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ABSTRACT
This paper presents a design methodology of a high performance Low Pressure Turbine (LPT) for turbocompounding applications to be used in a 1.0L "cost-effective, ultra-efficient heavily downsized gasoline engine for a small and large segment passenger car". Under this assumption, the LPT was designed to recover the latent energy of discharged exhaust gases at low pressure ratios (1.05 - 1.3) and to drive a small electric generator with a maximum power output of 1.0 kW. The design speed was fixed at 50,000 rpm with a pressure ratio, PR of 1.08. Commercially available turbines are not suitable for this purpose due to the very low efficiencies experienced when operating in these pressure ratio ranges. By fixing all the LPT requirements, the turbine loss model was combined with the geometrical model to calculate preliminary LPT geometry. The LPT features a mixed-flow turbine with a cone angle of 40˚ and 9 blades, with an inlet blade angle at radius mean square of +20˚. The exit-to-inlet area ratio value is approximately 0.372 which is outside of the conventional range indicating the novelty of the approach.  A single passage Computational Fluid Dynamics (CFD) model was applied to optimize the preliminary LPT design by changing the inlet absolute angle. The investigation found the optimal inlet absolute angle was 77˚. Turbine off-design performance was then predicted from single passage CFD model. A rapid prototype of the LPT was manufactured and tested in Imperial College turbocharger testing facility under steady-state and pulsating flow. The steady-state testing was conducted over speed parameter ranges from 1206 rpm/K0.5 to 1809 rpm/K0.5. The test results showed a typical flow capacity trend as a conventional radial turbine but the LPT had higher total-to-static efficiency,  in the lower pressure ratio regions. A maximum total-to-static efficiency,  of 0.758 at pressure ratio, PR≈1.1 was found, no available turbines exist in this range as parameters. A validation of the predicted single passage CFD analysis for the off-design performance against the LPT test result found a minimum total-to-static efficiency Standard Deviation of ±0.026 points for the speed parameter of 1507 rpm/K0.5. A minimum Mass Flow Parameter Standard Deviation of ±0.091 kg/s.K0.5.bar is found at 1206 rpm/K0.5. 
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INTRODUCTION
In 2010, global transport sector consumed approximately 50 quadrillion Btu of primary energy including hydrocarbon fuels. The cumulative energy consumption for transportation sector from 2010 to 2035 is expected to be increased by 0.2% per year and subsequently in 2035 the total energy consumed will approximately be 52 quadrillion Btu [1]. Despite the higher demand for energy, the amount of primary energy resource is declining and the oil fuel reserve is depleting at faster pace than before. By 2035, oil price is expected to climb to $200 per barrel. Thus, the impact of high fuel price is significant in heat engine energy conversion. Essentially, the energy conversion technique must be improved for long-term energy sustainability [2]. This can be achieved by improving energy conversion efficiency including that of energy recovery systems such as turbocompounding [3 – 6], organic Rankine cycles [7], and thermoelectric generators [8].
Turbocompounding for Energy Recovery
Turbocompounding systems can be divided into two main categories; mechanical and electrical. The former feeds back the excess energy recovered directly to the engine crankshaft whereas the latter uses the recovered energy in order generate electricity which can be used to power electric auxiliaries present in a vehicle or to recharge battery packs. Energy storage, power-on-demand capability, high flexibility and relatively low implementation costs are amongst the main benefits of electric turbocompounding as compared to the mechanical counterpart which requires a fixed ratio reduction gearbox to supply the recovered energy back to the engine. Electric turbocompounding is also favourably seen by automotive manufacturers which are pushing towards electrification of powertrain and which can be contemplated as a bolt-on solution as part of the engine .

The amount of the exhaust available energy recovery can be analyzed using an ideal Otto Pressure-Volume cycle for a boosted four-stroke engine as shown in Figure 1. The net indicated work is the summation of the gross indicated work (area 2-3-4-5-2) and the net pumping work (area 2-6-7-1-2). The net pumping work is the exchange of exhaust gas work (area 6-7-8-9-6) and the induction work (area 1-2-9-8-1). In the boosted ICE, due to higher intake pressure than ambient, the net pumping work is positive and it increases the indicated power. When the exhaust valve opens (point 5 in Figure 1), the maximum available exhaust energy can be represented by two areas:  the exhaust gas energy (area 6-7-8-9) and the blow-down energy (area 5-10-9-5). The high exhaust pressure expands in the main turbine (5-11). Therefore, the remaining exhaust gas pressure which could be expanded in the second turbine goes from point 11 to 10, and the available energy for the secondary turbine can be represented by area (11-10-8-14-11). 
[image: ]
Figure 1: Exhaust Available Energy

The present research is part of the HyBoost project (Hybridised Boosted Optimised System with Turbocompounding) funded by the UK Technology Strategy Board (TSB). The main objective of the project is to deliver a prototype vehicle to reduce carbon emissions from 169.0 g/km to 99.7 g/km by integrating several existing technologies. 
As an additional device for engine performance, electric turbocompounding was also contemplated as part of the HyBoost project. The operational constraint for electric turbocompounding is mainly due to the electrical machine which needs to run at an optimum speed in order to operate efficiently. In heavily downsized engines, such a requirement is particularly difficult to achieve due to transient conditions typical of a driving cycle and to the fact that at part load (less than 1500 rpm), the pressure ratio, PR available in the exhaust gas of less than 1.3 bar (after expanding in the main turbocharger) is quite low. In this operating range, a conventional turbine would be operating with 40% less efficiency. This calls for a bespoke turbine which is designed to operate optimally at low PR regions. 
Low Pressure Turbine
If the configuration shown in Figure 2 is going to be adopted for turbocompounding, one can expect low energy available in the exhaust gases since most of the expansion occurs in the turbocharger turbine. Hence the second turbine (LPT) has to be operated at lower pressure conditions. In a small car segment the mass flow rate of the exhaust gases is in the range of 0.02 kg/s to 0.1 kg/s and the available pressure at the main turbine exit is approximately 1.05 bar to 1.3 bar. At such low pressures and mass flow rates, commercially available turbines fail to provide an adequate response thus justifying the need for a high performance LPT design to fill the existing technology gap [9-12]. Zhao et al. attributed the poor performance of LPTs at low pressure ratios to high entropy generation rates on the pressure surface due to flow separation at such low load conditions [13].

The development of a high performance turbine at lower pressure ratios region is important to minimise the back pressure in the Internal Combustion Engine (ICE) so that it will benefit the turbocompounding application. This paper presents a method in which a high efficiency and low pressure turbine can be designed for turbocompounding applications. 
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Mixed Flow Turbine
The main difference between a mixed flow turbine and radial turbine is the cone angle . For a radial turbine, the cone angle is at 90 ° so that radial fibre material element can be maintained. Therefore, camber angle, ϕ must be set at zero degrees so that the bending stress limitation can be optimised. On the other hand, ϕ is not limited to 0 in the mixed flow turbine because the cone angle is not set at 90°. As a result, the mixed flow turbine can have a back swept leading edge. This was found by Palfreyman and Martinez-Botas [14] to improve the secondary flow distribution while maintaining the mechanical strength capability. 
A key advantage of a mixed flow turbine is its better performance at lower velocity ratios as compared to radial turbines, thus allowing it to utilize the exhaust gas pulse energy more effectively [1513].
1.1 Mean-line Modelling
One of the earliest numerical models for predicting the turbine loss correlation for a radial turbine was documented by Futral and Wesserbauer [16] in 1965. They developed a computer code to predict the off-design performance of radial turbines under steady state flow with the input of the radial turbine geometry and dimensions. The proposed mathematical modelling gave a good agreement with the experimental results at off-design conditions. Rohlik [17] also used the mean-line model to optimize off-design performance for a radial turbine. Five turbine losses were considered: stator loss, rotor loss, tip-clearance loss, windage loss and exit loss. 
Chen and Baines [18] also developed an optimization procedure for the preliminary design stage of radial and mixed flow turbines, t-s. It aimed at obtaining the best possible efficiency by reducing the energy loss of the turbine. The method proved to be applicable to many radial turbines even though its drawback lied in the fact relative flow angle at inlet to the volute had to be set at 90˚ in order to solve their mathematics. As a result, the method could not be applied to turbines with operating conditions different than 90˚ flow angle. In addition, the analytical optimization of the model only considered the internal passage loss and exit loss without taking incidence loss into account.
The incidence loss, Li was not included in mean-line modelling until 1983 when Meitner and Glassman [19] evaluated off-design performance of back swept radial turbines. Unlike conventional radial turbines which are designed with zero inlet blade angle (βbl,3=0), back swept radial turbines present a variable inlet blade angle which enables the inlet relative flow angle, β3 to be close to the optimum incidence angle, i ( it was experimentally found to lie between -20˚ - 40˚ [20]).     
Additional research on mean-line modelling was carried out by Zhuge et al. [21] who developed a computer simulation to simulate centrifugal compressor and radial turbine under steady flow conditions. The simulation achieves good agreement with experimental data. Ghasemi et al. [22], Hajilouy et al. [23], Romagnoli et al. [24] and Shahhosseini et al. [25] used mean-line model to predict the performance of a twin-entry turbine (circumferentially divided). The models were able to generate the efficiency curves for a twin-entry turbine under partial admission with modified loss coefficients for friction, clearance and blade loading of single entry turbines. 
A mean-line model is developed and presented in this paper, for a high performance LPT suitable for turbocompounding applications.
Computational Fluid Dynamics (CFD)
Since the 1960’s computational capability has rapidly developed and CFD became an essential tool in the turbine design process to predict the flow characteristics and turbine performance. Karamanis et. al [26] shows that 3-D CFD flow field analysis has a significant agreement with the experimental measurements if a refined meshing is used. The refined meshing CFD is usually carried out on a high capability computer. 
[bookmark: _Toc257651511][bookmark: _Toc307245427][bookmark: _Toc329089182]The continuous development of more powerful processors made the use of 3-D CFD analysis easier to handle so that the turbine performance optimization can be done easily. Walkingshaw et. al [27] reported a single passage CFD analysis used to optimize off-design performance for non-radial turbine. The application of the single passage CFD has shown that the non-radial turbine improves the secondary flow distribution at the turbine inlet. As a result the total-to-static efficiency, t-s and Mass Flow Parameter, MFP was increased up to 1.8% and 1.3%. However, the non-radial turbine has a bending stress limitation. As a result, the application of the non-radial turbine is limited. Barr et al. [28] analysed a 25˚ back swept non-radial turbine using a single passage CFD and obtained 2% total-to-static efficiency, t-s improvement. However, a structural analysis using a commercial Finite Element Analysis (FEA) found the bending stress as much as 23% at the tip of the turbine blade.
A methodology using mean-line modelling, followed by optimisation with 3-D CFD is developed and presented in this paper, for the design of a high-performance low pressure turbine that falls outside the conventional turbine performance range.
DESIGN METHODOLOGY 
The turbine development involves a preliminary design procedure, a performance prediction and turbine testing. The outcome of the preliminary design is to compute the key geometrical features that satisfy the required pressure ratios, power and flow capacity, and the turbine performance is computed using a mean-line model. The obtained turbine performance is not expected to be optimized in this stage due to the simplicity of the mean-line model. Therefore CFD is used to optimize the preliminary turbine design. Once the turbine designer has confidence with the computed results, a turbine prototype is made so that it can physically be tested to validate the computed turbine performance.
Preliminary Design
The basic preliminary LPT design process is described in Figure 3. The design process starts by inputting the requirements: turbine power, turbine speed, pressure ratio and inlet stagnation temperature. The cone angle,  for the mixed-flow turbine was also fixed at 70˚ based on previous designs. The inlet relative angles,  and the exit relative flow angles,  were imposed together with an initial guess of the total-to-static efficiency,  at 0.75 and leading edge hub-to-shroud ratio, v value of 0.5. With the initial values the calculations are iterated till convergence. Then, the calculations were continued with different values of  and. Finally, the preliminary design modelling will produce a set of design space with possible combinations of  and . The design point was selected by assessing possible geometrical configurations that could give the best possible . The 3-D design configurations were defined ensuring radial fibres in the blade material with a constant blade camber-line from hub to shroud. The Bezier polynomial method was chosen to generate the blade geometry curves.  
In order to calculate the preliminary design turbine efficiency, t-s a mean-line model for the LPT was developed and applied. In the mean-line modelling, the inlet and exit velocity triangles are evaluated at the mean radius position. After having determined the flow conditions in the turbine key-stations, the rothalpy equation which is required to correlate the flow condition between the turbine inlet and the turbine exit can be established.
									(1)
where h’03 and h’04 subscripts represent the stagnation enthalpy in the relative frame of reference at the rotor inlet and rotor exit station respectively. P’04 corresponds to the relative stagnation pressure. The relative enthalpy loss, LR is defined as the difference between h’04 and the relative stagnation enthalpy of an isentropic process, h’04,is , and is given below:
     			(2)
In the developed mean-line model, LR is given as the summation of the incidence loss, Li, passage loss, LP, clearance loss, LCl and disc friction loss, Ldf. A correct evaluation of the contribution of each loss to the overall energy extraction process is crucial to obtain an initial performance prediction. 
[bookmark: _Toc336856018][bookmark: _Toc257651520][bookmark: _Toc307245439]3-D Computational Fluid Dynamic Analysis
A single passage 3-D CFD analysis was done in the design process to predict the initial turbine performance and subsequently optimizes the preliminary LPT design by minimising the flow disturbance that enters to the rotor. Several inlet absolute angles,  which range from 71˚ to 81˚, are investigated in the optimization process.
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[bookmark: _Toc336413924]Table 1: Boundary Condition Input
	
	Mass Flow Rate
	Meridional Velocity
	Tangential Component
	Inlet Absoulte angle, a3

	Inlet Boundary
	0.005547 kg/s
	-13.641 m/s
	64.0694 m/s
	71.5˚



The TurboGrid Mesh Generator in Ansys CFX 12.1 was used to generate the single blade passage mesh. The generated mesh elements include the inlet, passage, turbine blade and outlet. In this model the volute is not included in the domain of the calculation. Figure 4 shows the boundary condition for the computational domain which is divided into 3 hexahedral cells domains; inlet, passage and outlet. The total number of nodes and elements are 129,302 and 117,016 respectively. 
The inlet mass flow rate for the single passage flow is obtained by dividing the design point mass flow by the number of blades, 9. The inlet absolute flow direction was fixed at 71.5˚ as per the preliminary design point.  The inlet boundary conditions are shown in Table 1. The static pressure was fixed at 1.0 bar at the outlet boundary. A constant clearance of 0.25 mm between the rotor turbine and the shroud was set, again as per typical radial turbines. Ideal gas was selected for the working fluid with the total inlet temperature of 1100 K. Thus, the specific heat at constant pressure cp was set at 1533 kJ/(kg.K). The simulation was run for the Root-Mean-Square (RMS) residual target of 0.0001. 
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1.2 [bookmark: _Toc336856017]Turbine Testing
A prototype for the LPT was manufactured and tested at the Imperial College London cold-flow test facility. The turbine wheel was made out of Aluminium Al-6082 with 1.6μm surface finish whereas the turbine volute was made out of polycarbonate material and manufactured by using a 3-D Fused Deposition Modelling machine. The test rig layout is shown in Figure 5. This is a state-of-the-art test facility capable to generate turbine maps three/four times wider than those obtained by using a compressor as loading device. Extensive explanation about the test-facility was previously published by the Imperial College London Turbocharger Research Group [29].  
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LPT PRELIMINARY DESIGN: MEAN-LINE MODELLING & 3-D BLADE GEOMETRY
[bookmark: _Toc336856036]Rotor Inlet Design
Several combinations of the relative inlet and the exit flow angles were assessed in the design process. The correlation of the inlet absolute flow angle,  and the inlet relative angle,  is given by Equation 3.
										(3)
Then, the power ratio, Sw can be determined by using Equation 4. In the preliminary LPT design process, an approximate initial value for the total-to-static turbine efficiency,  of 0.75 was imposed into the calculation of Sw. 
								(4)
After having set the initial design conditions, the main intention now is to solve the velocity triangle at the turbine inlet. Whitfield and Baines [30] have shown that the minimum inlet absolute velocity C3 is detained when Equation 5 is satisfied. 
										(5)
Keeping Sw constant, several possible angles β3 that range from -30˚ to -40˚ were analyzed. Once the velocity triangles were found, the blade loading,  and the flow coefficient,  calculations are collated.   is then obtained from the well-established correlation given in Figure 6 [31]. The optimum efficiency region occurs for the flow coefficients in the range of 0.1 to 0.3 and blade loading coefficients between 0.7 and 1.1. A typical range of flow coefficients for a radial rotor is between 0.25 and 0.38 which corresponds to  to be in the range of 65˚ to 75˚. 
The solution of the inlet velocity triangle gives the preliminary value for the inlet radius at the radius mean square of the mixed flow turbine r3,rms. The turbine rotational speed N is fixed at 50,000 rpm for the design point giving the blade speed: 
   										(6)

[bookmark: _Ref448764623]Figure 6: Superimposed of the Calculated Data to the Empirical Data of Blade Loading,  and Flow Coefficient, 
The turbine inlet area A3 is calculated from the inlet meridional velocity Cm3. The inlet flow was assumed to be normal to the mixed flow turbine blade leading edge. Thus, the turbine inlet area A3 can be found from continuity:
   											(7)
The mass flow rate  is determined from Sw of Equation 4. Therefore, the inlet radius at the hub and shroud can be determined from equations 8 and 9, where γ was set at 70˚. r3,s and r3,h are the inlet radius at the shroud and hub. 
   								(8)
   									(9)
The number of blades Zb is determined by using the Glassman’s relation [32]:
									(10)
[bookmark: _Toc336856038]Rotor Outlet Design
The turbine discharge is assumed to have no swirl, therefore the exit absolute angle, a4 is zero. This assumption simplified the exit velocity triangle so that it can be solved in the design process. The design of the rotor exit area is determined by correlating the non-dimensional mass flow rate at the turbine inlet, θ3 and at the exit, θ4 of the rotor. The inlet to exit area ratio is given by: 
										(11)
The variation of A4/A3 with  is shown in Figure 7. From this figure it can be seen that A4/A3 varies in the range of 0.36 to 0.4 against. The typical value of A4/A3 for a conventional turbine is in the range of 0.75 to 1.1. Table 2 shows a comparative study of conventional turbines and their design values. It is clear that the design point for a LPT is outside of the conventional range. The correlation of the inlet and the exit turbine geometrical blade is given by Whitfield and Baines [30] in Equation 12. The exit-to-inlet area ratio given by Equation 11 is substituted into Equation 12.
								(12)

[bookmark: _Ref448764692]Figure 7: Variation of r4,tip/r3,rms to A4/A3 at Different Blade Numbers, ZB
[bookmark: _Toc306360419][bookmark: _Toc336856713]Table 2: Conventional Turbine Area Ratio and Design Efficiency
	
	A4/A3
	Design Efficiency
	Design Speed (rpm)
	PR

	Turbine A: Medium Capacity
	0.9
	84 %
	98,000
	1.6

	Turbine B: Smaller Capacity
	0.8
	72 %
	160,000
	2.0

	Turbine C: Higher Capacity
	1.1
	80 %
	60,000
	2.0

	LPT (Preliminary Design)
	0.37
	64.5%
	50,000
	1.1



From Equation 12, it is clear that the choice of v not only influences the exit geometry, but also the rotor inlet blade span. The value of v is solved iteratively from Equations 7 to 12. A suitable geometrical configuration is selected as a compromise between aerodynamic performance and manufacturability. A larger  increases the turbine swirl, producing higher exit loss, and also creates a large turning of the fluid flow over a short blade chord that increases the amount of secondary flow and contributes to larger entropy generation. Therefore, a larger value of  is not suitable for the current turbine design due to the smaller operating range and the short blade chord length. 
[bookmark: _Toc336856030]Turbine Losses
A nozzleless configuration for the LPT was chosen since it is cheaper and easier to manufacture.  The losses occurring within the volute can be divided into total pressure loss, wall friction and blockage at the exit to the volute [20]. The total pressure loss coefficient is given by:
										 	(13)
The typical values for this coefficient fall between 0.1 and 0.3 [20]. In this paper, the KPL value of 0.1 has been used based on comparison with experimental overall performance. 
As earlier mentioned, the relative stagnation enthalpy loss, LR is the summation of four major losses that occur in the turbine rotor. The incidence angle, i is the angle between the blade angle, bl3 and the relative angle, 3. The four major losses are detailed here:
i. Incidence loss, Li refers to any loss associated with turning the working fluid from its direction of approach to the direction required by the blade passage. Mizumachi et al. [33] proposed a mathematical model to calculate incidence loss, Li. 
								(14)
For 
							(15)
For 
In the above equation, b3 and iopt are the blade angle at root mean square radius, r3,rms and the optimum incidence angle, respectively. The estimation of the optimum incidence angle, iopt was obtained from the equation which is proposed by Chen et al. [18], shown in Equation 16.
									(16)
ii. Passage loss, LP, is a combination of friction and secondary flow effects in the rotor [20, 30]. The passage loss is modelled as the function of the average kinetic energy (relative velocity) of the turbine inlet and exit and is given in Equation 17:
									(17)
where KP is the passage loss coefficient and must be determined by comparison with the experiment results.
iii. Tip clearance loss, LCl, is caused by the existence of a clearance gap between the rotor and the shroud.  The flow is driven by the pressure difference between the suction and pressure surface. Kammeyer et al. [34] showed that this effect accounted for as much as 7% of the turbine total-to-static efficiency, t-s. In this paper, an empirical model that was suggested by Japikse and Baines [20] was used and it is shown in Equations 18 and 19.
										(18)
										(19)
where εr is radial clearance, lr is the length of radial clearance and KCl is clearance loss coefficient which the value is 1.5 as suggested by Whitfield and Baines [30].
iv. Disc friction loss, Ldf is due to the windage in the back face of the turbine rotor. Equation 20 was used to calculate the disc friction loss, Ldf [16].   
										(20)
where,  is the fluid dynamic viscosity at station 3. 
Finally, the relative stagnation enthalpy loss is the summation of all the rotor losses:
									(21)
Four rotor losses given in Equations 14 to 21 are applied to calculate the total-to-static turbine efficiency, t-s. The calculated t-s in this equation is substituted into Equation 2 and it was iterated until it converged. The t-s and the exit hub-to-shroud ratio were iterated until the convergence values were achieved at 0.0001.
[bookmark: _Toc336856039]Design Selection
A study of t-s with the exit relative flow angle, 4 shows that t-s increases as 4 increases. Thus, 4 should be set as high as possible. However, the selection of 4 must consider other parameters such as the hub-to-shroud ratio at the trailing edge, v and the inlet-to-exit radius ratio r4,s/r3,rms. A bigger 4 acquires a larger value of r4,s/r3,rms  which leads to a larger hub diameter and it will increase in the inertia of the wheel. In contrast, a smaller value for r4,s/r3,rms  increases the blade height and reduces t-s. Moreover, it causes the blades to be crowded together at the hub exit and reduces the exit area, so the turbine operating range would be limited. Therefore, an optimum value of -45˚ was chosen for 4, with corresponding r4,s/r3,rms and v values of 0.75 and 0.5, respectively. The final configuration is summarised in Table 3. To complete the design, a generation of a 3-D LPT geometrical configuration is needed. 
[bookmark: _Toc306360420][bookmark: _Toc336856714]Table 3: Turbine Configuration and Performance at Design Point
	LPT

	Number of Blades, Z                                                                         
	9

	Leading Edge Root Mean Square Radius, r3,rms                       
	30.1 mm

	Trailing Edge Tip Radius, r4                                                       
	22.7 mm

	Cone angle,                                                                                    
	20°

	Absolute Inlet Angle
	71°

	Inlet Blade Angle, bl                                                                   
	varied

	Rotor blade length, l                                                                  
	33.5 mm

	Turbine Power, Wact
	1 kW

	Turbine Speed, N
	50,000 RPM

	Turbine total-to-static efficiency, ht-s
	0.645

	Velocity Ratio, VR
	0.62

	Pressure ratio, PR
	1.1

	Mass Flow Parameter, MFP
	1.505 (kg.K0.5)/bar

	Turbine inlet temperature, T01
	1100 K


[bookmark: _Toc336856040]3D Blade Configuration
A 4th degree Bezier polynomial curve is used to define seven meridional blade profiles starting from the hub up to the shroud for the computed geometrical configuration, as shown in Figure 8.

[bookmark: _Ref448765122][bookmark: _Toc336856768]Figure 8: Meridional Blade Profiles
A projection of the camberline curvature from the reference cylinder radius, rref on the blade meridional profiles defines the radial fibre element in the mixed-flow turbine where a similar cylinder curvature at all the projected radii is created. The 4th degree Bezier Polynomial generates a camberline curvature on the leading edge tip radius, r3,s, which is the reference cylindrical radius, rref.. The polynomial equations for the camberline are shown in Equations 22 and 23. 
		(22)
		(23)
Where, z and θ is the axial and tangential cylindrical coordinate position, respectively. Figure 9 shows the camberline curvature projected on the  – z plane at the cylindrical reference radius. 

[bookmark: _Ref448765358]Figure 9: Camberline Angle at Reference Radius
Figure 10 shows the blade angle distribution on each meridional curvature (refer to Figure 8). From the Figure 10 the inlet blade angle βbl at the leading edge is in the range of 37˚ to -23˚. The blade angle at the leading edge r3,rms is fixed at +20˚ and the inlet relative angle,  is set at -38ᶱ giving an incidence angle, i of -58˚. Yeo and Baines [35] deduced empirically using a L2F laser Beam velocimeter that the most uniform flow distribution for i is in the range of -40˚ to -20˚. Therefore, the secondary flow would be minimized. This incidence angle is not best matched with the inlet turbine rotor requirement. The optimization of the incidence angle to minimize the flow disturbance at the leading edge will be discussed in the next section. 
The blade thickness distribution along the meridional profile is a compromise between mechanical strength and aerodynamics performance. The blockage factor B provides a guide for the blade thickness distribution calculation. B is calculated from Equation 24 and is 0.07 in this case. The blade thickness distribution from the shroud to the hub is shown in Figure 11. The application of the 4th degree Bezier Polynomial helps to generate a smooth blade thickness distribution curvature. The vertical axis shows the normalized radius where the value 1.0 and 0 is the location of the thickness at the shroud and the hub of the blade, respectively. The maximum thickness is 6.75 mm and the minimum thickness is 1.0 mm. 
									(24)

[bookmark: _Ref448765381]Figure 10: Blade Angle β3 Distribution on Each Meridional Curvature
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[bookmark: _Ref448765424]Figure 11: Blade Thickness Distribution Curvature
Finally, the radial fibre mixed-flow LPT blade geometry is completed by combining the equidistant suction and pressure profiles into 3-D Computer Aided Drawing (CAD) SolidWorks drawing, shown in Figure 12. 
3-D CFD TURBINE PERFORMANCE EVALUATION
[bookmark: _Toc336856027]Non-dimensional Performance Parameters
Non-dimensional analysis enables turbomachinery designers to simplify the assessment of performance by reducing the number of fundamental variables involved. By using the Buckingham   theorem, and dropping the characteristic dimension, d3, gas constant, R and specific heat ratio, k from the non-dimensional parameters, the performance parameters can be reduced to:
								(25)

The LPT was designed to meet the design operating requirements listed in Table 3. In this section, the optimization of the preliminary LPT design performance using a single passage CFD is discussed. 
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[bookmark: _Toc336413782]Preliminary Design Point Computational Result
Table 4 summarizes the comparison of the turbine performance from the mean-line modelling and the single passage CFD analysis. It can be noticed that the turbine performance predicted from the single passage CFD analysis is slightly lower than the mean-line modelling. 
[bookmark: _Toc336413925]Table 4: Comparison of the Design Point Turbine Performance
	Parameters
	Preliminary Design Point
	CFD Single Passage

	Pressure ratio, PR
	1.1
	1.1

	Velocity ratio, VR
	0.62
	0.64

	Total-to-static efficiency, t-s
	0.645
	0.625

	Mass Flow Parameter, MFP
	1.505
	1.386

	Turbine Power Wact
	1.0 kW
	0.923 kW


[bookmark: _Toc336413783]Optimization of the Design Point Performance
The single passage CFD gave lower than desired t-s of approximately 0.625. The LPT needs to be optimized by studying the impact of the different inlet flow angles, 3, from 71.5˚ to 81˚. Figure 13 shows the results of the CFD analysis where the absolute flow angle 3 is plotted against t-s and .  at the design point was reduced so that the intended pressure ratio, PR is maintained at 1.1. From the Figure 13, it is clear that t-s is significantly increased from 0.625 to 0.693 when 3 increases from 71.5˚ to 77˚, then it then remains flat as 3 is increased beyond 78˚. 
The 3 for a conventional turbine is between 60˚ and 79˚ [30]. A higher value of 3 narrows the operating range of a conventional high power output turbine.  However, the operating range for the LPT is small, thus a higher 3 is acceptable. Figure 14 shows the blade-to-blade velocity vectors along the mean flow stream of the relative velocity vectors for three different flow angles: 71˚, 77˚ and 81˚. It can be noticed that the increment of 3 from 71˚ to 81˚ has increased the turbine blade loading, ψ from 0.716 to 1.269. The incidence angle, i for the LPT moves from -71˚ to +13˚. It can be seen that the more negative the incidence angle is, the bigger disturbance in the region A is found. This condition reduces the pressure difference between the suction and pressure surface on the turbine blade and penalises the turbine work extraction. 

[bookmark: _Ref448765891]Figure 13: Absolute Angle at Inlet, 3 Sensitivity
The turbine work extraction is obtained from the pressure difference between the Pressure Surface (PS) and the Suction Surface (SS). The Figure 14 shows that the increment of the incidence angle has reduced the strength of the inlet relative vector recirculation. Figure 15 (a) to (c) show the static pressure distribution on the turbine blade on the suction and pressure surface at three blade sections for the different 3. Despite the increment in the work extraction at a higher turbine loading, a bigger separation on the suction surface and the leading edge area is observed in the region C and D of the Figure 14. A large separation occurring at approximately up to 5% on the leading edge span has reduced the pressure on the PS surface thus making the blade ineffective at this region. The leading edge of the turbine blade at all blade sections is also ineffective when the flow angle is at 71˚. A large disturbance propagates from the leading edge to 0.25 of the blade chord ratio; this is due to the flow separation on the suction surface as it can be observed in the Figure 15 (b). The separation has increased the pressure difference which is reduced above the chord region of 0.25. The 71˚ flow angle has shown a better pressure difference distribution at the hub which results in a better energy extraction in this region. The Figure 15 (a) to (c) also shows that the energy extraction is much bigger at the higher radii (tip) but less at the lower radii (hub). The single passage flow field and the t-s analysis show that the optimized 3 should be at 77˚. A compromise between the recirculation of the relative flow vector and the turbine blade loading was found at this value.
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(a) Pressure Distribution on the Blade Mean Section

(b) Pressure Distribution on the Blade Hub Section


(c) Pressure Distribution on the Blade Tip Section
[bookmark: _Ref448765954]Figure 15 (a)-(c): Pressure Distribution on the Blade Section
[bookmark: _Toc336413784]Single Passage Off-design Turbine Performance
The single passage CFD analysis for the off-design steady state LPT performance is studied for 4 different speed parameters: 905 rpm/K0.5, 1206 rpm/K0.5, 1508 rpm/K0.5 and 1809 rpm/K0.5. During the computational work, the inlet total temperature and absolute velocity direction was fixed at 1100K and 77˚, respectively. The variation of the mass flow rates at the inlet boundary simulated the turbine off-design operation for the whole range of the tested speed parameters.
The t-s map is plotted against PR and VR as shown in Figure 16 and Figure 17. From Figure 16, it can be seen that the turbine performance is higher in the low PR region whereas it decreases as the pressure increases. The single passage CFD analysis predicts the maximum t-s of 0.74 at PR = 1.06 and VR = 0.67 for the speed parameter of 1508 rpm/K0.5. For the speed parameter range from 1206 to 1809 rpm/K0.5, the peak efficiency is within 0.03 points of the maximum attained efficiency. From Figure 17, it is apparent that the optimum incidence angle is approximately -36˚ where the maximum t-s is found.  

[bookmark: _Ref448767008]Figure 16: Single Passage CFD Analysis of Total-to-Static Efficiency, t-s vs Pressure Ratio, PR

[bookmark: _Ref448767015]Figure 17: Single Passage CFD Analysis of  Total-to-Static Efficiency, t-s and Incidence Angle, i vs Velocity Ratio, VR
Figure 18 presents the predicted swallowing capacity of the turbine from the single passage computational analysis. The trend is typical for a radial or mixed-flow turbine stage where the swallowing capacity is reduced as the speed parameter is increased. This is due to the centrifugal pressure field that limits the flow coming into the turbine passage as the turbine speed is increased.

[bookmark: _Ref448767145]Figure 18: Single Passage CFD Analysis Mass Flow Parameter, MFP vs Pressure Ratio, PR
[bookmark: _Toc336413816]LPT PERFORMANCE TESTING AND 3-D CFD VALIDATION
[bookmark: _Toc336413817]Total-to-static Efficiency
Figure 19 and Figure 20 show t-s vs. VR and PR for the 3 different speed parameters given. The maximum t-s is approximately 0.758 at VR ≈ 0.650 that is equal to PR ≈ 1.1 at the speed parameter of 1507 rpm/K0.5. Previous mixed-flow turbine testing done by Szymko [36] using a vaneless volute obtained the optimum VR in the range of 0.64 to 0.68. The optimum VR which is approximately 0.65 found in this turbine supports the results obtained by the earlier study. 
The LPT was designed for being installed downstream of the main turbocharger turbine. This means that the LPT will inevitably have an impact on back pressure and therefore on the engine pumping work. The pumping work can be reduced if the back pressure is decreased. Therefore the LPT objective is to operate at higher efficiency in the lower pressure region so to minimize the effects due to back pressure. The results shown in the Figure 20 show that the LPT objective is achieved since it succeeds in providing the maximum efficiency in a very low pressure region (from 1.08 to 1.15) for each speed parameter.
[bookmark: _Toc336413818]Mass Flow Parameter, MFP
The flow capacity of the turbine is presented in Figure 21. It can be seen that the flow capacity shows a trend which is typical of the radial or mixed-flow turbines for which the MFP decreases as the rotational speed increases. At a constant PR a centrifugal pressure field caused by the rotation of the turbine, is responsible for the drop in MFP with increasing speed. As PR is increased the MFP reaches a plateau where the turbine is choked. The choking MFP is approximately 2.0 kg s-1 K0.5 bar-0.5 when PR is above the value of 1.3. 

[bookmark: _Ref448767358]Figure 19: Total-to-Static Efficiency, t-s vs Velocity Ratio, VR

[bookmark: _Ref448767363]Figure 20: Total-to-Static efficiency, t-s vs Pressure Ratio, PR

[bookmark: _Ref448767615]Figure 21: Mass Flow Parameter, MFP vs pressure ratio, PR
[bookmark: _Toc336413824]Comparison of Turbine Performance Between Turbine Testing and CFD Modelling
Besides testing the LPT, its steady state performance characteristics were also estimated by using single passage CFD. Three speed parameters lines (1206 rpm/K0.5, 1507 rpm/K0.5 and 1809 rpm/K0.5) are analysed in this section. 
[bookmark: _Toc336413825]Peak total-to-static efficiency, t-s  
[bookmark: _Toc336413826]The peak turbine performances together with their corresponding velocity ratios are reported in Table 5 for each speed line. It can be seen that the predicted peak t-s from the single passage CFD value are less than the testing result. The maximum t-s was predicted by CFD analysis   (t-s,peak = 0.744) at the VR value of 0.694 for the speed parameter of 1206 rpm/K0.5. This is in slight disagreement with the turbine testing result where the maximum total-to-static efficiency (t-s,peak = 0.758) at VR of 0.657.
[bookmark: _Toc336413936]Table 5: Predicted peak turbine performance for 3 speed parameters 
	Speed Parameter (rpm/K0.5)
	Prediction Technique
	t-s,peak
	VRpeak
	PRpeak

	1206
	Single Passage Blade CFD
	0.744
	0.694
	1.055

	
	Turbine Testing
	0.754
	0.604
	1.108

	1507
	Single Passage Blade CFD
	0.732
	0.679
	1.089

	
	Turbine Testing
	0.758
	0.657
	1.103

	1809
	Single Passage Blade CFD
	0.710
	0.650
	1.142

	
	Turbine Testing
	0.747
	0.664
	1.145


[bookmark: _Toc336413827]Variance and Standard Deviations
The variance is calculated as the square of the difference between the turbine testing results and the predicted results from the single passage CFD modeling.  Equation 26 gives the variance in general form.
 									(26)
Figure 22 (a) and (b) show the variance distribution of the predicted turbine performance from the single passage CFD analysis for three speed parameters. The variance seems to be quite sensitive to the speed parameter and VR and this is shown by the fact that not a clear trend for the variance could be found for the modeling technique. As a general observation, for velocity ratios between 0.45 and 0.7, the distribution of variance for t-s is less than ±0.002 at all speed parameters. Similar considerations as the efficiency can be done for MFP. From Figure 22 (b), it can be noticed that the minimum variance occurs around the design pressure ratio region PR=1.1. 

(a)

(b)
[bookmark: _Ref448767676]Figure 22 (a) and (b): 2 and MFP2 distribution for each Speed Parameters
The standard deviation is calculated using equation (27). 
 								(27)
The calculated mean standard deviations for each speed parameter are summarized in Table 6 for t-s and MFP. The accuracy of the computed turbine efficiencies is in the range of ±0.026 to ±0.039. The largest discrepancy in computing the t-s was found for the mean-line model at the speed parameter of 1206 rpm/K0.5. This is due to the discrepancy between the single passage CFD modeling and the experimental results in the low VR region of the maps. As per the MFP, the standard deviation shows the highest at the design speed parameters, 1507 rpm/K0.5 which is approximately ±0.174 kg.K0.5/bar.
[bookmark: _Toc336413937]Table 6: Total-to-static efficiency Standard Deviation σt-s   and Mass Flow Parameter Standard Deviation MFP
	Speed Parameter (rpm/K0.5)
	σt-s
	MFP

	1206
	±0.039
	±0.091

	1507
	±0.026
	±0.174

	1809
	±0.028
	±0.133


[bookmark: _Toc336413938]
[bookmark: _Toc307245472][bookmark: _Toc336856134]LPT Impact on the Engine Performance
This section discusses the effects of installing LPT on a heavily downsized 1.0L engine. The engine testing was done by running in 2 scenarios. Firstly, the original piping layout of the exhaust system was modified. The exhaust pipe length between the baseline engine and turbocompounding engine are equal. Figure 23(a) shows the 1.0L Ford EcoBoost engine installation on the test bed. Secondly, the LPT loaded by a commercial turbocharger compressor was installed on the engine. Figure 23(b) shows the assembly of the turbocompounding that uses a commercial turbocharger compressor GT2860RS. The engine performance was measured at engine speeds ranging from 1000 rpm to 4000 rpm for full load and part load conditions. The engine testing was conducted in the Ricardo UK ltd, Shoreham Technical Centre engine testing facility. 
[image: ][image: F:\140CANON\IMG_4565.JPG] 
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Figure 23: (a) Heavily downsized 1.0L Ford EcoBoost Installed onto the Dynas3 (Courtesy of Ricardo UK ltd) and (b) Turbocompounding Assembly
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[bookmark: _Toc336856135]

Engine and Test Bed Facility
The testing facility at Ricardo UK ltd is equipped with an eddy current dynamometer type Dynas3. Figure 23 shows the installation of the heavily downsized 1.0L EcoBoost engine onto the dynamometer. The turbocompounded engine testing was accomplished at steady state engine operation. Two engine operating scenarios were accomplished in the engine testing. In the first scenario, the turbocompounding was installed into the engine and then, in order to evaluate the impact of the turbocompounding system (including the ducting and so on) on engine performance, the turbocompounding unit was removed and a new set of engine testing was carried out at similar load and engine rpm. Figure 24 shows the modified piping layout for the exhaust piping. With regards to the first engine scenario, the baseline engine was run at the full and part load steady-state engine operations.       

Figure 25 : Full Load and Part Load Engine Loading Setting and Attained LPT Speed
[bookmark: _Toc307245475][bookmark: _Toc336856141]Engine Result 
The engine was tested at the steady-state operation for the engine speed range of 1000 rpm to 4000 rpm at full load and part load conditions. The engine test conditions are shown in Figure 25. At low engine speeds and a small engine loads, the LPT rotates much lower than its design speed. As soon as the engine load and engine speed is increased, the LPT speed is increased. The butterfly by-pass valve opens when the LPT speed exceeded 50,000 rpm. The by-pass valve percentage of opening is given in Figure 25. It can be seen that, the opening of the by-pass valve is increased from 5% of valve opening to 25% of valve opening as the engine speed and engine load are increased. The maximum brake torque value of 215 Nm was achieved at the engine speed of 2500 rpm in the engine testing. In the baseline engine scenario, the engine was loaded with similar brake loading as shown in Figure 25. The higher engine torque is achieved at the higher combustion temperatures. As a result, if the temperature of the fuel-air mixture exceeds the self-ignition temperature, the mixture will self-ignite, creating unstable pressure waves in the cylinder block which can damage the engine. This phenomenon is known as knock. During the engine testing, the λ value of the engine was reduced to achieve a higher brake torque. The lower λ value delays the fuel-air mixture ignition in the combustion area. 
The measured LPT power from the engine testing is shown in Figure 26 where the turbine actual power is plotted against the Load Ratio, LR for the engine speed range of 1000 rpm to 4000 rpm. LR is equal to 1.0 when the maximum Brake Torque is achieved for the particular engine speed. The load ratio for the engine testing is defined in the Equation 28.   
 								28
where Br.TorqueP.L is the brake torque at part load and Br.TorqueWOT is the brake torque at Wide Open Throttle (WOT). 
The turbine speed was limited at 50,000 rpm by opening the butterfly by-pass valve. The maximum LPT power is limited at 1.3 kW. The turbine power is generated from the hot exhaust gas expansion through the LPT and it is directly proportional to the exhaust gas flow rate. The figure clearly shows that the actual turbine power is increased as the engine LR and engine speed increases.    

Figure 26: LPT Actual Power at Full Load and Part Load
[bookmark: _Toc336856143]LPT Impact on Engine Performance
The power generated by the LPT is directly proportional to the amount of the exhaust flow rate. The impact of the LPT installation on the engine is analyzed by comparing the amount of the recovered energy to the baseline engine Brake Specific Fuel Consumption (BSFC). The BSFC indicates the amount of fuel required producing 1 kW of engine power and it is given by Equation 29. 

(a)						(b)
 
(c)							(d)
(e)							(f)
[bookmark: _Toc336856858]Figure 27 (a)–(f): The BSFC Implication on the Engine
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Where FFR is Fuel Flow Rate (kg/hr) and  is the Brake power (kW).  Figures 27 (a) to (f) show the effect of the LPT on the engine BSFC for the LR condition at various engine speed range between 1000 rpm and 4000 rpm. The figures compare the performance of the downsized engine that was installed with the LPT and the baseline downsized engine at full load and part load condition.   Generally, it can be seen that the BSFC decreases as the engine load ratio increases, attains a minimum value, and then increases at higher engine load ratio. The BSFC increases at the higher engine load ratio because of the higher friction losses. However, at lower engine loading, the engine friction increases the BSFC. The figures also show the ∆%BSFC between the downsized engine with the LPT and the baseline engine. The negative value of the ∆%BSFC indicates a good impact on the engine fuel consumption. At the lower engine loading, less energy is recovered from the exhaust gas. As a result, the ∆%BSFC is less. As soon as the LPT recovers the exhaust energy at higher engine loading, the reduction of the ∆%BSFC is observed. The maximum reduction of 2.6 % of the BSFC is found at full load engine speed of 2500 rpm.    
2 CONCLUSION
This paper describes a development for preliminary LPT design using a mean-line model. The mean-line model was integrated to generate the LPT preliminary design. The model showed the exit-to-inlet area ratio, A4/A3 of 0.372 was considerably less than conventional turbines indicating the novelty of the approach. The LPT geometry at the inlet radius mean square, r3,rms = 0.03m, exit tip radius, r4t = 0.023 m and exit hub radius, r4,h = 0.01 m were computed from the model. The LPT was designed as a mixed flow turbine with the cone angle of 40˚ and contains 9 blades. The inlet incidence angle, i is +20˚at the inlet radius mean square.   The mean-line model computed the LPT preliminary design total-to-static efficiency, t-s of 0.645 at pressure ratio, PR of 1.1. The 3-D rotor blade was generated using a radial fibre element as a requirement to avoid stresses in the plane of the blade material.
In the second section, the turbine total-to-static efficiency, t-s design point was optimised from the preliminary design value of 0.625 to 0.695 by changing design point inlet absolute angle, a3 from 71˚ to 77˚. Also the single passage CFD model was used to predict off-design performance for the LPT speed parameter ranges from 1206 to 1809 rpm/K0.5. The predicted results from the mean-line model and CFD analysis were consistently demonstrated the LPT has a higher performance at the lower pressure ratios region ranges from 1.05 to 1.25. The maximum total-to-static efficiency, t-s of 0.769 is found at velocity ratio, VR approximately of 0.71 for the speed parameter of 1507 rpm/K0.5l.  The predicted Mass Flow Parameter, MFP from the mean-line modelling and the CFD analysis showed a typical trend for a mixed flow turbine.
The LPT steady state turbine testing was conducted at the Imperial College turbocharger turbine test facility. The testing was conducted for three different speed parameters varying from 1206 to 1809 rpm/K0.5. The test results showed a maximum total-to-static efficiency, t-s of 75.8% at Pressure Ratio, PR ≈ 1.1 for the speed parameter of 1507 rpm/K0.5. A performance comparison with a conventional high pressure turbine showed the LPT succeeds in providing higher turbine performance and smaller swallowing capacity in the lower pressure ratios region. 
The predicted turbine performance from the single passage CFD was validated and compared against the turbine testing results. The comparison has shown that the single passage CFD analysis peak efficiencies for each turbine speed are within 0.03 points of the peak efficiency value obtained from turbine testing. The maximum standard deviation (σt-s ±0.039) for the total-to-static efficiency, t-s was found for the speed parameter of 1206 rpm/K0.5 whereas for the Mass Flow Parameter, MFP, the maximum standard deviation (MFP±0.174) was calculated at the speed parameter of 1507 rpm/K0.5. 
[bookmark: _GoBack]In order to evaluate the impact of the LPT on the actual engine performance, a test on a heavily downsized engine fitted with the LPT was carried out at Ricardo UK ltd Shoreham Technical Centre. The engine testing was done at steady state part load and full load condition for the engine speed range of 1000 rpm to 4000 rpm. The commercial compressor from a Garret GT2860RS was used to load the LPT and the assembly was installed downstream of the catalyser. The use of the butterfly by-pass valve limited the LPT speed at 50,000 rpm. Consequently, the maximum turbine actual power was restricted at 1.3 kW. The maximum reduction of the BSFC is 2.6 % for the engine speed of 2500 rpm.
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Camber Angle, q (ᶱ)

Blade Angle Distribution 
Hub	0	0.14387005735916483	0.53951271509685006	1.0790254301937363	1.7983757169895604	2.6975635754843412	3.5967514339790458	4.495939292473901	5.3951271509686807	6.2943150094634355	7.1935028679581645	8.0926907264530215	8.9918785849477985	9.8910664434425719	10.790254301937361	11.689442160432144	12.588630018927176	13.487817877421724	14.387005735916484	15.286193594411262	16.185381452906043	17.084569311400823	17.983757169895604	18.882945028390385	19.782132886884369	20.681320745379889	21.580508603874723	22.479696462369489	23.378884320864291	24.278072179359029	25.177260037853845	26.076447896348622	26.975635754843406	27.87482361333819	28.774011471832967	29.673199330327179	30.572387188822525	31.471575047317309	32.370762905811993	33.269950764306913	34.169138622802613	35.068326481295998	35.36805576746135	35.667785053625998	35.867604577734646	35.895579311111632	35.942536899277464	35.967514339791208	37.249581153160875	35.859244755599775	33.736514456325629	31.982781229354689	29.882288581186689	27.042074257024776	24.392799670642589	22.098739447409589	19.970427170658827	17.806090035474988	15.532459533871426	13.166504615213826	10.739070197148518	8.2613676061348489	5.7370516795567745	3.1834131159477952	0.63365671349299491	-1.8792191224543293	-4.3385383040744108	-6.7447464322030823	-9.1007939926856505	-11.394815390285206	-13.594453662352203	-15.657931783473661	-17.554072683689693	-19.276353963979126	-20.840025977409972	-22.263644641528906	-23.548465908466326	-24.672129631290609	-25.603718066762493	-26.331171443730195	-26.879947678962189	-27.302961547341074	-27.640638517778989	-27.880953115251035	-27.968113058086889	-27.881606336310789	-27.727145350830892	-27.686692880225664	-27.726200450796792	-27.88788038399063	-28.156858550649094	-28.648280105386814	-29.157768768310792	-29.243982475037289	-29.398078908288635	-29.485077310394502	Low Base	0.46984631039296554	0.60776733388909665	0.9870501485034876	1.5042539866140203	2.1938591040946767	3.0558655009456177	3.9178718977965081	4.7798782946474034	5.6418846914982845	6.5038910883491834	7.3658974852000734	8.2279038820509189	9.0899102789018524	9.9519166757527273	10.813923072603616	11.675929469454498	12.537935866305396	13.399942263156326	14.261948660007148	15.123955056858057	15.985961453708954	16.847967850559833	17.709974247410731	18.571980644261611	19.433987041112498	20.295993437962824	21.157999834814291	22.020006231664578	22.882012628516026	23.744019025366889	24.606025422218483	25.468031819068589	26.330038215919604	27.192044612770488	28.054051009621393	28.916057406472291	29.778063803322581	30.640070200174026	31.502076597024889	32.364082993875833	33.226089390726713	34.088095787577601	34.375431253194144	34.662766718811532	34.854323695888944	34.881141672679995	34.926157562293724	34.950102184428488	36.427079639506047	35.269473513526009	33.33915995927385	31.932653780172885	30.096861882960312	27.274727922832959	24.557232832832927	22.264532980700622	20.197074084665161	18.082227906428489	15.802353083783744	13.383313211173089	10.895436799391218	8.3846301558118714	5.864465277000809	3.3389172122527202	0.81940096014985753	-1.6761545219326992	-4.1332509892647114	-6.5457422976560373	-8.9097789921993229	-11.212325563340999	-13.425314578888964	-15.512284219125618	-17.44411028386703	-19.212492138059989	-20.830555869927309	-22.318751298686635	-23.684896006061127	-24.912669100198887	-25.968830567836623	-26.827004862890831	-27.492328199769489	-28.006563654794128	-28.423303608241589	-28.765596657673033	-29.001636325829189	-29.075483503746693	-28.988510448631075	-28.850309060531089	-28.772639639299083	-28.661077018188237	-28.604945185586931	-28.642632744945523	-28.71996445322393	-28.733365128009506	-28.757545804484881	-28.771325177200865	Upper Base	0.93969262078590832	1.0746396599721664	1.445744017734419	1.9517954146830561	2.6265306106144881	3.4699496055287367	4.3133686004430833	5.1567875953573576	6.0002065902716524	6.8436255851859373	7.6870445801002276	8.5304635750145188	9.3738825699291812	10.217301564843098	11.060720559757424	11.904139554671724	12.747558549585969	13.590977544500259	14.43439653941455	15.277815534328839	16.121234529243132	16.964653524157416	17.808072519071686	18.651491513985999	19.494910508900286	20.338329503814577	21.181748498728862	22.025167493643156	22.868586488557426	23.712005483471739	24.555424478386026	25.398843473300289	26.24226246821463	27.085681463128889	27.929100458043187	28.772519452957429	29.615938447871791	30.459357442786057	31.302776437700189	32.146195432614626	32.98961442752892	33.833033422443194	34.114173087414294	34.395312752386083	34.582739195700356	34.608978897764359	34.653024111941974	34.676452417357496	36.021926022667294	35.014778712211999	33.239580409583766	31.727224893055887	29.65229164166788	26.726831102486891	24.090445201406688	21.898279632556989	19.861283562509687	17.706055458234935	15.356036310630287	12.875384150453559	10.349949520895471	7.8218881772683275	5.2935042997983768	2.75887939191256	0.22463784649378307	-2.2909666418337382	-4.7698804507577055	-7.2015203462464745	-9.5787694595902835	-11.887974733134904	-14.103615846810021	-16.193923405781632	-18.134130825158731	-19.917322704228823	-21.554072227484831	-23.059955675505705	-24.439018996613893	-25.675407664508313	-26.741127455186803	-27.61675326698883	-28.310928270486375	-28.861968250950731	-29.314531634687071	-29.683746598432894	-29.938134101064129	-30.031467851403175	-29.974928223862591	-29.873784605494038	-29.818456596096738	-29.690869511254231	-29.615432558009584	-29.617164555079835	-29.660260999609193	-29.667915451789035	-29.681825422732931	-29.689806109386204	Low Mean	4.5188700506918744	4.6365404676153386	4.9601341141548838	5.4013981776178923	5.9897502622352379	6.7251903680068645	7.4606304737786013	8.196070579550284	8.9315106853219657	9.6669507910936474	10.402390896865526	11.137831002637011	11.873271108408694	12.608711214180373	13.344151319952053	14.07959142572375	14.815031531495476	15.550471637267124	16.285911743038781	17.021351848810635	17.756791954582127	18.492232060353118	19.227672166125487	19.963112271896538	20.698552377668872	21.433992483440555	22.169432589212189	22.904872694983887	23.640312800755016	24.375752906526714	25.111193012299331	25.846633118070642	26.582073223842322	27.317513329614599	28.052953435385692	28.788393541156598	29.523833646928889	30.259273752700736	30.994713858472416	31.730153964244131	32.465594070015783	33.201034175787044	33.446180877710994	33.691327579634994	33.854758714251176	33.877639073095828	33.916045389731998	33.936474281559143	31.153617555144329	30.044660262444634	27.944600325450491	26.170817554012295	24.222213931843534	21.687310661975889	19.104351939481731	16.550344009091557	13.974450458807826	11.340364015450188	8.6717920814893237	6.0102953601527478	3.3745782639541977	0.75847105856997232	-1.8469256218075287	-4.4350029908797932	-6.9834861903442134	-9.4674886800975813	-11.8718240596158	-14.192577819496076	-16.428498175803629	-18.570775920344133	-20.600087985281927	-22.493430186806187	-24.235660478465789	-25.827237221871492	-27.282267460880703	-28.617497027241935	-29.839263298085555	-30.937682228671722	-31.893489227083027	-32.694309085932346	-33.349529731361294	-33.890932725111163	-34.354283596693278	-34.751009614482754	-35.054687829210359	-35.226466336728613	-35.273029461591975	-35.278774475675995	-35.319010732343145	-35.290097272314426	-35.241465395898395	-35.249029536271181	-35.259206681671998	-35.260777815226206	-35.263531235204489	-35.265064366464451	Mean	8.7911950277345419	8.8904167665774647	9.1632765483954053	9.5353580690562403	10.031466763270668	10.651602631038752	11.271738498806799	11.891874366574848	12.512010234343126	13.132146102110967	13.752281969879025	14.37241783764761	14.992553705415137	15.612689573183536	16.232825440951249	16.852961308719308	17.473097176487329	18.09323304425542	18.713368912023491	19.333504779791532	19.953640647559489	20.573776515327019	21.1939123830957	21.81404825086376	22.43418411863183	23.054319986399829	23.674455854167928	24.294591721935987	24.914727589704029	25.53486345747282	26.15499932524078	26.775135193008211	27.395271060776267	28.015406928544323	28.635542796312379	29.255678664080435	29.875814531848491	30.495950399616635	31.116086267384631	31.736222135152666	32.356358002920913	32.976493870688778	33.183205826611456	33.389917782534148	33.527725753149255	33.547018869035384	33.579403742130012	33.596629738456862	19.777832592140289	18.899112746546042	16.956164863254635	14.914317388438448	12.539190598370746	9.6482909767532679	6.8023885644410855	4.0386978567043323	1.3385731237158265	-1.3284019051537201	-3.9655229969898627	-6.5540444894055465	-9.0758834669481772	-11.526312603990265	-13.909344038425049	-16.224939823913527	-18.460780468212342	-20.594869025859158	-22.606179269193621	-24.48533934748642	-26.238289474576789	-27.880917221461512	-29.428208038526488	-30.884407185011128	-32.239931828310631	-33.47689343645154	-34.580280107315794	-35.548252749665572	-36.395895458125963	-37.149270030084011	-37.832152492782008	-38.452771373546945	-38.999515166399412	-39.449632021148837	-39.788827824205868	-40.029259421788105	-40.208595723761363	-40.363052619122918	-40.487772667242581	-40.534007605447684	-40.488718111841088	-40.479774424682894	-40.504905507829903	-40.519844965525706	-40.497343221623758	-40.490422341882038	-40.475605275645194	-40.465495915937211	Upper Mean	12.853402648441591	12.935930286584076	13.162881291476324	13.47235993451115	13.884998125224397	14.40079586361597	14.91659360200755	15.432391340399118	15.948189078790692	16.463986817182189	16.979784555573257	17.495582293964418	18.011380032356985	18.527177770748555	19.042975509140128	19.558773247531011	20.074570985923089	20.590368724314931	21.106166462706735	21.621964201097995	22.137761939489735	22.653559677881127	23.169357416272735	23.68515515466429	24.20095289305586	24.716750631447432	25.232548369839002	25.748346108230489	26.264143846621419	26.779941585013724	27.295739323404746	27.811537061796891	28.327334800188442	28.843132538579123	29.358930276971019	29.874728015363129	30.390525753754737	30.906323492146289	31.422121230536909	31.937918968929491	32.453716707321028	32.969514445711994	33.141447025175999	33.313379604639998	33.428001324282889	33.444048365031975	33.470984469147041	33.485312184105346	-0.17904196237817271	-0.64752870289277864	-1.8853048576502558	-3.5161758946822967	-5.6499972893157295	-8.2459746175004973	-10.730369970317691	-13.106329136978163	-15.398310271808567	-17.619243678972712	-19.759960850278091	-21.79937729924028	-23.720615599472819	-25.520847762396315	-27.210813381334425	-28.806961751147035	-30.322062874927521	-31.759394640530829	-33.11278030653601	-34.371553103111999	-35.527258460422836	-36.578867598727044	-37.534061594225044	-38.406354591735997	-39.209706413708425	-39.952886193854994	-40.636852850262144	-41.255712324049668	-41.80190622067591	-42.272205566655231	-42.672111045043692	-43.015515422399673	-43.318827142365997	-43.591542804645933	-43.830635830195163	-44.020011904846861	-44.145207410422444	-44.210278685314194	-44.248915666791468	-44.304091655165429	-44.371225398813046	-44.37194707904731	-44.381807553894134	-44.394204767741883	-44.401648194637794	-44.40265206845843	-44.404322206458268	-44.405204726335334	Shroud	16.733746319806087	16.800681305085316	16.984752514602889	17.23575870940029	17.570433635796189	17.98877729379074	18.407120951786702	18.825464609781829	19.243808267777002	19.662151925772157	20.080495583766613	20.498839241761463	20.917182899757613	21.335526557752729	21.753870215747916	22.172213873742589	22.590557531738089	23.008901189733376	23.427244847727902	23.84558850572299	24.263932163718827	24.682275821713983	25.100619479708989	25.51896313770429	25.937306795699445	26.355650453694835	26.773994111689795	27.192337769684897	27.61068142768077	28.029025085675187	28.447368743670353	28.865712401664776	29.28405605966066	29.702399717655812	30.120743375650889	30.53908703364613	30.957430691641189	31.37577434963643	31.794118007631575	32.212461665625995	32.630805323622006	33.049148981616995	33.188596867615395	33.328044753611969	33.421010010946056	33.434025146972573	33.455871982445544	33.467492639611997	-23.706062988509586	-23.983973631491889	-24.737592324511869	-25.740138869742829	-27.031885531224535	-28.574795325881091	-30.03927194578009	-31.427417139614978	-32.741811192685994	-33.985223677229975	-35.160377390556263	-36.269795654567133	-37.315725212374652	-38.300121113851993	-39.224677044529663	-40.090887911961772	-40.900132098254069	-41.653769630622094	-42.353237703302817	-43.000136396840311	-43.596285364855063	-44.143736648156263	-44.644735028400063	-45.101629519725194	-45.516724629990144	-45.892127114105413	-46.229588119953213	-46.530384658873444	-46.795281020162285	-47.024579579896994	-47.218270636362959	-47.376318821250571	-47.498884671829998	-47.586697105865994	-47.641249306574053	-47.664996110851163	-47.661422904856813	-47.635211134400613	-47.592488714606766	-47.541408121987395	-47.608227363953091	-47.649879569345508	-47.660826147241998	-47.670594486231849	-47.676591143424403	-47.677406753576044	-47.678762769603395	-47.679478748011412	Leading edge	0	0.46984631039296554	0.93969262078590832	4.5188700506918744	8.7911950277345419	12.853402648441591	16.733746319806087	37.249581153160875	36.427079639506047	36.021926022667294	31.153617555144329	19.777832592140289	-0.17904196237817271	-23.706062988509586	Z-Axis
Blade angle, bbl

Blade Thickness
Thickness	-0.5	-0.50664680898209102	-0.52560921354118373	-0.55553833117602058	-0.59524281415832969	-0.64368884953259553	-0.70000015911607261	-0.76345799949898474	-0.83350116204430191	-0.90972597288785062	-0.99188629293829034	-1.0798935178770868	-1.173816578158664	-1.2738819390100931	-1.380473600431406	-1.4941330971954052	-1.6155594988478552	-1.7456094097071417	-1.8852969688647081	-2.0357938501846542	-2.1984292623040202	-2.3746899486326276	-2.5662201873531778	-2.7748217914211812	-3.002454108564971	-3.2512340212857342	1	0.93560832000000005	0.8707763200000006	0.80599552000000063	0.74172671999999973	0.67840000000001299	0.61641471999999986	0.55613951999999989	0.49791232000000768	0.44204032000000004	0.38880000000000925	0.33843712000000031	0.29116672000000032	0.24717312	0.20660991999999995	0.16960000000000003	0.13623552	0.10657791999999995	8.0657920000001548E-2	5.8475520000000003E-2	3.999999999999998E-2	2.5169920000000009E-2	1.3893120000000304E-2	6.0467199999999933E-3	1.4771199999999277E-3	0	0.5	0.50664680898209102	0.52560921354118373	0.55553833117602058	0.59524281415832969	0.64368884953259553	0.70000015911607261	0.76345799949898474	0.83350116204430191	0.90972597288785062	0.99188629293829034	1.0798935178770868	1.173816578158664	1.2738819390100931	1.380473600431406	1.4941330971954052	1.6155594988478552	1.7456094097071417	1.8852969688647081	2.0357938501846542	2.1984292623040202	2.3746899486326276	2.5662201873531778	2.7748217914211812	3.002454108564971	3.2512340212857342	1	0.93560832000000005	0.8707763200000006	0.80599552000000063	0.74172671999999973	0.67840000000001299	0.61641471999999986	0.55613951999999989	0.49791232000000768	0.44204032000000004	0.38880000000000925	0.33843712000000031	0.29116672000000032	0.24717312	0.20660991999999995	0.16960000000000003	0.13623552	0.10657791999999995	8.0657920000001548E-2	5.8475520000000003E-2	3.999999999999998E-2	2.5169920000000009E-2	1.3893120000000304E-2	6.0467199999999933E-3	1.4771199999999277E-3	0	Thickness, t/2 (mm)
r/R
Total-to-static efficiency	71.537548099999981	72.451082200000002	73.370326999999989	74.304792399999258	75.252484299999978	76.205798099999058	77.169852299999988	78.137644800000004	79.084705400000004	80.041548730000002	80.979461670000006	0.62541184547864104	0.64399077141139582	0.65940676271717413	0.66967536549803186	0.6780242432280239	0.68639267343193611	0.6932572567914107	0.6973033075330517	0.70067889536554506	0.70300395210212785	0.70768272888687611	Mass flow rate	71.537548099999981	72.451082200000002	73.370326999999989	74.304792399999258	75.252484299999978	76.205798099999058	77.169852299999988	78.137644800000004	79.084705400000004	80.041548730000002	80.979461670000006	46.237017059999999	45.995044050000004	45.728910270001322	45.364092120000002	44.878951710000003	44.318608920000003	43.577971380000001	42.648200370000012	41.593199580000011	40.27386285	38.715817950000002	Absolute Angle, a3
Total-to-static efficieny, ht-s
Mass Flow Rate, g/s
Static Pressure Distribution at Blade Mean Section
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Static  Pressure, Pa
Static Pressure Distribution at Hub Section
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Static  Pressure, Pa
Total-to static Efficicency, ηt-s vs Pressure Ratio,PR
905 rpm/K^0.5	1.048970664225074	1.061726930442817	1.0764289593947247	1.0843540278732595	1.092661716055682	1.1013669782678324	1.1201139134234481	1.1402101124477821	1.1614008403828588	1.1844892498364341	1.2090645181379858	0.70263904770375285	0.6657444923000565	0.62614179767520184	0.60763933875520015	0.58936491793627499	0.57217094131856694	0.53960705898841133	0.50898237203355645	0.48309547204357356	0.45694634211508028	0.43325647935285094	1206 rpm/K^0.5	1.0547179149130543	1.0677579533937462	1.0829277881099737	1.0911990692195859	1.0997306054197398	1.10843956267062	1.1266526998385102	1.1464711633797806	1.1682296182114824	1.1915776038235448	1.2163526653060421	0.74355703637388215	0.72680060362518539	0.70127490696295358	0.68565558392459136	0.67090894564142811	0.6568605417439275	0.6294959914366417	0.60276530752536162	0.57690627355662882	0.55063257859522097	0.52677914093949063	1508 rpm/K^0.5	1.0666107817057571	1.0765359180462417	1.0893957497879916	1.0976771888147669	1.1065492528175516	1.1156013000238598	1.1344478676502363	1.1544728441412657	1.1758229314992141	1.1987437741619849	1.2229747280133259	0.67478273383570164	0.70871174829609263	0.7315056633863577	0.72384956324472871	0.71498925834800287	0.7054629221145361	0.6839166264939609	0.66191381032757801	0.64004142931081542	0.61814500218516188	0.59698384940634985	1809rpm/K^0.5	1.0853483689638064	1.0938220100743838	1.1043690740395913	1.1106396565074468	1.1171153549495061	1.1244649763410743	1.1421391431931611	1.1627226732014575	1.1841491120449277	1.2067106830629721	1.2308595729454814	0.54099820897472062	0.65688512366429652	0.67774003519622372	0.68600659333617664	0.69871925158846904	0.70799096119157934	0.70972614739261597	0.69580461235324853	0.68028954411044251	0.6623329512917	0.64486546393404764	Design Point	1.1156013000238598	0.7054629221145361	Pressure Ratio, PR
Total-to-static Efficiency, ht-s
Total-to static Efficicency, ηt-s vs Velocity Ratio,VR
905 rpm/K^0.5	0.54875537860666768	0.48884217752418402	0.43966944459198576	0.41876184826288038	0.39984620354445743	0.38260427213686604	0.35217056946322556	0.32672713834856681	0.30538195016973857	0.28642932642216545	0.26986142211682462	0.70263904770375285	0.6657444923000565	0.62614179767520184	0.60763933875520015	0.58936491793627499	0.57217094131856694	0.53960705898841133	0.50898237203355645	0.48309547204357356	0.45694634211508028	0.43325647935285094	1206 rpm/K^0.5	0.69365820506080178	0.62286840541392763	0.56317479041657958	0.53728906689195077	0.5141219624982567	0.49343880251400102	0.45741143917653154	0.42624227570120382	0.39869552119773732	0.37463993301227017	0.35359307682413327	0.74355703637388215	0.72680060362518539	0.70127490696295358	0.68565558392459136	0.67090894564142811	0.6568605417439275	0.6294959914366417	0.60276530752536162	0.57690627355662882	0.55063257859522097	0.52677914093949063	1508 rpm/K^0.5	0.78668430454718763	0.73438552846058736	0.67947701584356346	0.65009528461644694	0.62281926244743691	0.59831446924736575	0.55558848012756556	0.51926477944635907	0.48784266497560652	0.46004782705571751	0.43555629135231894	0.67478273383570164	0.70871174829609263	0.7315056633863577	0.72384956324472871	0.71498925834800287	0.7054629221145361	0.6839166264939609	0.66191381032757801	0.64004142931081542	0.61814500218516188	0.59698384940634985	1809 rpm/K^0.5	0.83496829702320063	0.79686906269788904	0.75609715202973315	0.7346804657192163	0.7145995164041079	0.69354862559662012	0.64959664562493069	0.60828530098786449	0.57293429794659723	0.5419440675955367	0.51411094938862856	0.54099820897472062	0.65688512366429652	0.67774003519622372	0.68600659333617664	0.69871925158846904	0.70799096119157934	0.70972614739261597	0.69580461235324853	0.68028954411044251	0.6623329512917	0.64486546393404764	Design Point	0.59831446924736575	0.7054629221145361	905	0.54875537860666768	0.48884217752418402	0.43966944459198576	0.41876184826288038	0.39984620354445743	0.38260427213686604	0.35217056946322556	0.32672713834856681	0.30538195016973857	0.28642932642216545	0.26986142211682462	10.450103800000004	28.132446299999962	38.083084099999994	41.464241000000001	44.207492800000011	46.457805599999944	49.797428100000012	52.198234600000013	53.572603200000003	54.719041799999999	55.647687899999994	1809	0.83496829702320063	0.79686906269788904	0.75609715202973315	0.7346804657192163	0.7145995164041079	0.69354862559662012	0.64959664562493069	0.60828530098786449	0.57293429794659723	0.5419440675955367	0.51411094938862856	-19.174026499999997	-45.992416000000013	-71.033797999999948	-72.518326000000002	-58.897018000000003	-55.186614999999989	-38.002235000000013	-25.519576999999988	-12.809692400000017	-2.1664351999999947	6.9896088000000072	1206	0.69365820506080178	0.62286840541392763	0.56317479041657958	0.53728906689195077	0.5141219624982567	0.49343880251400102	0.45741143917653154	0.42624227570120382	0.39869552119773732	0.37463993301227017	0.35359307682413327	-39.20873300000008	-20.336426000000003	1.4256591999999964	10.094764700000001	17.209674800000002	23.1122169	32.063938100000065	38.171035800000013	42.392395000000057	45.546970400000006	47.872222900000011	1508	0.78668430454718763	0.73438552846058736	0.67947701584356346	0.65009528461644694	0.62281926244743691	0.59831446924736575	0.55558848012756556	0.51926477944635907	0.48784266497560652	0.46004782705571751	0.43555629135231894	-51.605865000000001	-44.373878000000005	-39.787300000000002	-33.602364000000009	-24.652869999999993	-16.207916299999987	-0.67532350000000463	11.6273041	20.912788399999986	27.904159499999999	33.101619700000001	Velocity Ratio, VR
Total-to-static Efficiency, ht-s
Incidence Angle, i (degrees)
Mass Flow Parameter, MFP vs pressure ratio, PR
905 rpm/K^0.5	1.0853483689638064	1.0938220100743838	1.1043690740395913	1.1106396565074468	1.1171153549495061	1.1244649763410743	1.1421391431931611	1.1627226732014575	1.1841491120449277	1.2067106830629721	1.2308595729454814	0.78776434944451135	0.93656859380501156	1.0562058479794898	1.11278911306616	1.1616125788422642	1.2131721481024758	1.3103401206070922	1.4042505082059937	1.4920222080663172	1.57385582235341	1.6528930765761185	1206 rpm/K^0.5	1.048970664225074	1.061726930442817	1.0764289593947247	1.0843540278732595	1.092661716055682	1.1013669782678324	1.1201139134234481	1.1402101124477821	1.1614008403828588	1.1844892498364341	1.2090645181379858	0.84560669435595404	0.96270982289245366	1.0802180841365121	1.1349866861365909	1.1875658942908929	1.2383859979052381	1.3378951101246737	1.4327488506680954	1.5284047302646486	1.6171243862801326	1.6996287560106078	1508 rpm/K^0.5	1.0547179149130543	1.0677579533937462	1.0829277881099737	1.0911990692195859	1.0997306054197398	1.10843956267062	1.1266526998385102	1.1464711633797806	1.1682296182114824	1.1915776038235448	1.2163526653060421	0.84120698209296163	0.9574687292795806	1.0728369020987527	1.1288243983346729	1.1828926350704254	1.2343758407025931	1.3321088819853519	1.4271215619721578	1.5186908994950077	1.6037514558092438	1.6830074709547742	1809 rpm/K^0.5	1.0666107817057571	1.0765359180462417	1.0893957497879916	1.0976771888147669	1.1065492528175516	1.1156013000238598	1.1344478676502363	1.1544728441412657	1.1758229314992141	1.1987437741619849	1.2229747280133259	0.82908287767173983	0.94369922830951114	1.0578086828118858	1.1156869294730445	1.1719458382903341	1.2245272367123836	1.3210817546586906	1.4132977064318573	1.5036804120937146	1.590340485657274	1.6711572810627109	Design Point	1.1156013000238598	1.2245272367123836	Pressure Ratio, PR
Mass Flow Parameter, MFP
Total-to static Efficicency, ht-s vs Velocity Ratio,VR
1206 rpm/K^0.5	0.3673515207303194	0.33337667227418133	0.29217266220867355	0.31332126220792295	0.39582439113020518	0.43945223256810845	0.46129870205107276	0.49202902883338001	0.52609933991800961	0.55892071240889274	0.60379789426426766	0.58816278511322551	0.53443006392251258	0.42709321389233057	0.47081604391656162	0.62819696094351385	0.63818849812935663	0.66520199665514623	0.71324388128137262	0.72636774586958641	0.74529567982532363	0.75432066816731969	1507 rpm/K^0.5	0.67098205875452965	0.65701847206486008	0.61751418631735056	0.59497216147424248	0.56980749617352311	0.55827263137142402	0.54865889274701063	0.52147104636076669	0.48825460347868682	0.43909862377277337	0.43506869958318661	0.40961564149264806	0.397914738152986	0.38124357246063167	0.74210763954011982	0.75789151043566494	0.74393595634051901	0.74556567495244053	0.73558638240241647	0.71171002310721843	0.7159052143252429	0.69183666399646848	0.66488524297215479	0.60193629991679332	0.56760522832763061	0.55000000000000004	0.52	0.49047976474155902	1809 rpm/K^0.5	0.73210399966874762	0.7293035230537217	0.69191269299292357	0.66415834751790803	0.63992993308560409	0.62474213371713061	0.58808333815540259	0.5463687027210905	0.51335479233839265	0.47019953533445202	0.44956981974982396	0.71274481616297525	0.71071492577316242	0.7412605559481058	0.74645109259309728	0.74586970563420463	0.73884357038734261	0.72460968239228785	0.6947060483173757	0.65352311613184622	0.59351946319214155	0.57244040013279562	1206	0.27500000000000002	0.32500000000000245	0.35000000000000031	0.37500000000000216	0.4	0.42500000000000032	0.45	0.47500000000000031	0.5	0.52500000000000002	0.55000000000000004	0.57500000000000062	0.60000000000000064	0.65000000000000502	0.75000000000000444	0.40701600079501948	0.50173902282354965	0.54338475893265825	0.58121997843834716	0.61524468134060062	0.64545886763942073	0.67186253733480472	0.69445569042674971	0.71323832691526756	0.72821044680035407	0.73937205008200668	0.74672313676022672	0.75026370683501398	0.74591329717429433	0.69148627861164658	1507	0.35000000000000031	0.42500000000000032	0.45	0.47500000000000031	0.5	0.52500000000000002	0.55000000000000004	0.57500000000000062	0.60000000000000064	0.62500000000000444	0.65000000000000502	0.67500000000000571	0.70000000000000062	0.72500000000000064	0.75000000000000444	0.4248761135096526	0.56938944836497662	0.60821117972609917	0.64235822095856265	0.67183057206236585	0.69662823303751731	0.71675120388399793	0.73219948460182138	0.74297307519098343	0.74907197565149031	0.75049618598332546	0.74724570618651664	0.73932053626103689	0.72672067620690373	0.70944612602409862	1809	0.41000000000000031	0.42500000000000032	0.45	0.47500000000000031	0.5	0.52500000000000002	0.55000000000000004	0.57500000000000062	0.60000000000000064	0.62500000000000444	0.65000000000000502	0.67500000000000571	0.70000000000000062	0.72500000000000064	0.75000000000000444	0.48698309739441947	0.51788434891390656	0.56497477863266043	0.60655063816758392	0.64261192751866603	0.67315864668591419	0.69819079566931863	0.71770837446890146	0.73171138308463335	0.74019982151654395	0.74317368976460596	0.74063298782883935	0.73257771570923658	0.71900787340580541	0.69992346091852475	Velocity Ratio, VR
Total-to-static Efficiency, ht-s
Total-to static Efficicency, ht-s vs Pressure Ratio,PR
1206 rpm/K^0.5	1.1944829809027973	1.2431201362467643	1.3335516599328352	1.2914271858236439	1.173866012089128	1.1404833180002443	1.1209294652996018	1.1080333749766238	1.0953054328318421	1.0821144145706061	1.0724002188614692	0.58816278511321429	0.53443006392251258	0.42709321389233057	0.47081604391656445	0.62819696094351385	0.63818849812935663	0.66520199665515733	0.71324388128137262	0.72636774586958641	0.74529567982532363	0.75432066816731969	1507 rpm/K^0.5	1.0978867306175257	1.1029379725020101	1.1165315905885309	1.1162250446382855	1.1253378115125241	1.1393839943257613	1.140562880224439	1.1584685161269501	1.1844210982249328	1.2304390010282724	1.2730314673688878	1.2833258253685147	1.2942830959178804	1.3302658775798324	0.74210763954012615	0.75789151043567227	0.74393595634053011	0.74556567495244053	0.73558638240241647	0.71171002310721843	0.71590521432524845	0.69183666399646848	0.66488524297216034	0.60193629991679332	0.56760522832763061	0.55000000000000004	0.52	0.49047976474156224	1809 rpm/K^0.5	1.117551678415752	1.1238176488470744	1.1281677534550802	1.1450025241618358	1.1576895927865265	1.1679995419930884	1.1813634444659311	1.2243216842317237	1.256341949022316	1.3229696672852758	1.3442720150955041	0.71274481616298646	0.71071492577316242	0.7412605559481058	0.7464510925931086	0.74586970563420463	0.73884357038734261	0.72460968239229528	0.6947060483173757	0.65352311613185121	0.59351946319213655	0.57244040013279562	1206	1.05	1.0649999999999813	1.08	1.095	1.1100000000000001	1.125	1.139999999999979	1.1599999999999804	1.1800000000000141	1.2	1.22	1.24	1.26	1.28	1.3	0.80083031208791766	0.7722539143161915	0.74560419484713969	0.72071068414255279	0.69740291266419663	0.67551041087376262	0.65486270923306478	0.62897415745919127	0.60459145082983301	0.58131051340252748	0.55872726923476534	0.53643764238403335	0.51403755690781949	0.49112293686362785	0.4672897063089323	1507	1.05	1.0649999999999813	1.08	1.095	1.1100000000000001	1.125	1.139999999999979	1.1599999999999804	1.1800000000000141	1.2	1.22	1.24	1.26	1.28	1.3	0.57141646158868298	0.66968659607392644	0.72406307117967161	0.74678639108969969	0.74806162443668334	0.73610917443490065	0.71724831015990365	0.68895696664571915	0.66260180721293482	0.64024449447198584	0.62075205737939521	0.60113415128808945	0.57815033456019038	0.5502050770264878	0.51954864882463858	1809	1.05	1.0649999999999813	1.08	1.095	1.1100000000000001	1.125	1.139999999999979	1.1599999999999804	1.1800000000000141	1.2	1.22	1.24	1.26	1.28	1.3	0.35111632820986394	0.47967207457679706	0.57671908966028695	0.64706561524316686	0.69513745873290622	0.72497799316192868	0.74024815718463322	0.74355482271630535	0.73345666617183269	0.71545867917019368	0.69385717184854911	0.67173977285951714	0.65098542936881965	0.63226440706193898	0.61503829013441902	Pressure Ratio, PR
Total-to-static Efficiency, ht-s
Mass Flow Parameter, MFP vs pressure ratio, PR
1206 rpm/K^0.5	1.1944829809027624	1.2431201362467643	1.3335516599328352	1.2914271858236439	1.1738660120891604	1.1404833180002443	1.1209294652996018	1.1080333749766007	1.0953054328318421	1.0821144145706061	1.0724002188614692	1.6028216503111521	1.751009652392441	1.9280232611342361	1.840094955595249	1.4550696403208394	1.3266278332838555	1.2047276123305182	1.1336447375754533	1.0433568304776613	0.93339532009662751	0.82882556005549635	1507 rpm/K^0.5	1.0978867306175257	1.1029379725020096	1.1165315905885309	1.1162250446382653	1.1253378115125239	1.1393839943257411	1.140562880224439	1.1584685161269495	1.184421098224953	1.2304390010282724	1.2730314673688883	1.2833258253685147	1.2942830959178804	1.3302658775798324	0.95807931617424691	1.0012012070584335	1.0784683401505188	1.112019869876026	1.169110572369888	1.2041736468072184	1.2718518646384203	1.3725599362348158	1.491798528307432	1.6249297992748755	1.7190781578043703	1.7477915893678928	1.7722971706607553	1.8474528238805166	1809 rpm/K^0.5	1.117551678415752	1.1238176488470744	1.1281677534550802	1.1450025241617952	1.1576895927865265	1.1679995419930884	1.1813634444659311	1.2243216842317237	1.256341949022316	1.3229696672852758	1.3442720150955041	1.0978923043212441	1.0734483067034857	1.1216595837505823	1.1662137058697215	1.2459991329604514	1.3168297310619177	1.416016062369956	1.5071071738312747	1.6540308822557621	1.7796019288975744	1.8387889775275457	1206	1.05	1.0649999999999993	1.08	1.095	1.1100000000000001	1.125	1.1399999999999992	1.1599999999999993	1.1800000000000006	1.2	1.22	1.24	1.26	1.28	1.3	0.62304977912867865	0.77349867655010573	0.90853608410588971	1.0297214443050386	1.1385028185288781	1.2362168870280357	1.3240889489260905	1.4278511578874018	1.5184163120990768	1.5977647734506484	1.6675248844611588	1.7289729682785839	1.7830333286822224	1.8302782500805392	1.8709279975116146	1507	1.05	1.0649999999999993	1.08	1.095	1.1100000000000001	1.125	1.1399999999999992	1.1599999999999993	1.1800000000000006	1.2	1.22	1.24	1.26	1.28	1.3	0.46647755180445954	0.63741196049906534	0.79106797870348089	0.92857721753669864	1.0510712881177107	1.1596818015655121	1.2555403689990638	1.3654713028470831	1.4574262010152796	1.5340874009709047	1.5981372401812315	1.6522580561133828	1.6991321862347639	1.7414419680125659	1.7818697389140814	1809	1.05	1.0649999999999993	1.08	1.095	1.1100000000000001	1.125	1.1399999999999992	1.1599999999999993	1.1800000000000006	1.2	1.22	1.24	1.26	1.28	1.3	0.66389923428221098	0.75930577820144962	0.85084598377620868	0.93851985100647362	1.023869938392987	1.10265331842783	1.1779887170046353	1.2729650905156078	1.3615542043028479	1.4436089069895264	1.518982047198822	1.5875264735539039	1.649095034677952	1.7035405791941323	1.7507159557256244	Pressure Ratio, PR
Mass Flow Parameter, MFP
Standard Deviations, s2 for ht-s
1206 rpm/K^0.5	0.27500000000000002	0.32500000000000051	0.35000000000000031	0.37500000000000044	0.4	0.42500000000000032	0.45	0.47500000000000031	0.5	0.52500000000000002	0.55000000000000004	0.57500000000000062	0.60000000000000064	0.65000000000000113	0.750000000000001	1.0780328642924044E-3	1.1018595577519301E-3	1.1122651586189661E-3	1.1216450156842782E-3	1.1299856236368867E-3	1.1372750208528183E-3	1.1435027893952829E-3	1.1486600550145525E-3	1.1527394871480503E-3	1.1557352989202869E-3	1.1576432471429E-3	1.158460632314582E-3	1.1581862986212079E-3	1.1543655698181639E-3	1.1337439792772953E-3	1809 rpm/K^0.5	0.4	0.42500000000000032	0.45	0.47500000000000031	0.5	0.52500000000000002	0.55000000000000004	0.57500000000000062	0.60000000000000064	0.625000000000001	0.65000000000000113	0.67500000000000115	0.70000000000000062	0.72500000000000064	0.750000000000001	2.3554591238035671E-5	2.1455223618857783E-5	2.0352059640306478E-5	2.2099015951145196E-5	2.7049135971901207E-5	3.6133127535743896E-5	5.0859362888459105E-5	7.3313878688439468E-5	1.0616037600670783E-4	1.526402203268892E-4	2.1657244154524175E-4	3.0235373397067617E-4	4.1495845632467666E-4	5.5993863174132511E-4	7.4342394776740351E-4	1507 rpm/K^0.5	0.4	0.42500000000000032	0.45	0.47500000000000031	0.5	0.52500000000000002	0.55000000000000004	0.57500000000000062	0.60000000000000064	0.625000000000001	0.65000000000000113	0.67500000000000115	0.70000000000000062	0.72500000000000064	0.750000000000001	4.2641907219027313E-3	8.3045262291257211E-5	4.2549915272913411E-5	3.1269329580653734E-8	5.9912707540631361E-5	2.0332615824923442E-4	3.5819133116686986E-4	4.75057140670962E-4	5.5458909645689323E-4	6.3789086346874573E-4	7.916006007005074E-4	1.1101225349859521E-3	1.7316609644591465E-3	2.8371369702579518E-3	4.5858069968253814E-3	Velocity Ratio, VR
Absolute Deviation, s2
Standard Deviations, s2 for MFP
1206 rpm/k^-0.5	1.05	1.0649999999999979	1.08	1.095	1.1100000000000001	1.125	1.1399999999999977	1.1599999999999977	1.1800000000000019	1.2	1.22	1.24	1.26	1.28	1.3	3.4691365293046152E-2	1.2585791038425343E-2	3.0650512236193275E-3	1.8231274298769848E-4	2.4861700318411012E-4	1.215127696898256E-3	2.1317866534900452E-3	2.8277294247937902E-3	3.099723410598726E-3	3.3914200219449992E-3	4.1685883640933371E-3	5.9671499316086259E-3	9.5029206095515288E-3	1.5576564886642283E-2	2.458650450769656E-2	1809 rpm/k^-0.5	1.05	1.0649999999999979	1.08	1.095	1.1100000000000001	1.125	1.1399999999999977	1.1599999999999977	1.1800000000000019	1.2	1.22	1.24	1.26	1.28	1.3	0.18932112062405532	9.8277222383987728E-2	1.643287521119351E-2	2.4228186005685403E-4	1.8842153614947079E-3	4.2375656150741717E-3	3.9961717710074885E-3	1.8295485260413631E-3	3.4794718419942739E-4	1.7845702504689345E-6	5.0265246587759476E-5	1.6706026406470664E-4	9.5250124560624825E-4	7.0535365968623113E-3	2.1549749141818439E-2	1507 rpm/k^-0.5	1.05	1.0649999999999979	1.08	1.095	1.1100000000000001	1.125	1.1399999999999977	1.1599999999999977	1.1800000000000019	1.2	1.22	1.24	1.26	1.28	1.3	1.4942622001574752E-2	2.220594129771397E-3	3.9256980120485369E-7	6.9855143966769402E-4	1.2539378467015365E-3	1.0484857459885902E-3	4.7621306536552307E-4	9.8859791420748767E-6	1.6299608498414068E-4	3.339657257009205E-4	4.8917379534270385E-5	6.8360938711042494E-4	7.1978538572432752E-3	2.935910656129969E-2	8.2034133077762847E-2	Pressure Ratio, PR
Absolute Deviation, s2
Full Load Testing	1000	1500	2000	2500	3000	4000	118.5616448326055	166.77809315866077	206.8762736535663	208.47423580786023	209.71328238719065	209.97685589519492	5,000 rpm	1004.4444444444429	1502.2222222222222	1999.9999999999995	2497.7777777777778	40.132516947299663	31.703039580143518	16.103360303229103	8.0225963991544766	15,000 rpm	1013.3333333333331	1497.7777777778003	1999.9999999999995	2502.2222222222217	2999.9999999999995	104.05029112081517	86.98039215685948	59.614184707339994	53.22851519790251	31.453312923682493	20,000 rpm	1146.6666666666665	1498	1995.5555555555561	2502.2222222222217	2999.9999999999995	3497.7777777777774	3995.5555555556002	3999.9999999999991	4497.7777777777765	5000	5502.2222222222244	6000	118.5616448326055	110.50174672489074	88.619797361323648	64.072235585683558	55.831474597272077	48.341642976892217	44.705445003280126	43.469349077921102	36.183759749252843	28.385013484947589	22.016109045848804	17.639040746410135	30,000 rpm	1502.2222222222222	1999.9999999999995	2497.7777777777778	2999.9999999999995	3497.7777777777774	3999.9999999999991	4497.7777777777765	4995.5555555556739	5497.7777777777765	6000	159.69825327510915	133.37671033478878	111.07954876273456	95.078285589328672	79.163860339674358	72.197390480355764	62.146220570011998	51.489977403599994	42.060718711276316	35.727676944384363	40,000 rpm	1999.9999999999995	2502.2222222222217	2999.9999999999995	3502.2222222222217	3995.5555555556002	4497.7777777777765	4995.5555555556739	5497.7777777777765	6000	169.52248908297605	143.183187772926	128.43202328966521	111.13922852984012	96.334280924265627	82.969385523726189	72.869669801006026	62.733143815146853	52.487571980465084	50,000 rpm	1999.9999999999995	2497.7777777777778	2746.6666666665988	2999.9999999999995	3248.8888888888887	3497.7777777777774	3746.6666666665988	3999.9999999999991	4248.8888888888887	4497.7777777777765	4751.1111111112441	5000	5248.8888888888887	5497.7777777777765	5751.1111111112441	6000	205.38937409024732	171.83908296943233	167.86848617176167	158.3064046579384	147.72103347889384	139.08864628821465	129.95414847162002	121.66062590975262	113.23216885007275	109.13347889373748	101.76542940320392	94.135869961368527	88.084044026532482	83.981704205846327	78.554049128945195	70.967344558641344	5%	1999.9999999999995	2502.2222222222217	2999.9999999999995	3995.5555555556002	205.38937409024732	200.22197962153999	180.84781659388676	149.45200145561026	10%	1999.9999999999995	2497.7777777777778	2999.9999999999995	3995.5555555556002	206.8762736535663	208.47423580786023	205.82831149927227	174.75513100436675	15%	2999.9999999999995	3995.5555555556002	209.71328238719065	195.52041484716187	Engine Speed (rpm)

Brake Torque (N.m)


1000 rpm	1	0.8776049899419105	0.63608482835783764	0.50686201865724256	0.33849494078766068	0.21559656515575498	0.13324093272504017	0.10672066739757602	9.9364015761177746E-2	7.800052350447069E-2	1500 rpm	1	0.99364878764460063	0.95754934146646953	0.77309536724575056	0.6625675149059731	0.52153367693271158	0.31741516733717851	0.19009115034061672	4.9644483036253732E-2	0.53929438059749968	0.45571588981108507	0.43615530473038761	0.24864983310915456	0.2074359046155472	0.14550944744741587	9.679113720948275E-2	6.2933472316598904E-2	-1.7014122351092507E-3	2000 rpm	1	0.99281261433677603	0.81943901100448491	0.68507113506515394	0.64471728912780335	0.50183923897441673	0.42837100551089285	0.28816346918143831	7.7840537335837123E-2	1.290293066989292	1.3639313588634572	0.74600599446605365	0.4720263831095653	0.40861079478883566	0.23892813957058168	0.20945100088518706	0.12769900936495718	5.0588924533619413E-2	2500 rpm	1	0.96041594226577265	0.82427011809654693	0.81457745957668515	0.68681478657578765	0.64678002929721568	0.53282146991589285	0.46142839797629648	0.30733886773777669	0.25532418906171017	3.848243581786509E-2	1.2742295682640075	1.3561713337899028	1.1003885414714085	1.1813419938421839	0.7529361826710077	0.61616519129966751	0.41738646234016891	0.33374331665256496	0.21371827678045552	0.17349349443631076	6.2510040340963774E-2	3000 rpm	1	0.98147484582904065	0.8623574746209447	0.75487066367907796	0.73312787039766869	0.61241720995307769	0.53432486754546882	0.45337274066306882	0.35109320675576272	0.26622765120901132	0.14998245492915743	1.2771412970520715	1.2389192240329179	1.2121223393600766	1.2599845337145639	1.1678678670398794	0.76167728753223962	0.55498718358652976	0.41826467938779566	0.29350964937208751	0.21748269410929688	0.14793116956085636	4000 rpm	1	0.93115221681740878	0.83225901378193123	0.80254010111324459	0.5884037264798716	0.57940016956189999	0.45878523379904701	0.39763423490746586	0.3438349915877964	0.21290653587838318	0.20701971601869071	1.2991425607354365	1.2720593857670999	1.3029231998090318	1.2863196647222241	1.2933761359551699	1.2692755259028565	0.77141457325295149	0.57963655268402992	0.43454610316747005	0.2183233216101699	0.22924185946652983	Load Ratio, LR

LPT Power (kW)


BSFC at 1000 rpm
Turbocompounding	1	0.8776049899419105	0.63608482835783764	0.50686201865724256	0.33849494078766068	0.27946479485021614	0.28504928594186396	0.25378358861090883	0.25343712905452576	0.27590855321752755	No Turbocompounding	0.87827655234351676	0.6340301692684589	0.50740673079163523	0.33692720270330023	0.28309869949447097	0.25824011600711494	0.25557967665268688	0.27789712412507211	DBSFC	0.87827655234351676	0.6340301692684589	0.50740673079163523	0.33692720270330023	0.20911289808162845	9.3368947111000744E-2	6.8901286048894724E-3	-1.7257300938045367E-2	-8.3830906518924247E-3	-7.1557808084894946E-3	Load Ratio, LR

BSFC (kg/kW/hr)

D%BSFC


BSFC at 1500 rpm
Turbocompounding	1	0.99364878764460063	0.95754934146646953	0.77309536724575056	0.6625675149059731	0.52153367693271158	0.31741516733717851	0.19009115034061672	4.9644483036253732E-2	0.31888139263116344	0.2770639479269224	0.27230042101735341	0.26662665101905325	0.25771139932788001	0.24789964556828689	0.25444760395726368	0.29016789435969687	0.5728293816766683	No Turbocompounding	0.96976431913860195	0.77303994578297219	0.52249520334993682	0.31781026728316619	0.19475717580893229	4.7317589106569094E-2	0.26471868455053477	0.26871603826926982	0.24956697336032738	0.25471706930244786	0.2884134558819178	0.57061368017004499	DBSFC	0.96976431913860195	0.77303994578297219	0.52249520334993682	0.31781026728316619	0.19475717580893229	4.7317589106569094E-2	2.8640730365089666E-2	-7.7754467640993048E-3	-6.68088316971389E-3	-1.0579006186001599E-3	6.0830673534569123E-3	3.8830150478745403E-3	Load Ratio, LR

BSFC (kg/kW/hr)

D%BSFC


BSFC at 2000 rpm
Turbocompounding	1	0.99281261433677603	0.81943901100448491	0.68507113506515394	0.64471728912780335	0.50183923897441673	0.42837100551089285	0.28816346918143831	7.7840537335837123E-2	0.30235102834775723	0.31330583824400876	0.26483830986831447	0.25673642395580931	0.25075500300400039	0.24405582677351018	0.24287652069831117	0.24838332856578671	0.38245868026375046	No Turbocompounding	0.82412611522332613	0.68146583265319582	0.50236694717288255	0.29033602217848131	7.6600638860877673E-2	0.26850451725172442	0.25981728316019242	0.24508392704952592	0.24575994178811394	0.37870400426967954	DBSFC	0.82412611522332613	0.68146583265319582	0.50236694717288255	0.29033602217848131	7.6600638860877673E-2	-1.3654173944391629E-2	-1.1857791625369665E-2	-4.1948906580391385E-3	1.0674590653734897E-2	9.9145399883214524E-3	Load Ratio, LR

BSFC (kg/kW.hr)

D%BSFC


BSFC at 2500 rpm
Turbocompounding	1	0.96041594226577265	0.82427011809654693	0.81457745957668515	0.68681478657578765	0.64678002929721568	0.53282146991589285	0.46142839797629648	0.30733886773777669	0.25532418906171017	3.848243581786509E-2	0.2966399022489043	0.31104618185904687	0.2560429295982708	0.25591582120766737	0.24809202847846898	0.24153381515558206	0.23790209731855555	0.23927368050706713	0.24726570815155396	0.25380963038973281	0.56993504093181124	No Turbocompounding	0.82219257124264356	0.81153532492958469	0.64456353711515968	0.46424652260324528	0.25660877837677232	3.9417731522221319E-2	0.26170597678199353	0.26274329667612395	0.24530894720110374	0.24043936588315437	0.25198682214996976	0.56612835464934874	DBSFC	0.82219257124264356	0.81153532492958469	0.64456353711515968	0.46424652260324528	0.25660877837677232	3.9417731522221319E-2	-2.1638967720024899E-2	-2.5985345981585965E-2	-1.5389296185869808E-2	-4.8481469405231032E-3	7.2337443054277971E-3	6.7240692878214004E-3	Load Ratio, LR

BSFC (kg/kW.hr)

D%BSFC


BSFC at 3000 rpm
Turbocompounding	1	0.98147484582904065	0.8623574746209447	0.75487066367907796	0.73312787039766869	0.61241720995307769	0.53432486754546882	0.45337274066306882	0.35109320675576272	0.26622765120901132	0.14998245492915743	0.28159341507849034	0.28034033733528635	0.28210674202643526	0.24406218239602481	0.24122659667999324	0.23448515934248312	0.23235418215340994	0.23532255166893837	0.23962690157757024	0.25199686900111834	0.29037931681291523	No Turbocompounding	0.75454096976168816	0.72869470187080565	0.53473854665021492	0.34967022463149183	0.14866235573326544	0.25027769559164098	0.24674665024921399	0.23572947333636407	0.24064876316468445	0.2929146819948365	DBSFC	0.75454096976168816	0.72869470187080565	0.53473854665021492	0.34967022463149183	0.14866235573326544	-2.483446709435147E-2	-2.237134146966456E-2	-1.4318494565739054E-2	-4.2462781594059824E-3	-8.6556439050694562E-3	Load Ratio, LR

BSFC (kg/kW.hr)

D%BSFC


BSFC at 4000 rpm
Turbocompounding	1	0.93115221681740878	0.83225901378193123	0.80254010111324459	0.5884037264798716	0.57940016956189999	0.45878523379904701	0.39763423490746586	0.3438349915877964	0.21290653587838318	0.20701971601869071	0.29104056196918776	0.28978493341298422	0.29160736867368497	0.26574274405629666	0.24159286568273144	0.23955767883605555	0.23973718061309862	0.24281116623782917	0.24673370944170644	0.27482595471142141	0.27527906054544032	No Turbocompounding	0.58986572998618336	0.57914575738229468	0.41235996308579248	0.20720786652959741	0.24505185277408573	0.24546175016538102	0.24671628456736833	0.27675172192897191	DBSFC	0.58986572998618336	0.57914575738229468	0.41235996308579248	0.20720786652959741	-1.4115327234615707E-2	-2.4052917920385056E-2	-1.5828376859604271E-2	-6.9584651691697533E-3	Load Ratio, LR

BSFC (kg/kW.hr)

D%BSFC
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