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ABSTRACT 

 

A low pressure turbine was designed to recover exhaust energy from internal combustion 

engine. The turbine is located downstream retrieved exhaust heat energy from combustion 

after flowing through the high-pressure turbine in the turbocharging system. The work output 

obtained from the exhaust energy is used to drive an electric generator with power output of 

1.0kW. These was not done by commercial turbine as the low efficiency resulted when 

operated. The main purpose of this project is to develop a scaling model for low pressure 

turbine with power output up to 100kW. An existing low pressure turbine was used as a 

guideline to upscale the turbine. The scaling factor was obtained by comparing the baseline 

with the required power output. The turbine performance was analysed by using a 

commercial computational fluid dynamic software namely, ANSYS® CFX Version 17.0. 

The study found that the scaling factor, f of 10 can be used to produce a 100kW at passage. 

Thus, the geometrical parameter will be scaled accordingly. The rotational speed was reduced 

from 50,000 rpm to 5,000 rpm. The CFD analysis found the peak total-static efficiency (t-s) 

is 81% at the pressure ratio (PR) of 1.12 which has produced the turbine power of 119.88 

kW. Despite the LPT swallowing capacity is increased from 0.05 kg/s to 5.0 kg/s, the LPT is 

limited by the operational choking PR which is 1.4. In conclusion, the computational analysis 

has shown that the scaling process is capable to produce a similar turbine characteristics 

between the baseline turbine and the upscale turbine.   

 

Keywords:  Energy recovery; turbomachinery; turbocompounding  

 

 

INTRODUCTION 

 

Transportation sector uses more than 50% of the world’s fossil fuel and The Energy Institute 

expects the growth to continue until 2040 [1]. The fossil fuel is refined from the petroleum 

crude oil that is depleted with continuous usage [2]. Alternative renewable liquid fuels such 

as biofuels are proposed by many researchers to replace the fossil fuels [3]. Despite the high 

demand for fuels in the transportation, well-to-wheel energy efficiency is approximately 14% 

only [4]. The energy in the fuel is wasted by many various losses and more than 33% of the 

fuel energy is released in the form of exhaust gas [5]. Many engine technologies are 
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developed to improve the engine efficiency and minimise the carbon emission due to 

stringent governmental policies [6-9]. Thus, recovering energy losses will exploit the fuel 

energy on a vehicle at its optimum potential and increase the combustion efficiency [10].  

One of the realistic idea is to optimize the fuel energy from the combustion process 

is by recovering the exhaust energy [11]. The exhaust energy can be recovered by using three 

technologies; (1) organic Rankine cycle (ORC)[12], (2) thermoelectric generator (TEG) [13] 

and (3) turbocompounding [13-15]. The ORC system requires a large space on the engine 

bay and the TEG materials are expensive [16]. A comparative study between ORC and 

turbocompounding on a diesel engine by Adwari et al. [17] has shown that the energy 

recovery system has reduced the fuel usage as much as 5% and 8%, respectively. The 

turbocompounding is operated by mounting additional turbine downstream of the 

turbocharging system [18]. This downstream turbine is known as low pressure turbine (LPT) 

that retrieves waste heat from upstream turbine (high pressure turbine) [10, 19].The 

turbocompounding is by far the best choice compare to ORC and TEG due the bolt-on 

concept to simplify the assembly process and the manufacturing cost is cheaper than the other 

two concepts [10, 20-24].  

The turbocompounding system can be divided into two main categories: mechanical 

and electrical turbocompounding. The former feeds back the excess energy recovered from 

the exhaust gases directly into 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 recharge battery packs [17, 25]. The mechanical turbo-compound system that 

was done by Voith on segment of heavy-duty for commercial vehicles has resulted in savings 

of fuel approximately 8% to 9% depending on different operating profile [20]. Rather than 

using mechanical linkage and power transmission in mechanical turbocompounding, the 

system for electric turbocompounding uses an electric generator run by low pressure turbine 

(LPT) [26]. This system reduces the losses created by the mechanical linkages coupler for 

mechanical parts. However, a slight increment of back pressure is observed in the exhaust 

tail [27].  

Another variation of electric turbo-compound is the so called electric assisted 

turbocharger (ETA) [28]. This consists of an electric machine directly coupled to the shaft of 

the main turbocharger which can be used either as an electric generator (=recovering energy 

from the exhausts) or an electric motor (=adding energy to the turbocharger shaft during 

transient operation) [28]. However, a higher exhaust temperature can be dissipated from the 

turbine and restrict the power electronic operations which must be lower than 200˚C. 

Therefore, the ETA is not suitable for a small petrol engine due for that reason [29]. The 

recovered energy can power up batteries, electrical unit and other auxiliary unit[30]. The 

power conversion by turbo-compound is directed back to power the engine and the extra 

power are redirected to auxiliaries of the vehicle [31]. But, constraints exist for electric 

turbocompounding systems are due to the electric machine that needs to run at a higher speed 

over the entire engine driving cycle in order to work efficiently [32]. 

The electric turbocompounding can be used to recover the exhaust gas from gas 

turbine which is used to drive electric generator in power-plant station [33]. Some power-

plants are designed with a combined cycle where a Rankine cycle is used to recover heat 

energy from the gas turbine [34]. Thus, the cycle efficiency is better. However, there are 

some energy are wasted as low-grade energy in the exhaust gas. The low-grade energy is 

contained of hot gas with low pressure condition. Low pressure turbine can be used to recover 
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the low grade energy in the exhaust gas. However, the current design for the low pressure 

turbine was designed to produce mechanical work at 1.0 kW and operates at 50,000 rpm. A 

turbine scaling method which was developed by Kant et al. [31] can be used to upscale the 

power output of the baseline turbine from 1.0kW to 100kW. Despite increasing the power 

output and physical dimensions, the proposed scaling method must maintain the 

characteristics of the baseline turbine.  

Main of objective of this paper is to evaluate the performance of the upscale 100kW 

turbine. In the first methodology of the research work, a numerical scaling method was used 

to get the suitable scaling factor, f. Then, the physical geometry of the upscale turbine was 

generated in 3 dimensional computer aided design modelling to produce a single-passage 

turbine meshing. The meshing independence study was done to identify the suitable meshing 

quantity for the computational analysis. A commercial computational fluid dynamics (CFD) 

namely Ansys® CFX version 17.0 was used to generate the turbomachinery computational 

data. Finally, the computational turbine performances such as pressure ratio (PR), mass flow 

parameter (MFP), velocity ratio (VR) and total-to-static efficiency (ηt-s) was generated for 

three turbine speeds; 4000 rpm, 5000 rpm and 6000 rpm.  

  

 

METHODOLOGY 

 

Scaling turbine performance and geometry 

Turbine performance maps are portrayed by a numerous number of working operating point. 

Each operating point is characterized by a particular arrangement of information comprising 

of a mass flow, rotational speed and efficiency. Kant et al. developed the characteristic of 

LPT performance map scale with a greater mass flow capacity [31]. As the specific turbine 

geometry is kept unchanged, the turbine size also has to increase. Thus, each operating point 

need to be increased by mass flow scaling factor x. Geometric parameter of LPT also 

sequentially scaled by scaling factor f. Turbine performance maps are scaled without 

changing the inlet conditions. In order to simplify the scaling method and process, gas 

properties (pressure, temperature, velocity and gas composition) at inlet were maintained. 

The efficiency and stresses of blade speed were not effected in the first-order accuracy. It is 

essential to scale the turbine with the increasing of mass flow capacity. Equation (1) shows 

the mass flow at rotor inlet; 

�̇� =  𝜌𝐶2𝐴2 (1) 

Due to constant exhaust gas properties, flow path area A2 has to increase as the mass flow 

capacities are increased by x times. Equation (2) shows that A2 is the area inlet of rotor, D2 

as diameter of rotor inlet and Z2 as rotor inlet blade height. 

𝐴2  =  2𝜋
𝐷2

2
𝑍2 

 (2) 

Thus, every geometric parameter needs to be scaled by factor f, 

�̇�𝑏𝑎𝑠𝑒 𝑥 =  𝜌 𝐶22𝜋
𝑓𝐷2,𝑏𝑎𝑠𝑒

2
𝑓 𝑍2,𝑏𝑎𝑠𝑒 

(3) 

x = f 2 

 

(4) 
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From equation (4), it leads to 

�̇�𝑠𝑐𝑎𝑙𝑒𝑑  =  𝑓2�̇�𝑏𝑎𝑠𝑒 (5) 

Equation (5) shows that the scaled mass flow rate is by the factor of square from the 

baseline turbine. Also, the scaling of the mass flow rate is highly sensitive to the turbine 

power output. Figure 1 shows the sensitivity of the mass flow rate to the turbine power. By 

using the polytrophic equation, the Pressure Ratio, PR was assumed at 1.1 and the inlet 

temperature was 1100 K, the turbine power was calculated and the result is shown in the 

Figure 1. The turbine power is linearly increased as the mass flow rate is increased. From the 

Figure 1, the 100 kW turbine power output can be achieved if the mass flow rate is scaled up 

from 0.05 kg/s to 5.0 kg/s. 

 

 
Figure 1. Turbine power output against the mass flow rate, ṁ. 

 

Walsh previous published work assumed an existing turbine could be scaled by set of 

scaling group [19]. Equation (6) seems to be reliable with the previous work published by 

[19].  

D scaled = f Dbase (6) 

Exhaust gas properties are constant as stated before, rotational speed N can be 

obtained with function of diameter in Equation (7) 
𝐷2,𝑠𝑐𝑎𝑙𝑒𝑑

𝑁𝑠𝑐𝑎𝑙𝑒𝑑
=  

𝐷2,𝑏𝑎𝑠𝑒

𝑁𝑏𝑎𝑠𝑒
 

(7) 

 

Relate equation (7) with scale factor f, 

Nscaled = 
𝑁𝑏𝑎𝑠𝑒

√𝑥
 = 

𝑁𝑏𝑎𝑠𝑒

𝑓
 (8) 

Equation (8) shows that the turbine rotation is inversely proportional to the scale 

factor. As the scaling mass flow rate is increased by the factor of square, the rotation will be 

reduced as the mass flow is increased. The Figure 2 shows the turbine rotational speed, N vs 

the mass flow rate, ṁ.  
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Figure 2. Turbine rotation speed, N against mass flow rate, ṁ. 

 

The physical parameter of the turbine and the design point were obtained from the given 

equations. The turbine power output is scaled from 1 kW to 100 kW with the scaling factor 

of 10. Thus, the mass flow rate is increased to 5.0 kg/s and the rotational speed is reduced to 

5,000 rpm. The turbine radius at root mean square, rrms is increased from 30.1 mm to 301 

mm. The Pressure Ratio, PR, Total Inlet Temperature, T01 and the Specific Power 

Coefficient, Sw are maintained at the design point. 

 

Table 1. Base and scale unit parameter. 

 

The velocity triangle at the inlet and outlet of the turbine are maintained. The turbine 

layout and the velocity triangle at the inlet and outlet of the turbine are shown in Figure 3(a) 

and Figure 3(b). Subscript 1 and 3 is referred to volute inlet and rotor outlet; respectively. 

Subscript 2 is referred to rotor inlet as shown in the Figure 3(a). Based on the Figure 3(b), 

variable C presents absolute velocity of the blade, W presents relative velocity whereas U 

represents the blade speed. The symbol is symbolised absolute angle to present reference 

angle on LPT meanwhile presents velocity for relative velocity. i is incidence angle 

between the relative angle,  and the blade angle, b at the leading edge. All of the velocity 

components are kept similar using the scaling factor method.  

Variable/ Parameter Base Scaled 

Power output (kW) 1  100 

Area (mm2) 0.0034 0.344 

Mass flow rate (kg/s) 0.05 5.00 

Radius root mean square at inlet, rrms,2 (mm) 30.1 301.0 

Radius root mean square at outlet, rrms,3 (mm) 12.3 123.0 

Number of blades 9 9 

Speed (rpm) 50,000 5,000 

Pressure ratio, PR 1.1 1.1 

Total  inlet temperature at, T01 (K) 1100 1100 

Specific power coefficient, Sw 0.013 0.013 
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(a) 

 

 
(b) 

Figure 3. Turbine geometry (a) turbine layout (b) velocity triangle for inlet and outlet of 

radial turbine. 

 

3D turbine blade configurations 

A method for configuring blade profile is defined by using 4th degree Bezier polynomial 

curve that consists of seven profile which are hub, shroud, mean, low mean, upper mean, 

upper base and low base. Figure 4 (a) shows the blade profiling. The projection of the 

camberline curvatures was done by using the Bezier Polynomial with reference of cylindrical 

radius on blade profile define the radial fibre element in the mixed-flow turbine. By fixing 

the camberline angle which is -45o between the hubs to shroud, the lean angle of the turbine 

blade was obtained. Leading edge is maintained at constant fixed angle and the trailing edge 

of the blade is varied. Figure 4 (b) shows the camberline profile. The 3D points for the turbine 

were generated for the suction surface and the pressure surface after setting the turbine 

thickness. 

Shroud 
2 

Volute  Volute Inlet 

1 
Rotor 

3 

Hub 
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(a) 

 

 
(b) 

Figure 4. Blade and camberline profiling (a) blade profile (b) camber angle for the blade 

profile. 

 

Computational fluids dynamics (CFD) setup 

The CFD analysis was done by using a single passage condition. There are three processes 

were done for the CFD analysis which are; (1) generate turbine meshing, (2) Pre-processing 

and (3) CFD post processing. The modified turbine will generate mesh then export to CFX-

Pre for several boundaries input. Finally, the simulation result is analysed in the CFD-Post.  

The meshing process of the turbine element was done by using Turbogrid. Prior to 

the off-design turbine performance, mesh independent study was conducted to analyse the 
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meshing sensitivity. The CFD analysis for meshing nodes from 100,000 to 1,000,000 was 

conducted and the turbine total-to-static efficiency was analysed. Figure 5 shows the results 

of the Total-to-static efficiency against the total meshing nodes. It can be seen in the Figure 

5 that the turbine efficiency is constant when the total number of meshing nodes is higher 

than 200,000. As a result, the total number for the meshing nodes was set at 200,000 because 

the turbine efficiency result is sufficient and the duration to run the simulation is at minimum.  

 
Figure 5. Total-to-static efficiency vs total meshing nodes. 

 

Table 2. Single passage mesh statistics. 

Domain Nodes elements 

 
 

Meshing Elements 

Passage 237 202 225 333 

Inlet 9918 8288 

Outlet 17 556 15 392 

Total 264 676 245 013 
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Figure 6. Boundary interface of turbine. 

 

 The meshing method was done by using Target Passage Mesh Size with nodes and 

elements used in each component in the analysis are shown in Table 2. Meshing method was 

optimized at wall using absolute method. The set up for the pre-processing was done in the 

CFX-pre where the input for boundary conditions were given. Figure 6 shows the boundary 

interface for the turbine meshing. For the inlet boundary condition, the swirling angle was 

fixed into 77o. The input for inlet was set as mass flow rate which is 5 kg/s divided by the 

number of blade existed with flow direction of cylindrical component which consist of three 

components, radial tangent and axial. However, it was assumed that only radial and tangential 

component were existed while the flow axial component was presumed to be 0. The material 

was set to be an ideal gas with value of specific heat Cp = 1559.9 J/kg/K at constant pressure 

and the static temperature is set at 1100 K. For outlet section, the opening static pressure and 

ambient temperature were set to P = 100 kPa and T = 298 K and the flow was assumed to be 

normal to the exit area. The analysis was done at 3 different operating speeds; 4000 rpm, 

5000 rpm and 6000 rpm with medium turbulence (5%). Once all the inlet and outlet boundary 

conditions were set, the simulation process of the solver need to be set up. The number 

convergence of iterations used in this analysis was set to 500 and the residual date were set 

to 1x10-6 for greater precision. Simulation control were done in full run with Platform MPI 

local Parallel mode up to four number of process running. The result obtained from CFD-

Post were exported with command editor to analyze the performance of the turbine. 
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RESULTS AND DISCUSSION 

 

Pseudo and non-dimensional parameters are used to analyse the CFD turbine performance. 

The pseudo and non-dimensional groups are given below.  

Mass Flow Parameter (MFP) 
�̇�√𝑇01

𝑃01
 

Total-to-static Efficiency 𝜂𝑡−𝑠 

Pressure Ratio (PR) 
𝑃01

𝑃3
 

Velocity Ratio U2/Cis 

Speed Parameter (SP) 
𝑁

√𝑇01

 

The Total-to-static efficiency, t-s is the ratio of the actual to the isentropic turbine work 

output; �̇�𝑎𝑐𝑡 �̇�𝑖𝑠⁄ . For the testing data, the �̇�𝑎𝑐𝑡 was measured by using eddy current 

dynamometer and the computational �̇�𝑎𝑐𝑡 was measured by the difference of the total 

enthalpy change between the inlet and outlet turbine flow. The isentropic turbine work, �̇�𝑖𝑠 

was calculated by using the isentropic expansion process of the Total Inlet Pressure, P02 and 

the exit static pressure, Ps3. The �̇�𝑖𝑠 represents the full energy that can be recovered by the 

turbine when there are no losses are generated. The VR is the ratio of the blade speed, U and 

the isentropic velocity, Cis and the VR is inversely proportional with the pressure ratio, PR. 

The turbine performance analysis will be presented in two sections which are; (1) comparison 

with the testing data 1kW LPT and (2) the turbine performance for various rotational speeds.  

 

 
Figure 7. Turbine Assembly on the Eddy current dynamometer in Imperial College 

turbocharger testing facility [10]. 

 

 

Eddy Current 

Dynamometer 

Measurement 

Plane 

Low pressure 

turbine 
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Comparison with the testing of 1 kW data 

This section compares the testing data of the 1kW LPT and the CFD data of the 100 kW. The 

comparison is done for the designed turbine speed which is 50,000 rpm for 1 kW and 5,000 

rpm for 100 kW. The testing of the 1 kW LPT turbine was done in Imperial College 

turbocharger testing facility. The full data for the testing can be find in the reference [10]. 

Figure 7 shows the experimental set up and the LPT turbine assembly of the Eddy Current 

dynamometer that is available in the facility. All data such as temperature, inlet pressure and 

mass flow rate were measured at the measuring plane area.  

 
Figure 8. Comparison of turbine performance for the baseline 1.0 kW (experiment) and 

upscale 100kW (computational). 

 

   Figure 8 shows the trend for the total-to-static efficiency, t-s against the Velocity 

Ratio, VR. It is shown in the Figure 7 that the location of the peak t-s is slightly on the higher 

VR for the CFD LPT 100kW which is approximately at VR = 0.69 and the peak of t-s = 

84%. The peak t-s for the Tested LPT 1kW was deduced at 76% at the VR = 0.66. The 

Standard Deviation of the total-to-static efficiency, t-s is 5.4%. The Figure 7 also show that 

the Total-to-static turbine efficiency for the computational result is higher than the 

experimental result. This is because the entropy generated in the computational turbine loss 

is computed by the disorder of the internal flow velocity gradient in the turbine passage only. 

This is known as passage loss [35]. In the actual turbine operation, the entropy gain in the 

turbine losses are summed by 4 major turbine losses which are (1) passage loss, caused by 

shear forces on the turbine surface; (2) friction loss, caused by the velocity gradient in the 

boundary layer in internal passage; (3) tip clearance loss, caused by the clearance between 

turbine tips and the shroud volute; and (4) backpressure loss, caused by the flow leakage 

from the turbine passage to bearing housing [35]. The turbine losses for (2), (3) and (4) could 

not be computed in the CFD analysis.  
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The turbine capability to accept the working fluid is known as the turbine swallowing 

capacity and it is presented by the mass flow parameter, MFP. Figure 9 shows the MFP vs 

the PR. The x-axis indicates the PR, the primary y-axis is the MFP for the 100 kW scaled 

LPT using post process from CFD analysis and scaling calculation. The secondary y-axis is 

the MFP for Testing LPT 1 kW. The scaling calculation for the MFP was obtained by using 

Equation (5). The Standard Deviation for the MFP between the scaling calculation and the 

CFD Scaled, MFP is 2.05. The Figure 9 shows that the MFP for the 100 kW LPT is 50 times 

higher than the 1 kW LPT. A similar trend where the turbine will start to choke when the 

turbine is operated higher than PR > 1.4 is found in the Figure 9. The turbine is choked when 

the working fluid is blocked at the inlet due to high centrifugal force of the turbine rotor. 

Thus, a higher pressure is developed at the inlet and the working fluid is highly accelerated 

and expanded in the turbine passage towards the exit of the turbine. A shock wave will 

develop when the axial velocity Mach number is higher than 1, Ma3 >1. The turbine will 

vibrate and might be damaged. Therefore, the turbine testing was not done higher than PR > 

1.3. In order to avoid from choking, a bypass valve is suggested to be included in the energy 

recovery system. The bypass will be opened if the PR>1.4 to avoid the LPT from choking 

and to extend the lifetime of the turbine.  

 
Figure 9. Mass flow capacity characteristics for baseline 1.0 kW (experiment) and upscale 

100kW (computational). 

 

The turbine performance for various rotational speeds  

The single passage CFD analysis was run for three turbine rotational speeds; 4000 rpm, 5000 

rpm and 6000 rpm at steady state condition. This is to represent the off-design operating 

conditions for the lower speed and higher speed. The pseudo and non-dimensional turbine 

performance analysis were done in this discussion. The t-s vs VR performance is given in 

Figure 10. The maximum t-s is located in the 5000 rpm speed line. Similar trend for the 4000 

rpm and 6000 rpm is found in the Figure 10. The peak t-s for the 4000 rpm and 6000 rpm is 

less than the 5000 rpm.  It can be observed that the peak t-s for the lower rotational speed is 
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shifted to lower VR (or higher PR) and for the higher rotational speed-line, the peak t-s is 

shifted to higher VR (or lower PR). This is because the optimum blade velocity triangle is 

located near to the design point which is approximately 5 kg/s. The discussion of the blade 

velocity triangle is given in the next section.  

 

 
Figure 10. Computational performance for upscale 100 kW turbine at various rotational 

speeds. 

 
Figure 11. Computational mass flow capacity characteristics for upscale 100kW at various 

turbine speed. 
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The swallowing capacity performance for each rotational speed is given in Figure 11. 

It can be observed that the trend for the swallowing capacity is similar for each operating 

speed. For a similar PR, the MFP is increased as the turbine speed decreased. This is because 

the centrifugal force for the low turbine speed is less; subsequently more fluid will swallow 

into the turbine. Thus, the swallowing capacity is higher for the lower turbine speed. Despite 

a higher swallowing capacity is obtained for the scaled turbine, the operating PR is still 

PR<1.4. It can be observed that, for all turbine speeds, the turbine choking will begin at PR 

= 1.4. Therefore, the LPT requires a bypass system to avoid damage and extend its lifetime. 

In order to understand the flow characteristics that has contributed to the passage loss 

in the turbine, Blade Incidence Angle, i effect in the turbomachinery velocity triangle at the 

leading edge of the turbine blade can be analysed. The Blade Incidence Angle, i is an angle 

between the Relative Flow Angle, 2 and the Blade Angle, b (refer to the Figure 3(b)). The 

maximum turbine total-to-static, t-s is located at VR ≈ 0.69. It can be seen from Figure 12 

that, the optimum Blade Incidence Angle, i is between -30° and -40° for all rotational turbine 

speeds. This result is similar to the fundamental discussion by Japikse & Baines where the 

optimum turbine efficiency is in the range of in the range of -30° to -40°[35]. As the PR is 

increased in the off-design operating condition at constant rotational turbine, the mass flow 

rate and the isentropic velocity, Cis is increased; consequently the VR is decreased. This will 

increase the meridional velocity, Cm2 and the Absolute Angle, 2 and decrease the Relative 

Angle at the leading edge, 2. As a result, the Incidence Angle, i is increased as the VR is 

decreased. This behaviour can be seen clearly in the Figure 12.   

 

 
Figure 12. Blade incidence angle, i against the velocity ratio, VR. 
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CONCLUSION 

 

This paper has proven that the turbine scaling method can be used to increase the turbine 

capacity. The first objective of this paper which is to obtain a physical parameter for the 

100kW LPT was achieved by the numerical scaling process. By using the scale factor, f of 

10. The turbine speed is reduced from 50,000 rpm to 5,000 rpm and the mass flow rate is 

increased from 0.05 kg/s to 5.0 kg/s due to the diameter scaling effect for the 100 kW turbine. 

The CFD analysis has shown that the peak efficiency of the turbine performance is obtained 

approximately 81% at the VR of 0.68. The velocity triangle for the turbine rotor is 

maintained. It is found that the optimum Incidence Angle, i is approximately -40° when the 

total-to-static efficiency achieved its maximum value. The turbine turbine swallowing 

capacity is limited below than 1.4 to avoid turbine choking. In conclusion, the application of 

turbine scaling method can preserve the turbine flow characteristics because the turbine 

losses and the swallow capacity for the baseline and upscale turbine are similar.  
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