150 1.053 147.900 0.116 -0.112 1000

DP 70 -209.44 15000 1.436 14868.354 0.950 -0.946 2000

DP 73 -209.44 10000 2.185 9905.933 0.799 -0.788 2000

DP 72 -209.44 5000 3.714 4950.508 0.575 -0.582 2000

DP 47 -209.44 250 4.186 243.869 0.200 -0.160 2000

DP 53 -209.44 350 4.191 343.180 0.209 -0.178 2000

DP 71 -209.44 1000 4.343 986.366 0.299 -0.293 2000

DP 54 -209.44 450 4.356 443.184 0.206 -0.201 2000

DP 48 -314.16 250 9.997 245.939 0.192 -0.225 3000

DP 56 -314.16 450 10.011 436.523 0.316 -0.240 3000

DP 55 -314.16 350 10.048 339.369 0.290 -0.232 3000

Reduce Angle - 1
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Available

Rot. [rad/s] Pin [Pa] Torqure [N/m] PI [Pa] MFRI [kg/s] MFRO [kg/s] Rot. [RPM] Tor [Nm]

Name P49 P50 P51 P52 P53 P54 P49 + RPM P51

DP 78 -26 15000 -1.5197 14961.6780 0.5125 -0.5125 248 1.5197

DP 81 -26 10000 -0.8756 9974.6611 0.4167 -0.4167 248 0.8756

DP 74 -52.35 15000 -0.6812 14961.2110 0.5156 -0.5157 500 0.6812

DP 80 -26 5000 -0.2792 4987.5215 0.2925 -0.2925 248 0.2792

DP 77 -52.35 10000 -0.1375 9974.3408 0.4193 -0.4193 500 0.1375

DP 59 -13 75 0.0175 74.8659 0.0303 -0.0303 124

DP 57 -13 250 0.0190 249.4565 0.0610 -0.0610 124

DP 58 -13 150 0.0233 149.6950 0.0457 -0.0457 124

DP 64 -26 75 0.0429 74.9000 0.0262 -0.0262 248

DP 63 -26 150 0.0486 149.7382 0.0424 -0.0424 248

DP 62 -26 250 0.0648 249.4942 0.0589 -0.0589 248

DP 79 -26 1000 0.0693 997.6279 0.1275 -0.1275 248

DP 61 -52.35 75 0.0879 74.9393 0.0204 -0.0204 500

DP 46 -52.35 250 0.1579 249.6251 0.0507 -0.0507 500

DP 60 -52.35 150 0.1687 149.7848 0.0383 -0.0385 500

DP 65 -52.35 350 0.1778 349.4636 0.0606 -0.0606 500

DP 76 -52.35 5000 0.2124 4987.3672 0.2943 -0.2943 500

DP 75 -52.35 1000 0.2635 997.7916 0.1231 -0.1231 500

DP 49 -104.72 150 0.3241 149.9149 0.0242 -0.0242 1000

DP 45 -104.72 250 0.3445 249.8291 0.0342 -0.0342 1000

DP 50 -104.72 350 0.3561 349.6693 0.0476 -0.0476 1000

DP 51 -104.72 450 0.3692 449.4701 0.0603 -0.0602 1000

DP 52 -104.72 550 0.3963 549.2840 0.0701 -0.0701 1000

DP 67 -104.72 1000 0.6158 998.4025 0.1047 -0.1047 1000

DP 66 -104.72 15000 1.0032 14960.8190 0.5182 -0.5182 1000

DP 68 -104.72 5000 1.1644 4988.0186 0.2866 -0.2866 1000

DP 69 -104.72 10000 1.1771 9973.9570 0.4225 -0.4225 1000

DP 47 -209.44 250 1.1836 249.9084 0.0251 -0.0251 2000

DP 53 -209.44 350 1.2029 349.8388 0.0333 -0.0333 2000

DP 54 -209.44 450 1.2288 449.7554 0.0410 -0.0410 2000

DP 71 -209.44 1000 1.3399 999.2192 0.0732 -0.0731 2000

DP 55 -314.16 350 2.6334 349.9004 0.0260 -0.0261 3000

DP 48 -314.16 250 2.6347 249.9358 0.0208 -0.0208 3000

DP 56 -314.16 450 2.6426 449.8510 0.0320 -0.0320 3000

DP 72 -209.44 5000 2.6646 4991.4312 0.2424 -0.2424 2000

DP 73 -209.44 10000 3.2571 9977.7041 0.3909 -0.3909 2000

DP 70 -209.44 15000 4.0678 14963.6420 0.4992 -0.4991 2000

Blade-Hub Gap 1
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Available

Rot. [rad/s] Pin [Pa] Torqure [N/m] PI [Pa] MFRI [kg/s] MFRO [kg/s] Rot. [RPM] Tor [Nm]

Name P55 P56 P57 P58 P59 P60 P55 + RPM P57

DP 78 -26 15000 -0.496 14964.696 0.248 -0.248 248 0.4960

DP 74 -52.35 15000 -0.391 14964.423 0.249 -0.249 500 0.3914

DP 81 -26 10000 -0.309 9976.754 0.202 -0.201 248 0.3086

DP 77 -52.35 10000 -0.223 9976.541 0.202 -0.203 500 0.2231

DP 66 -104.72 15000 -0.168 14963.979 0.251 -0.251 1000 0.1678

DP 80 -26 5000 -0.131 4988.648 0.141 -0.141 248 0.1308

DP 76 -52.35 5000 -0.068 4988.520 0.142 -0.142 500 0.0681

DP 69 -104.72 10000 -0.037 9976.215 0.204 -0.204 1000 0.0374

DP 79 -26 1000 -0.007 997.907 0.060 -0.060 248 0.0069

DP 57 -13 250 -0.001 249.543 0.028 -0.028 124 0.0007

DP 58 -13 150 0.001 149.745 0.021 -0.021 124

DP 59 -13 75 0.002 74.888 0.014 -0.014 124

DP 64 -26 75 0.005 74.902 0.013 -0.013 248

DP 62 -26 250 0.005 249.544 0.028 -0.028 248

DP 63 -26 150 0.006 149.750 0.021 -0.021 248

DP 61 -52.35 75 0.012 74.922 0.012 -0.012 500

DP 60 -52.35 150 0.013 149.810 0.018 -0.018 500

DP 46 -52.35 250 0.017 249.593 0.027 -0.027 500

DP 75 -52.35 1000 0.019 997.894 0.061 -0.061 500

DP 65 -52.35 350 0.020 349.373 0.033 -0.033 500

DP 49 -104.72 150 0.040 149.823 0.018 -0.018 1000

DP 45 -104.72 250 0.043 249.693 0.023 -0.023 1000

DP 50 -104.72 350 0.046 349.543 0.028 -0.028 1000

DP 51 -104.72 450 0.046 449.316 0.035 -0.035 1000

DP 52 -104.72 550 0.051 549.094 0.040 -0.040 1000

DP 68 -104.72 5000 0.055 4988.391 0.142 -0.143 1000

DP 67 -104.72 1000 0.068 998.052 0.058 -0.058 1000

DP 47 -209.44 250 0.117 249.847 0.016 -0.016 2000

DP 53 -209.44 350 0.119 349.679 0.024 -0.024 2000

DP 54 -209.44 450 0.127 449.492 0.030 -0.030 2000

DP 71 -209.44 1000 0.168 998.599 0.049 -0.049 2000

DP 70 -209.44 15000 0.256 14963.613 0.252 -0.253 2000

DP 48 -314.16 250 0.258 249.901 0.013 -0.013 3000

DP 55 -314.16 350 0.262 349.837 0.017 -0.017 3000

DP 56 -314.16 450 0.264 449.758 0.021 -0.021 3000

DP 72 -209.44 5000 0.298 4988.622 0.141 -0.141 2000

DP 73 -209.44 10000 0.306 9976.185 0.204 -0.204 2000

Blade-Hub Gap 1, 6" Dia
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Rot. [rad/s] Pin [Pa] Torqure [N/m] PI [Pa] MFRI [kg/s] MFRO [kg/s] Rot. [RPM] Tor [Nm]

Name P61 P62 P63 P64 P65 P66 P61 + RPM P63

DP 78 -26 15000 -2.365 14827.246 0.549 -0.548 248 2.3654

DP 74 -52.35 15000 -2.241 14825.938 0.551 -0.549 500 2.2406

DP 66 -104.72 15000 -2.016 14819.663 0.561 -0.561 1000 2.0158

DP 81 -26 10000 -1.558 9885.352 0.447 -0.448 248 1.5582

DP 70 -209.44 15000 -1.476 14809.392 0.577 -0.576 2000 1.4756

DP 77 -52.35 10000 -1.443 9884.146 0.450 -0.450 500 1.4428

DP 69 -104.72 10000 -1.243 9879.184 0.459 -0.460 1000 1.2427

DP 73 -209.44 10000 -0.808 9871.652 0.473 -0.474 2000 0.8076

DP 80 -26 5000 -0.747 4943.142 0.315 -0.315 248 0.7469

DP 76 -52.35 5000 -0.680 4940.713 0.322 -0.321 500 0.6801

DP 68 -104.72 5000 -0.530 4938.414 0.328 -0.328 1000 0.5297

DP 72 -209.44 5000 -0.179 4934.733 0.338 -0.338 2000 0.1789

DP 79 -26 1000 -0.126 988.207 0.144 -0.144 248 0.1259

DP 75 -52.35 1000 -0.093 988.015 0.145 -0.145 500 0.0932

DP 57 -13 250 -0.029 247.182 0.070 -0.070 124 0.0293

DP 62 -26 250 -0.021 247.081 0.071 -0.071 248 0.0210

DP 58 -13 150 -0.015 148.338 0.054 -0.054 124 0.0155

DP 67 -104.72 1000 -0.014 987.352 0.149 -0.149 1000 0.0137

DP 65 -52.35 350 -0.013 345.779 0.086 -0.086 500 0.0132

DP 63 -26 150 -0.009 148.262 0.055 -0.055 248 0.0090

DP 59 -13 75 -0.006 74.190 0.038 -0.038 124 0.0060

DP 46 -52.35 250 -0.002 246.976 0.073 -0.073 500 0.0023

DP 64 -26 75 -0.001 74.147 0.039 -0.039 248 0.0009

DP 60 -52.35 150 0.007 148.200 0.056 -0.056 500

DP 61 -52.35 75 0.012 74.122 0.039 -0.039 500

DP 52 -104.72 550 0.031 543.003 0.111 -0.111 1000

DP 51 -104.72 450 0.038 444.264 0.100 -0.100 1000

DP 50 -104.72 350 0.044 345.537 0.088 -0.088 1000

DP 49 -104.72 150 0.053 148.774 0.046 -0.046 1000

DP 45 -104.72 250 0.054 246.868 0.074 -0.074 1000

DP 47 -209.44 250 0.177 248.094 0.058 -0.058 2000

DP 53 -209.44 350 0.187 347.151 0.071 -0.071 2000

DP 54 -209.44 450 0.199 446.201 0.081 -0.081 2000

DP 71 -209.44 1000 0.204 986.721 0.152 -0.152 2000

DP 48 -314.16 250 0.377 248.313 0.054 -0.054 3000

DP 55 -314.16 350 0.387 347.489 0.066 -0.066 3000

DP 56 -314.16 450 0.396 446.607 0.077 -0.077 3000

Blade A (short), 6" Dia
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Rot. [rad/s] Pin [Pa] Torqure [N/m] PI [Pa] MFRI [kg/s] MFRO [kg/s] Rot. [RPM] Tor [Nm]

Name P67 P68 P69 P70 P71 P72 P67 + RPM P69

DP 78 -26 15000 -2.420 14819.514 0.561 -0.551 248 2.4197

DP 74 -52.35 15000 -2.305 14818.419 0.563 -0.554 500 2.3048

DP 66 -104.72 15000 -1.989 14815.985 0.566 -0.567 1000 1.9886

DP 81 -26 10000 -1.580 9881.874 0.454 -0.450 248 1.5800

DP 77 -52.35 10000 -1.475 9881.109 0.456 -0.456 500 1.4745

DP 70 -209.44 15000 -1.458 14804.159 0.584 -0.574 2000 1.4583

DP 69 -104.72 10000 -1.234 9877.932 0.462 -0.464 1000 1.2338

DP 73 -209.44 10000 -0.786 9869.448 0.477 -0.475 2000 0.7859

DP 80 -26 5000 -0.760 4943.876 0.313 -0.321 248 0.7596

DP 76 -52.35 5000 -0.682 4941.536 0.320 -0.323 500 0.6825

DP 68 -104.72 5000 -0.520 4938.804 0.328 -0.330 1000 0.5205

DP 72 -209.44 5000 -0.171 4936.421 0.335 -0.337 2000 0.1712

DP 79 -26 1000 -0.128 988.837 0.140 -0.144 248 0.1283

DP 75 -52.35 1000 -0.087 987.957 0.146 -0.145 500 0.0865

DP 57 -13 250 -0.029 247.165 0.070 -0.070 124 0.0286

DP 62 -26 250 -0.020 247.063 0.072 -0.072 248 0.0201

DP 58 -13 150 -0.015 148.330 0.054 -0.055 124 0.0152

DP 67 -104.72 1000 -0.013 987.302 0.149 -0.149 1000 0.0128

DP 65 -52.35 350 -0.012 345.743 0.086 -0.086 500 0.0116

DP 63 -26 150 -0.008 148.247 0.055 -0.055 248 0.0084

DP 59 -13 75 -0.006 74.186 0.038 -0.038 124 0.0057

DP 46 -52.35 250 -0.001 246.944 0.073 -0.073 500 0.0014

DP 64 -26 75 -0.001 74.138 0.039 -0.039 248 0.0006

DP 60 -52.35 150 0.009 148.178 0.057 -0.057 500

DP 61 -52.35 75 0.012 74.116 0.039 -0.039 500

DP 52 -104.72 550 0.030 542.856 0.111 -0.111 1000

DP 51 -104.72 450 0.036 444.127 0.101 -0.101 1000

DP 50 -104.72 350 0.043 345.457 0.089 -0.089 1000

DP 45 -104.72 250 0.048 246.793 0.075 -0.075 1000

DP 49 -104.72 150 0.058 148.620 0.049 -0.049 1000

DP 47 -209.44 250 0.160 248.019 0.059 -0.059 2000

DP 53 -209.44 350 0.176 347.084 0.071 -0.071 2000

DP 71 -209.44 1000 0.193 986.648 0.153 -0.153 2000

DP 54 -209.44 450 0.195 446.189 0.082 -0.082 2000

DP 48 -314.16 250 0.326 248.178 0.056 -0.056 3000

DP 55 -314.16 350 0.336 347.334 0.068 -0.068 3000

DP 56 -314.16 450 0.348 446.434 0.079 -0.079 3000

Rep. Hanna, 6" Dia
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Rot. [rad/s] Pin [Pa] Torqure [N/m] PI [Pa] MFRI [kg/s] MFRO [kg/s] Rot. [RPM] Tor [Nm]

Name P73 P74 P75 P76 P77 P78 P73 + RPM P75

DP 78 -26 15000 -6.870 14817.800 1.117 -1.117 248 6.8697

DP 74 -52.35 15000 -6.102 14813.905 1.128 -1.128 500 6.1022

DP 66 -104.72 15000 -4.588 14807.606 1.147 -1.147 1000 4.5882

DP 81 -26 10000 -4.434 9878.801 0.911 -0.911 248 4.4342

DP 77 -52.35 10000 -3.808 9876.191 0.920 -0.920 500 3.8083

DP 69 -104.72 10000 -2.565 9871.265 0.939 -0.939 1000 2.5647

DP 80 -26 5000 -2.069 4939.563 0.643 -0.644 248 2.0690

DP 76 -52.35 5000 -1.632 4937.855 0.652 -0.652 500 1.6316

DP 70 -209.44 15000 -1.030 14799.128 1.172 -1.172 2000 1.0304

DP 68 -104.72 5000 -0.664 4934.920 0.667 -0.668 1000 0.6641

DP 79 -26 1000 -0.293 987.956 0.287 -0.287 248 0.2929

DP 75 -52.35 1000 -0.072 987.399 0.294 -0.294 500 0.0722

DP 57 -13 250 -0.069 247.113 0.141 -0.141 124 0.0695

DP 58 -13 150 -0.032 148.267 0.109 -0.109 124 0.0317

DP 62 -26 250 -0.016 246.959 0.144 -0.144 248 0.0165

DP 59 -13 75 -0.007 74.135 0.077 -0.077 124 0.0066

DP 63 -26 150 0.015 148.180 0.112 -0.112 248

DP 64 -26 75 0.039 74.146 0.076 -0.077 248

DP 61 -52.35 75 0.125 74.299 0.069 -0.069 500

DP 65 -52.35 350 0.132 345.654 0.173 -0.173 500

DP 46 -52.35 250 0.157 247.107 0.141 -0.141 500

DP 60 -52.35 150 0.157 148.535 0.100 -0.100 500

DP 49 -104.72 150 0.454 148.767 0.092 -0.092 1000

DP 45 -104.72 250 0.493 247.594 0.128 -0.128 1000

DP 50 -104.72 350 0.523 346.407 0.157 -0.157 1000

DP 51 -104.72 450 0.557 445.318 0.179 -0.179 1000

DP 52 -104.72 550 0.607 544.351 0.197 -0.197 1000

DP 67 -104.72 1000 0.624 987.893 0.288 -0.288 1000

DP 73 -209.44 10000 0.685 9865.215 0.960 -0.960 2000

DP 53 -209.44 350 1.676 347.593 0.128 -0.128 2000

DP 47 -209.44 250 1.688 248.406 0.104 -0.104 2000

DP 54 -209.44 450 1.706 446.648 0.152 -0.152 2000

DP 71 -209.44 1000 1.981 989.906 0.263 -0.263 2000

DP 72 -209.44 5000 2.249 4934.418 0.670 -0.670 2000

DP 55 -314.16 350 3.793 347.527 0.130 -0.131 3000

DP 48 -314.16 250 3.817 247.678 0.126 -0.126 3000

DP 56 -314.16 450 4.038 447.155 0.140 -0.140 3000

Blade A (short), 51 Blades


image59.emf
Available

Rot. [rad/s] Pin [Pa] Torqure [N/m] PI [Pa] MFRI [kg/s] MFRO [kg/s] Rot. [RPM] Tor [Nm]

Name P79 P80 P81 P82 P83 P84 P798+RPM P81

DP 78 -26 15000 -0.325 14993.869 0.205 -0.205 248 0.3254

DP 81 -26 10000 -0.137 9995.981 0.166 -0.166 248 0.1368

DP 59 -13 75 0.014 74.983 0.011 -0.011 124

DP 58 -13 150 0.018 149.961 0.016 -0.016 124

DP 57 -13 250 0.021 249.928 0.022 -0.022 124

DP 64 -26 75 0.036 74.985 0.010 -0.010 248

DP 80 -26 5000 0.041 4998.058 0.115 -0.115 248

DP 63 -26 150 0.042 149.965 0.015 -0.015 248

DP 62 -26 250 0.047 249.937 0.021 -0.021 248

DP 79 -26 1000 0.072 999.659 0.048 -0.048 248

DP 61 -52.35 75 0.120 74.984 0.010 -0.010 500

DP 60 -52.35 150 0.123 149.967 0.015 -0.015 500

DP 46 -52.35 250 0.134 249.942 0.020 -0.021 500

DP 65 -52.35 350 0.141 349.912 0.025 -0.025 500

DP 75 -52.35 1000 0.174 999.710 0.045 -0.045 500

DP 74 -52.35 15000 0.242 14993.867 0.205 -0.205 500

DP 76 -52.35 5000 0.294 4998.067 0.115 -0.115 500

DP 77 -52.35 10000 0.302 9995.973 0.166 -0.166 500

DP 49 -104.72 150 0.433 149.985 0.010 -0.010 1000

DP 45 -104.72 250 0.436 249.972 0.014 -0.014 1000

DP 50 -104.72 350 0.460 349.914 0.024 -0.024 1000

DP 51 -104.72 450 0.464 449.881 0.029 -0.028 1000

DP 52 -104.72 550 0.474 549.852 0.032 -0.032 1000

DP 67 -104.72 1000 0.520 999.720 0.044 -0.044 1000

DP 68 -104.72 5000 0.746 4998.224 0.110 -0.110 1000

DP 69 -104.72 10000 0.963 9996.073 0.164 -0.164 1000

DP 66 -104.72 15000 1.071 14993.919 0.204 -0.204 1000

DP 47 -209.44 250 1.311 249.988 0.009 -0.009 2000

DP 53 -209.44 350 1.516 349.974 0.013 -0.013 2000

DP 54 -209.44 450 1.596 449.959 0.017 -0.017 2000

DP 71 -209.44 1000 1.702 999.866 0.030 -0.030 2000

DP 72 -209.44 5000 2.089 4998.416 0.104 -0.104 2000

DP 73 -209.44 10000 2.293 9996.690 0.151 -0.151 2000

DP 70 -209.44 15000 2.626 14994.607 0.192 -0.192 2000

DP 48 -314.16 250 2.850 249.993 0.007 -0.007 3000

DP 55 -314.16 350 2.873 349.988 0.009 -0.009 3000

DP 56 -314.16 450 2.882 449.980 0.011 -0.011 3000

Blade-Hub Gap 2
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