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1 Abstract 

A turbine was investigated by various methods of calculating its efficiency. The project was based on an 

existing impulse turbine, a one-stage turbine set in an organic Rankine cycle with the working fluid being 

R245fa. 

Various methods of loss calculation were explored in the search for a method sufficiently accurate to 

make valid assumptions regarding the turbine performance, while simple enough to be time efficient for 

use in industrial research and development.  The calculations were primarily made in an isentropic 

manner, only taking into account losses due to the residual velocity present in the exit flow. Later, an 

incidence loss was incorporated in the isentropic calculations, resulting in additional losses at off-design 

conditions. Leaving the isentropic calculations, the work by Tournier, “Axial flow, multi-stage turbine and 

compressor models” [18] was used. The work presents a method of calculating turbine losses separated 

into four components: profile, trailing edge, tip clearance and secondary losses. The losses applicable to 

the case were implemented into the model.  

Since the flow conditions of the present turbine are extreme, the results were not expected to coincide 

with the results of Tournier. In order to remedy this problem, the results were compared to results 

obtained through computational fluid dynamics (CFD) of the turbine. The equations purposed by 

Tournier were correlated in order to better match the present case.  

Despite that the equations by Tournier were correlated in order to adjust to the current conditions, the 

results of the losses calculated through the equations did not obtain results comparable to the ones of the 

available CFD simulations. More research within the subject is necessary, preferably using other software 

tools.   
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2 Objectives 

The goal was to evaluate the differences of various efficiency calculation results for a one-stage impulse 

turbine featuring an organic, high molecular mass working fluid. Using the most exact calculation methods 

to find the characteristics of a given turbine is time consuming and preferably avoided. Due to this, it is 

beneficial to find the minimal level of complexity necessary in order to evaluate a given configuration with 

acceptable accuracy. A hint to this answer may be found by observing the progression of the calculation 

results. At the complexity level where the calculation results correspond to those of the final results, it is 

reasonable to conclude that a sufficient level of detail may be reached. Loss approximation methodologies 

are available at various degrees of accuracy and complexity, however prominently with working fluids 

where the assumption of ideal gas is viable, or for steam. Similar methodologies do not exist for organic 

working fluids.  

3 Background 

3.1 The Organic Rankine Cycle 
The organic Rankine cycle (ORC) is in principle similar to the traditional Rankine cycle. In the most basic 

case, a heat source is utilized in order to heat and evaporate a high-pressure liquid flow. The fluid is then 

expanded, where mechanical work is extracted. The low pressure, low temperature fluid is then condensed 

back to a liquid. The fluid pressure is increased before finally being brought back to the heat source to 

close the cycle.  

The key difference between the ORC and the traditional Rankine cycle is the working fluid, where it in the 

case of the ORC is specified as an organic high molecular mass fluid with a lower critical point compared 

to the most common working fluid of Rankine cycles, namely water. 

Organic Rankine cycles are used in geothermal power plants in order to recover the low temperature heat 

sources present in this type of power generation. About 1000 MWe of ORC power is installed world-wide, 

and the technology can be regarded as mature. Recently proposed applications of the cycle include heat 

and power production from biomass combustion, or use in combination with high temperature fuel cells. 

Even domestic power production through the cycle is proposed [1]. Electricity may also be produced 

utilizing solar collectors. The Nevada Solar One power plant with a capacity of 64 MW utilizes ORC 

technology [2].  

The potential for the cycle for recovering industrial waste heat has proven feasible. Processes where this 

technology has been applied cover a wide span, and include power plants, manufacturing, data centre 

cooling, automotive industry, and also maritime transportation. The main advantages of the ORC as a 

waste heat recovery system are identified as savings in power demand, reduction of pollution and low 

operation and maintenance cost [3]. The proposed application in this work is the utilization of low grade 

waste heat generated in various industrial processes. This waste heat is readily available at a low cost. The 

investment cost must however be kept low, in order to make the installation of a heat recovery system 

economically viable. 

3.2 The Turbine 
In order to utilize the energy of the working fluid in the ORC, a type of expansion device must be used. 

The most common one is the turbine, which is in focus of investigation in this work. The turbine is a 

highly utilized device for transferring energy to or from a fluid, by the means of rotating blade rows. 

Rotary mechanical work may be applied in order to increase the pressure of the fluid, or extracted leading 
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to a decreased pressure. The design of a turbine is complicated, taking into account three-dimensional 

flow effects occurring in the vicinity of the blades, as well as accounting for vibrations and resonance 

frequencies of the structures [4].  

For high pressure ratio turbines, transonic flow velocities occur, leading to a new set of effects due to the 

compressibility of the flow. In turn, with turbines working with saturated or close to saturated fluids, the 

assumption of an ideal gas is not valid, leading to additional challenges [5].  

In the proposed ORC, a turbine is to be used to extract the energy from the fluid. A low number of stages 

is desired, since the turbine is meant to be affordable with high simplicity and low maintenance. For this 

reason, a high power output for a given level of simplicity is of high importance instead of a high 

efficiency. The desired combination of high power output and compact design makes the impulse turbine 

a favorable choice, compared to the reaction turbine which may offer a higher efficiency, at the cost of a 

larger design.  

The definition of an impulse turbine is that the majority of the fluid expansion takes place in the fixed 

turbine stators. The flow is thereby accelerated and directed to the rotor through which it is diverted while 

the pressure is held near constant. The flow enters the rotor with a path close to the rotational direction, 

and is diverted to the reversed direction, thereby supplying the rotor with mechanical energy.  

The impulse turbine may be set up in a number of ways. The simplest configuration is a single-stage 

turbine. This configuration may be developed in search of better efficiency or higher output. The 

expansion may be divided into several stages, where a part of the expansion is performed through each 

stage. An alternative to this setup is to perform the entire expansion in the first stator, and using the 

second stator only to redirect the flow to the next rotor. This configuration is referred to as a two-row 

turbine stage [6].  

Another way of configuring the turbine is to make use of counter-rotating rotors. This case is 

thermodynamically similar to the two-row turbine stage, but structurally very different. Instead of using a 

stator solely for the purpose of redirecting the flow, the second rotor is placed directly downstream of the 

first. To make it possible to recover energy in this stage it is now necessary that this rotor is moving in the 

opposite direction of the first. This is referred to as a vane-less counter-rotating turbine [7]. The rotor 

blades are designed in such a way that the outlet flow of the first directly matches the input of the second. 

Two separate shafts are used, making a gear connection between the two necessary. This gives the 

possibility of using individual rotational speeds for each rotor. The main advantage of using counter-

rotation is the possibility of a more compact design, compared to a traditional multi-stage solution. Also 

the frictional losses may be reduced, thanks to the absence of the intermediate stator [7].  

A low number of stages leads to a high pressure ratio and thereby transonic flow velocities and 

compressible flow effects. This, along with the proximity of the saturation curve leads to the complicated 

combination of a non-ideal gas and compressible flow. In the common process equations, one of the two 

usually assumes the absence of the other. It is however possible to take these effects into account in 

computational fluid dynamics (CFD) [8].  

The project is based on an existing turbine model, which is also simulated in CFD. It is based on a Laval 

turbine design, consisting of 21 Laval nozzles and an impulse rotor with 96 blades. The rotor has a mean 

diameter of 510 mm, and a depth of 26 mm. The actual turbine is constructed of aluminium, by the 

company Ocer SA (Figure 1) [9].  
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Figure 1: The original physical turbine rotor 

The stator outlet angle  is 75°, while the rotor blade angle β is 63° at both rotor inlet and outlet. The 

blade hight is 24 mm, and the chord is 20 mm. 

3.3 CFD-Calculations 
The turbine is simulated in two dimensions, where a section of 3 nozzles and 13 blades are considered, 

according to Figure 2. The number of blades shows that the CFD model of the turbine is not an exact 

section of the physical turbine, where the number of blades corresponding to 3 nozzles would be 13.71 

instead. The current approximation, where 4 flow passages through the rotor are exactly aligned to each 

nozzle, gives an ideal flow case. The software used is Ansys Fluent 12. 

The model inlet is at the nozzle throat, to the left in the figure, where the Mach number is 1. The inlet is 

specified as a pressure inlet, where the values of total temperature, total pressure and static pressure are 

specified. The boundary conditions are set to obtain Mach 1 at the given pressure and temperature. Since 

the velocity is known, using a velocity inlet instead of the pressure inlet may seem preferable. However, in 

Fluent the velocity inlet is limited to calculations of incompressible flows. Using a velocity inlet for 

compressible flow will lead to nonphysical results [10] (7.3.4 Velocity Inlet Boundary Conditions). 

From the nozzle throat, the fluid continues to accelerate through the remaining nozzle to the nozzle 

outlet. The interface between stator and rotor is normal to the axis of rotation, and placed at the end of 

the stator geometry. 

The simulation is of the type “frozen rotor”. This signifies that upon passing the interface between stator 

and rotor, the fluid is given a vertical velocity component corresponding to the rotor rotational speed 

being simulated. The advantage of this method of simulation is that it may be performed as steady, that is, 

without any time-dependent behavior. The time dependence would normally be necessary for the 

simulation of a turbine, in order to include the effect that the rotor has on the flow upstream. However, 

since the outlet velocity from the stator is supersonic, no effects downstream of the stator outlet are 

allowed to propagate upstream. This makes the method of simulation valid, allowing greatly decreased 

calculation costs.  
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Figure 2: Complete CFD model 

When using the method of frozen rotor, the relative positioning of rotor and stator is of big importance, 

since only one position is simulated. In this case, the rotor blades are positioned directly in front of the 

stator outlet, leading to optimal flow through the rotor, where the stator wakes have little to no impact on 

performance. [11] 

Above and below the modeled rotor section, the periodic boundary is used. This allows the simulation of 

problems that are expected to have a solution repeated periodically. The boundary is used in pairs, and it 

makes use of the assumption that the flow exiting one of the boundaries is equal to the flow entering the 

other. The rotational periodicity is specified in the simulation, corresponding to the proportion of the 

section being modeled. There are two types of periodic boundaries available in Fluent. One allows 

pressure change across the boundary where the other does not. The boundary with constant pressure is 

used in this case [10] (7.3.16 Periodic Boundary Conditions). 

The flow finally passes through the rotor to the outlet. The outlet is set to a pressure outlet. Here, the 

static pressure is set. However, if the flow upstream of the outlet is supersonic, the pressure value will not 

be used. The pressure will instead be extrapolated from the interior, along with all of the other flow 

parameters [10] (7.3.8 Pressure Outlet Boundary Conditions). The positions of the simulation interfaces 

are shown in Figure 3, where 1 is the pressure inlet, 2 is the stator-rotor interface, 3 is the periodic 

boundary and 4 is the pressure outlet. 
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Figure 3: CFD model interfaces 

The turbulence model used was the Spalart-Allmaras turbulence model. The model is of the common 

type: Reynolds-averaged Navier-Stokes (RANS). Flow quantities are instantaneous, but in the RANS 

models, the quantities are divided into a time-average component and a fluctuating component. The 

model is based on linear eddy viscosity. The eddy viscosity is the effect of viscosity obtained from 

turbulence.  

The Spalart-Allmaras turbulence model is a one-equation turbulence model, giving lowered calculation 

costs compared to the common k- or k- turbulence models utilizing two equations. The Spalart -

Allmaras model may also be used with real fluids, where the k- and k- models require fluid database 

lookup in order to function with real fluids, delaying calculation speed further.  

Originally, the model was developed for aerospace applications, but it has become popular within 

turbomachinery as well. In its original form, it is a low-Reynolds number model. However, the model has 

been implemented in Fluent to work with higher Reynolds numbers, by making use of wall functions 

when the mesh resolution is not sufficiently fine. The model does still have difficulties predicting 

turbulence decay, and rapid changes between wall-bounded flow and free shear flow [12] (12.3 Spalart-

Allmaras Model Theory). 
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3.4 Working Fluid 

The proposed working fluid of the cycle is R245fa, with a critical point at 154 C and 36.4 bars [13]. The 

critical point may be compared to that of water, being 374 C at 220 bars. The gas is saturated at the inlet 

of the turbine, avoiding saturation through the expansion process. This phenomenon is called dry 

expansion and contrary to a Rankine cycle utilizing steam as working medium, but possible thanks to the 

characteristics of the cooling medium. The T-s diagram of R245fa is displayed in Figure 4. Here it is 

possible to see that an isentropic expansion is possible, without reaching the saturated area.  

 

Figure 4: T-s diagram of the working fluid R245fa 

Thanks to the low critical point and dry expansion, a high temperature is not required to reach desirable 

vapor conditions. Also, the extremely low outlet pressure of power production with steam may be 

avoided, resulting in condensation pressures above atmospheric. This leads to easier maintenance, since 

the flow is not contaminated with substances leaking into the system.  

An additional advantage of using an organic working fluid is the lower heat of vaporization compared to 

water. R245fa has the specific heat of vaporization of 184 kJ/kg [14] compared to that of water at  

2230 kJ/kg. During the vaporization phase, the temperature of the fluid remains constant. This results in 

an increasing temperature difference between the fluid and the heat source as the fluid is evaporated. The 

temperature difference leads to increased losses compared to the case where the fluid temperatures are 

changing simultaneously [15]. A lower heat of vaporization gives a closer correlation between the working 

fluid and the heat source temperatures, thereby leading to lower losses. 

These characteristics, in combination with safety and environmental aspects, make R245fa a favorable 

fluid for recovery of low heat sources [16].  
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4 Method 

The project was carried out in a progressive manner, starting with simple isentropic calculations, 

continuing by taking losses into account, and finally comparing to CFD simulations. 

4.1 Velocity Triangle Estimations 
The primary study was done with traditional velocity triangles and enthalpy changes. The process was 

assumed isentropic, but the gas was not considered ideal, due to the proximity of the saturation curve. 

Neither was the gas considered incompressible, due to the high pressure ratio. The correct enthalpies and 

velocities were found using the isentropic relation together with the pressure values throughout the 

process. Because of its impulse geometry, the static pressure was assumed constant through the rotor.  

The work output was thereafter calculated as the change of total enthalpy. The blade angles were taken 

from the physical turbine described in section 3.2. 

The input variables for the calculation were: an inlet temperature of 150 C, an inlet pressure of  

25 bars, and the static outlet pressure of 1 bar. The stator exit angle was set to 75. Stagnation conditions 

were assumed at the turbine stator inlet. The working fluid used in the turbine was R245fa.  

The program used to realize the primary isentropic analysis was Engineering Equation Solver (EES) [17], 

because of its built-in fluid properties. This was used in order to find the enthalpies throughout the 

process. Given the pressure and temperature, the enthalpy and entropy for the stator inlet could be 

extracted given the fluid parameters of EES: 

           
 

1.  

            2.  

 

The first step from enthalpy calculations to velocity and angle calculations was across the stator. With 

presumed stagnation conditions at stator inlet, along with conservation of entropy total enthalpy and 

through the stator, the enthalpy and velocity at stator outlet was calculated: 

         
 

3.  

            
 

4.  

         
 

 
  
   

 

5.  

           
 

6.  

 

By using the angle of the stator outlet  in combination with rotational speed and radius of the rotor, the 

various flow velocities could be calculated, according to the following equations. The vectors are defined 

according to Figure 5. 

     
   
  

 

 
 

7.  



   

13 
 

     
   
   

 

 

8.  

                     
 

9.  

  
     

     
  10.  

 

The rothalpy (I) is derived from the Euler equation and is defined as the total enthalpy (h0) minus the flow 

velocity in the direction of rotation (c) multiplied by the blade speed at the mean flow radius (u): 

         11.  

 

The rothalpy is constant across the rotor, which enables the calculation of the velocities on the 

downstream side. All velocities and angles were calculated through the turbine, and finally the step back to 

the regime of enthalpies was made. The difference in total enthalpy throughout the process corresponds 

to the specific work achieved in the process.  

 

 

Figure 5: Vector and angle definitions 

 

Later, the relative flow angle at rotor inlet was calculated. ’Relative’ refers to the moving reference frame, 

that is, the reference frame of the rotor. The difference between the rotor inlet flow angle and the rotor 

inlet blade angle gives the incidence angle, being: 

      
   

  
 

 

12.  

        13.  
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The incidence angle along with the stator outlet velocity was later used in order to calculate the incidence 

loss.  

4.2 Parametric Loss Calculations 
With the isentropic calculations complete, the next stage was the parametric calculations, now taking flow 

losses into account. The first losses introduced were the losses associated with off-design operation. This 

effect is simulated by the incidence (i). The inlet flow velocity (w) is modified by multiplying by cosine of 

the incidence:  

               14.  

 

This corresponds to a projection of the flow velocity to the blade inlet; physically meaning that only the 

velocity component aligned with the blade inlet is utilized, as shown in Figure 6. 

 

Figure 6: Primary incidence loss 

 A change in inlet pressure, temperature or rotational speed leads to a change of the relative rotor inlet 

angle, and thereby an incidence. This makes this method applicable for all off-design possibilities. At the 

outlet of the rotor, the flow was assumed to be aligned with the blade once again.  

4.2.1 Tournier 

Further methods of loss calculation were used from previous works. The paper “Axial flow, multi-stage 

turbine and compressor models” [18] presents a methodology for efficiency-calculations of turbines and 

compressors based on geometry and input conditions. The calculations are founded on mean-line analysis, 

assuming constant axial flow velocity, constant mean radius and free vortex flow. The paper assumes 

known loading and flow coefficient, and either known degree of reaction or outlet flow angle, where the 

outlet flow angle is set to zero for the ultimate stage. The preceding stages are instead assumed to have 

known reaction degree. 
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The work takes into account profile losses, tip clearance losses, trailing-edge losses and additional 

secondary flow losses. The profile losses also include shock losses, which is of high importance in this 

work. Each of the loss effects are represented by an individual component of the calculation.  

The method was implemented on the available turbine geometry. Results acquired from the calculation 

were compared with the results of existing CFD simulations. Where necessary, the losses were correlated 

to match the ones of the CFD. The reason that the losses calculated according to [18] differ from the 

result of the CFD is the use of fluid conditions combining compressibility and non-ideal behavior, which 

is not accounted for in [18]. The method by Tournier is valid applied to a helium turbine with multiple 

stages. In the present paper, the method is applied to a turbine operated with a real gas, contrary to helium 

and primarily one stage.  

4.2.2 Equations 
The loss variable by Tournier is denoted as Y, and is defined as the loss of total relative pressure, 

compared to the dynamic pressure in the outlet, where each loss component is added to give the total loss: 

                                 15.  

 

The profile loss component is calculated according to the following equation: 

                 
              

   
 

     
16.  

 

The factor of 0.914 is used to attain the profile loss for zero trailing edge thickness, since the equation 

originally assumed a trailing edge thickness. In Tournier’s work, the trailing edge loss is calculated as a 

separate component making it possible to use the equation for blading of varying trailing edge thickness.  

 The factor Kin is set to 2/3. KRe is a correction factor for the Reynolds number, and calculated according 

to the following equation: 

     
     

   
 

     

               

 

17.  

 

                      18.  

 

The factors Kp and Yshock take the fluid compressibility effects into account, and are calculated using the 

following equations: 

                                     
 

19.  

                               
 

20.  

    
   
   

 
 

 

 

21.  

        
    

 

    
   

    

    
  

 

 
     

        
    

        
        

22.  

                
        23.  
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The following equation gives the Mach number ratio between mean radius and hub for the rotor. A 

similar equation is available for the stator. 

   
   

   
 

 
 
 

 
       

    
    

 

 

       
    
    

           
    
    

     

       
    
    

     

  

24.  

 

The profile loss coefficient Y’p,AM is an interpolation between the calculations for 1=0 and 1=2. In this 

work the calculation was simplified by using the calculation for 1=2 for the rotor without interpolation. 

This was viable because of the impulse character of the rotor, resulting in nearly equal relative inlet and 

outlet angles. Hence, Y’p,AM for 1=2 was calculated as: 

     
           

 

 
  

 

 
 
   

  
 

 
25.  

 

The optimum minimum solidity (1/)min represents the solidity (cord to pitch ratio) for minimum losses 

and is calculated according to the following equation for 2>60, and similarly for 2≤60. 

 
 

 
 
   

             
                    

26.  

 

Yp,min is the minimum loss coefficient, and calculated by: 

                  
 

 
 
   

  
27.  

 

The variables A and n in the equation for Y’p,AM are calculated according to the following equations, for 

1/  (1/)min and 2>60: 

              
                

 

28.  

                       29.  

 

The ratio ZTE/H is the “spanwise penetration depth”, describing the separation between primary and 

secondary loss regions. It is calculated with the following equation: 

   
 

 
        

    

 
     
     

 
 
  

    
      

  

 
 
 

 

 

30.  

Ft is the “tangential loading parameter”. In this equation,  is the blade stagger angle measured from the 

axial direction. The angle is 0 for the impulse rotor. 



   

17 
 

     
 

     
                     

31.  

 

Where: 

        
 

 
              

 

32.  

The variable * is the “boundary layer displacement thickness” at inlet endwall, calculated by: 

   
       

 
     
  

 
    

33.  

 

The variable x in this case is half the axial chord, which with the impulse rotor also equals half the chord.  

The secondary loss coefficient is given by the following equation: 

   
                   

     

   

      
     
     

  
      

  
 
     

34.  

 

Since the stagger angle is zero, the axial component of the chord, Cx is equal to the general chord C. 

FAR is an aspect ratio factor, defined as: 

     
 

 
 
    

     
 

 
     

 

35.  

 

            
 

 
     

 

 
     

36.  

 

The trailing edge loss, similar to the case of the profile loss, is calculated by an interpolation between axial 

entry and impulse blading. Hence, the equation for impulse blading was used for the rotor without 

interpolation. This was done with the following equation: 

             
   
 
 
 

          
   
 
              

37.  

 

Here, the ratio between trailing edge thickness (tTE) and throat width (O) is used to calculate TE, the 

kinetic energy loss coefficient, which is converted to a pressure loss coefficient in order to be added to the 

other loss components. This is done with the following equation: 
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38.  

 

Since the work is done with a real fluid, the heat capacity ratio  cannot be considered constant. It is 

therefore calculated for the state of the rotor outlet (2). 

An equation for calculating the deviation angle,  was also available in the work of Tournier, and used in 

order to calculate the rotor outlet flow angle: 

      
 
 
 
 
    

        
          

    
 

 
    

          
          

   
      

 
 

39.  

 

4.2.3 Separation and Addition 
The total loss is finally calculated as the sum of the separate loss mechanisms: 

            40.  

 

However, the available CFD calculation used for correlation and validation was performed in 2D, not 

taking into account losses due to effects in 3D. This includes Ys, which is the coefficient for losses due to 

secondary flow phenomena. Neither the tip clearance losses, which are not presented in this work, were 

considered due to their 3D-character. 

The losses taken into account were the profile and trailing edge losses. Since the turbine has a high mach 

number, the phenomena that characterize this turbine are expected in the profile losses where 

compressibility effects are included. The shock losses were separated from the main profile loss, making it 

possible to treat it as an individual component through the investigation. Starting with equation 16, the 

separation was done according to the following equations: 
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42.  

 

Here, Yprofile represents the remaining profile loss with the shock component extracted. The total loss 

coefficient was therefore finally calculated as: 

                   43.  

 

4.3 Equation Adaptation Process 
The initial goal was to implement the method of Tournier in order to calculate the efficiency of the 

impulse turbine in combination with an organic, high molecular mass working fluid. The turbine geometry 
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and input conditions were known. However, the reaction degree and loading were not available. A loss 

component due to the incidence angle of the turbine was not included in the paper, and was therefore 

implemented in the calculation. These factors implied a slight modification to the method of Tournier.  

The implementation was initially done in the EES software, for the simple case of a single-stage turbine 

with the geometry of the original turbine. Later the goal was to modify the geometry and configuration in 

search of increased performance. An isentropic stator was assumed upstream of the rotor, in order to 

provide input variables for the rotor, and thereby calculate the losses through the rotor according to 

Tournier.  

Primarily, the aim was to calculate the turbine outlet pressure due to the losses. The reason for this 

approach was the search for a method that could be expanded with additional stages later. In that case, the 

output from the first stage would simply serve as input for the next. However, this proved difficult due to 

the lack of input variables. Instead, the output pressure was fixed and the losses were calculated 

accordingly, in the hope of adapting the code for expansion of the turbine later.  

In order to make the code function, the loss parameter Y from the work of Tournier was given an initial 

value, allowing the calculation of the rotor outlet flow conditions. The outlet conditions in turn allowed 

for the solving of the equations by Tournier. The point where the assumed and the calculated values were 

equal was found, and this point was used to reset the initial guesses preformed by EES. After the guesses 

were adjusted, the initial and the calculated value could be set as equal, and no longer fixed. This made 

EES solve the loss equations as a block for iteration, where the initial guess led to a Y, which was used to 

find the output variables. Through iteration, the correct solution was found by the program. 

4.3.1 Velocity Triangle 
The loss calculations were initially based on the input parameters of an isentropic stator, in order to 

retrieve parameters for the rotor where the losses then could be calculated. The geometry of the turbine 

rotor along with the inlet flow parameters from the stator were used as in the previous velocity triangle 

study (section 4.1). The previous isentropic rotor was however exchanged with equations incorporating 

the loss of total pressure.  

At rotor exit, the equation by Tournier for the deviation angle  was used in order to calculate the flow 

angle 2 (see equation 39): 

        44.  

4.3.2 Incidence 
The incidence angle was used to incorporate an incidence loss. This was first done according to equation 

14, by simply reducing the relative rotor inlet velocity to assimilate that only the velocity component 

aligned with the blade inlet angle is used in the continued calculations. 

The method was later replaced with an other, where the dynamic pressure of the velocity component 

normal to the blade inlet angle was removed from the total relative inlet pressure: 

                     
 

 
            

  
45.  

 

The new total pressure was then used for calculating the new velocity: 

                  
 

 
          

  
46.  
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The total relative temperature and enthalpy were assumed constant through the process along with the 

conservation of mass.  The conservation of mass was however written as: 

                47.  

 

The subscript mod indicates the modified velocity and density due to the incidence loss. This method of 

calculation was however edited. Assuming both constant total relative temperature and enthalpy only 

relies on the variation of specific heat capacity. This was therefore not an exact method of finding the 

fluid conditions downstream of the incidence loss. Also the conservation of mass is an approximation in 

this case. Since the angle of flow is affected through the incidence, it is not correct to assume that the 

cross-section area is constant.  

In order to solve this problem, the entropy and total relative entropy were set as equal both upstream and 

downstream of the rotor, according to Tournier: 

                                    48.  

 

Adding this equation at the two stages allowed eliminating of the constant total relative temperature and 

mass conservation. Also the fixed rotor outlet temperature was set as a variable once again. 

The loss in total relative pressure was calculated, and used in order to calculate a loss coefficient on the 

same form as the other loss mechanisms are described by Tournier: 

                                             49.  

 

The coefficient could then be used and compared with the others.  

4.3.3 Multiple Stages 
One of the goals with the work was to investigate the possibility of adding additional stages to the turbine. 

This required the loss calculation to be performed repeatedly. Difficulties were not only encountered due 

to the lack of input variables but also in EES, due to limitations in the software.  

The equations by Tournier include inequality comparisons where the value of a variable decides which 

equation to be used, such as in equation 17 and 18. In EES, these statements must be placed in so-called 

procedures. The reason for this is that the equation-solving algorithm for EES does not allow inequality 

comparisons. By placing them in a procedure, the entire procedure is seen as an equation, where the 

output variable is solved by supplying values for the defined input variables.  

The weakness of the procedures of EES is that they may not be called from for-loops and may therefore 

only be called once during the run of the program code. This limits the calculation from being performed 

multiple times.  

In order to avoid the limitations of EES, an implementation was written to Matlab. Matlab does not 

include any fluid parameters necessary for the calculations. This was solved by installing the fluid software 

FluidProp [19], which may be used from Matlab in order to extract desired parameters for a selected fluid 

at given conditions. FluidProp is available free of charge and includes a number of fluid parameter 

libraries, where the one applicable for this case was StanMix. The library includes all thermodynamic 

properties with the exception of viscosity and thermal conductivity.  



   

21 
 

Viscosity was necessary to calculate the fluid Reynolds number. In order to perform the calculation, 

viscosity was implemented into the code by extracting a table of data from EES for the applicable range 

of operating points. The data was placed in a Matlab file, including interpolation code for interpolating in 

two dimensions (temperature and entropy). With the code, the viscosity could be extracted given the 

temperature and entropy.  

However, Matlab does not feature equation-solving possibilities as powerful as EES. In order to try to 

solve the equations, the function fsolve was used, which is designed to solve systems of nonlinear 

equations. Two separate methods of solving the equations were used, first by treating the loss-equations as 

a “black box”, calculating the losses according to Tournier (eq. 43) and also the losses given the current 

pressure ratios (eq. 15). Also the mass flow upstream and downstream was calculated. The function fsolve 

was used in order find the point where the two calculated losses were equal and mass was conserved. This 

would be the correct solution of the equations at the given operating point. The second method was to 

present all of the equations to fsolve, and attempt to find the point where all are solved.  

Also with Matlab, the inequality comparisons led to problems, now since fsolve requires continuous 

functions. Additionally, the fluid properties supplied by both FluidProp and the custom-made viscosity 

calculation were not continuous and only accepted input variables within a certain range.  

4.3.4 After Matlab 
Instead of continuing to search a way of adding stages to the turbine, the calculations were refined for the 

simple case in order to give as reliable results as possible. The fixed pressure at rotor outlet was removed 

in favor of setting a fixed pressure at the stator outlet. The value was found in the CFD calculation. Due 

to the supersonic flow, the pressure at this point is only dependent on the stator inlet pressure and area 

ratio. It does therefore not vary with rotor speed and can be set as constant. In the preceding EES 

calculation, the stator outlet pressure indeed varied with varying rotational speed, which thereby is not a 

correct representation.  

4.3.5 Stator Adjustment 
Initially, the stator was based on equations relying on the conservation of total enthalpy along with 

constant entropy. Stagnation conditions were assumed at stator inlet, and static pressure known. 

Downstream the stator, the value of total enthalpy was found as previously: 

 

                           
 

 
  
   

 

50.  

                                51.  

 

In an attempt to increase the accuracy of the calculation, the previous stator equations were replaced. 

Instead of relying on the conservation of total enthalpy, the conservation of mass was used together with 

the isentropic relation. This was done by only modeling the stator from the throat where the Mach 

number is 1, similar to the CFD simulation. The cross-section area ratio between the throat (*) and the 

stator exit (1) was found from the model. With the inlet conditions known at the throat, together with the 

pressure to which the flow was expanded, the downstream conditions could be found:  
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57.  

 

This relation gave a true isentropic expansion between the two stages, without assuming incompressible 

flow.  

The results of using the combination of constant total enthalpy and conservation of mass were also 

investigated. In this case, the total enthalpy at the exit of the incidence calculation appeared higher than at 

stator inlet. Since this is not possible without work addition, the method was discarded. 

4.3.6 Area Ratio 
The method of calculating the stator outlet area was also adapted in order to take into account the last part 

of the expansion, according to the Figure 7.  

With this geometry, the exit area is calculated as follows: 

             58.  

 

Since the stator flow is inclined in order to reach the rotor at a desired angle, the stator outlet geometry is 

asymmetric. The stator wall at lower alpha-angle ends prior to the upper wall. The previous assumed 

outlet area was the area normal to the flow direction at the position where the lower stator wall ended 

(A2). The expansion however, continues beyond this point, making this assumption inaccurate.  

It was found that at the stator exit interface (L), the flow angle was close to the stator alpha-angle. The 

stator outlet area could therefore safely be adjusted to the area normal to the flow direction at this point 

(A3). In Figure 7 the relation between the different areas is displayed. 
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Figure 7: Area ratios and angles in stator 

4.3.7 Rotor Jump 
The total relative enthalpy is assumed constant across the rotor, including the incidence loss. In 

combination with Y, this allows for the calculation of the flow characteristics downstream of the rotor. 

The value of the total relative enthalpy may however be found in two separate ways using EES. Either it is 

calculated with the static enthalpy in combination with the relative velocity, or the total relative pressure 

and temperature are found separately and used to allow EES to find the corresponding enthalpy:  
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62.  

 

The use of the second method gave at the time the most reliable results, with an entropy-increase through 

the rotor. Both of these methods of calculation are however approximations when dealing with 

compressible flow.  
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4.3.8 Total Condition Removal 
The EES-code was later completely reworked removing all total conditions for temperature and pressure, 

which were based on constant specific heat and density respectively. Instead, total conditions were found 

using total enthalpy, in combination with entropy. For a given state, the entropy is per definition equal for 

both static and total conditions. Therefore, no distinction was made between the entropy, absolute total 

entropy and relative total entropy at a given point in the calculation. Hence, the previous relations 

between total and static entropy were removed (eq. 48).  

In this version of the calculation, in addition to the known intermediate pressure at stator exit, also the 

static pressure at rotor exit was fixed. This was done in order to receive results comparable to those for 

the CFD-simulation, since the pressure in that case also was set as a pressure outlet.  

Alternative models of incidence loss were explored, in order to avoid the calculation of total relative 

pressure. The method finally used was the primary calculation method for incidence loss, where the 

relative velocity at rotor inlet simply is corrected according to the angle difference between the flow and 

blade (eq. 14). The static pressure and total relative enthalpy were assumed constant over this loss. 

The given conservation equations across the incidence loss led to an increase of the absolute total 

enthalpy through the equations. This is not a physically desirable effect, since the absolute total enthalpy 

only may increase if work is added. Therefore, also the total enthalpy of the absolute reference frame 

should be constant through the incidence. In order to achieve this, an attempt was made keeping the total 

enthalpy in both reference frames constant, while the static pressure was allowed to vary. This problem 

could however not be solved.  

An attempt was also done where the relative total enthalpy was allowed to vary, while the absolute was 

held constant. These conditions however, lead to an undesired decrease of entropy, and was therefore 

discarded.  

4.4 Correlation 
The results from the final equations, with total pressure and temperature relations removed, were then to 

be compared and correlated in order to correspond to the available CFD results.  

The first step of the correlation was to adjust the results from EES to obtain pressures as close as possible 

to the ones present in the calculation of CFD. The reason for this was to try to isolate the shock, and later 

to alter the equations affecting the shock in order to obtain results as close to the simulation as possible. 

The difference between the EES and CFD calculation is displayed in Figure 8, where the values of static 

pressures at various points in both calculations are presented.  
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Figure 8: Uncorrelated static pressure distribution 

Each line in the figure shows how the static pressure in the corresponding point varies with the rotational 

speed. The points from EES are stator outlet (1) and rotor outlet (2). The point at rotor inlet, after the 

incidence loss is not represented, since the static pressure at this point is set equal to the pressure 

upstream (1).  

The points used from the CFD are positioned according to Table 1. The values are calculated by placing 

measurement lines in the model and retrieving the pitch average for each measured property. The 

obtained value is a weighted average according to the cell sizes. The positions of point 11 and 2 from the 

CFD are placed as the first and last possible line between two rotor blades, normal to the rotor surface, 

displayed in Figure 9. Only the two rotor blades positioned in the center of the upstream stator are used in 

the measurement for point 11 and 2.  

Table 1: Measurement positions CFD 

CFD 1 Stator outlet interface 

CFD 11 Position upstream of rotor shock 

CFD 2 Position downstream of rotor shock 

CFD 3 Outlet interface of rotor 
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Figure 9: Rotor measurement positions 

4.4.1 Outlet Pressure 
 The pressure in the rotor exit had primarily been set to the same value as the exit interface of the CFD 

calculation, as visible in Figure 8. In order to start approaching the shock, and the effect it would show in 

the EES calculation, the outlet pressure was changed to that after the shock (2). This change was easily 

done, since the pressure at this point showed to be close to constant through the regime of rotational 

speeds. The pressure used as outlet for EES was therefore adjusted to 4 bars, instead of the previous 1.8 

bars. The new pressure is shown in Figure 10. 
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Figure 10: Static pressure distribution - Outlet correlation 

4.4.2 Inlet Pressure 
The next task was to adjust the pressure in the rotor entrance. This value had previously been fixed in the 

EES calculation, since the expansion through a Laval-nozzle only depends on the area ratio and the 

upstream pressure (assuming that the pressure ratio is sufficient). 

The pressure from the simulation at rotor entrance however did indeed vary, increasing with the increase 

of rotor speed. The reason for this was assumed to be due to the asymmetric geometry of the nozzle. The 

pressure close to the wall of low alpha-angle is constant; however, the pressure along the entire interface 

normal to the axis of rotation interacts with the rotor and its speed, as the fluid continues to expand past 

the end of the lower wall (Figure 7). The value of the area-averaged pressure varies from a low value of 

2.47 bars at zero rotor speed, to above 8 bars at 7000 rpm.  

The task was to introduce an expression mimicking this behavior. A constant should give the correct value 

at zero rotor speed, while a variable should give the variation of the pressure with increased speed through 

the regime. The correlation selected was the following: 

          
 

  
 
  
    

63.  

 

That is, using the relation between rotor speed and sound speed at stator outlet, the correlated pressure 

was calculated. The data used in the correlation was taken from the EES-calculation, where the sound 

speed was taken at the previous conditions for stator outlet. The value was retrieved by resetting the area 

relation of the stator to the previous value. That is, the area used was the area normal to the flow at the 
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end of the stator wall at low alpha-angle, A2 in Figure 7. This value was then used in combination with the 

rotor speed in order to assimilate the pressures calculated through the CFD.  

The values of the constants k are affected by the geometry of the stator and rotor in combination. 

However, since no simulations were available for other geometries, these constants had to be calculated 

without further understanding. If simulations were available for varying alpha-angle, an expression 

including this angle could effectively be added to the equation.  

The constants of the expression were found using Matlab and the function lsqcurvefit, which attempts to 

solve the least square problem, comparing the data available from CFD with the output of the suggested 

function, with varying values for the constants k. As mentioned, the value of k3 represented the pressure 

at zero rotor velocity, and should be a value close to that of the CFD. The result of the correlation is 

visible in Figure 11. 

 

Figure 11: Static pressure correlation - Rotor inlet 

The deviation between the values at each point was calculated as: 

  
                

                   
 

64.  

 

The deviation is presented in Figure 12. The maximum value received was 9%, at the point for 5500 rpm. 
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Figure 12: Relative error - Rotor inlet correlation 

This correlation was then inserted into the EES program. The constant pressure was thereby replaced by 

the previous expression (eq. 63). The statement was placed at stator exit (1), before the incidence loss. The 

expansion through the stator was now preformed to this new pressure, and the outlet area calculated by 

cosine according to equation 58. 

When inserted into EES, the program was run, receiving the results of Figure 13. EES (11), being equal to 

EES (1), is now reasonably close to the corresponding pressure of the CFD (1). Unfortunately, inserting 

the expression into the calculation limited the range for which the calculation could be performed without 

errors. The range available was between 3500 and 6000 rpm. 
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Figure 13: Static pressure distribution - Rotor inlet correlation 

4.4.3 New CFD point 20 
The condition 2 from the CFD-simulation was taken at the last line normal to the rotor surface (Figure 9). 

The point was placed in order to capture the effect of the present shock between point 11 and 2. 

Measuring at point 2 however appeared to be too far downstream, and did not only capture the effect of 

the shock, but also losses due to recirculation on the suction side of the rotor blade. In order to remedy 

this problem, an additional measurement point was introduced. The point is abbreviated 20, and placed as 

a vertical line at mid-chord of the rotor blade, according to Figure 14. The line is placed as far upstream as 

possible while still including the shock at all speeds modeled.  
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Figure 14: Additional rotor measurement point 20 

 

The static pressure at the various points, including point 20, is shown in Figure 15. 

 

Figure 15: Static pressure distribution - Additional point 20 included 
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4.4.4 Measurement Problems 
Later, it turned out that also the measurement position for point 11 was placed too far downstream in 

order to capture the shock. For the speeds 3500 and 4000, where there is a shock present in the CFD 

calculation, it is located between the rotor leading edge and the stator geometry, close to normal to the 

flow direction. This resulted in the effects of the shock not appearing in the data. In order to resolve the 

problem, the measurement was manually placed just upstream of the shock at these speeds.  

4.4.5 Shock Loss Correlation 
When the region of the shock had been localized, the task was to investigate the losses caused by the 

shock, and compare these results to the losses predicted by Tournier. The loss was calculated according to 

equation 22, both in the case of CFD and EES. The result of this calculation is displayed in Figure 16. 

 

Figure 16: Shock loss comparison - CFD and EES 

From the point of 4500 RPM, the value of the function is close to constant for CFD. In this region, there 

is no shock, and the remaining function value is assumed to be due to the boundary layer and recirculation 

loss that occurs in the region. At lower RPM, the actual loss from the CFD is higher than the one 

predicted by Tournier. The tendency also differs, having a positive second derivative for Tournier, and 

negative for the CFD.  

The initial idea was to correlate the shock losses according to the loss of total pressure visible in CFD. 

However, the change in total pressure across the measurement points did not give a clear picture of the 

influence of the shock. On the other hand, when the losses were calculated according to the equation by 

Tournier, a clear distinction was visible between high and low rotational speeds, where the shock ceases to 

exist at high RPM. 
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The loss equation (eq. 22) was correlated in such a way that the existing constants were replaced, and with 

a similar approach as for the inlet pressure, using lsqcurvefit in Matlab. The equation used was hence the 

following: 

       
    

 

    
 

    
    

          
   

65.  

 

The equation was only correlated for rotational speeds of 4500 RPM and below, since this showed to be 

the last point to which shock losses were present, according to CFD. This cut-off occurred at a Mach 

number of 0.834. The corresponding number for the original equation was 0.4. This number was thereby 

replaced. 

The calculated values of the constants k were introduced into EES, allowing the shock loss to be 

calculated in the correlated equation. This led to the result present in Figure 17. Only the affected range is 

displayed, namely up to 4500 RPM. 

 

Figure 17: Shock loss correlation 

Here it is possible to see that the magnitude has increased corresponding to CFD. The characteristic of 

the curve has changed as well, since the constant k3 previously had a value of 1.75, but after correlation 

received a value below 1, namely 0.3435.  

With the correlation, the total pressure loss across the shock was calculated. The result of this calculation 

is displayed in Figure 18, which also shows the inconsistent total pressure loss obtained from the CFD 

calculation. The figure shows the relative loss in total pressure, compared to that upstream of the shock. 
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An effort was also made to expand the available range of calculation for EES, which resulted in 

calculations between 3000 and 6250 rpm, and a step of 250 rpm between the calculation points. 

 

Figure 18: Relative total pressure loss - Shock 

4.4.6 Profile Losses 
The profile losses by Tournier were correlated to the loss of total pressure present between the mid-chord 

measuring point (20) and the trailing edge. A new measurement point was placed at rotor trailing edge, 

normal to the axis of rotation (see Figure 19). The values achieved at this point were to be used in order to 

correlate the values of equation 25.  

The equation was however modified. The only input parameter varying through the CFD simulations is 

the rotational speed. The equation by Tournier does not contain any parameter directly varying with the 

rotational speed. Only the outlet angle 2 is affected by rotational speed, but just slightly. Also, the outlet 

flow angle was not available from the CFD data. Because of this, a way to include the rotational speed was 

searched, resulting in the following equation: 

                     
   

 

 
  

 

 
 
   

  
   

 
66.  

 

The Mach number at stator exit (Ma1) is introduced to the original equation. The constants kn were 

calculated in the previous fashion, using lsqcurvefit in Matlab. In calculating A, n and (1/)min, the outlet 

angle 2 was assumed equal to the blade angle. Thereby, the flow was assumed to be aligned with the 

blade at rotor outlet.  
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The result of the correlation is visible in Figure 20. It is apparent that the correlation is not optimal. The 

tendency is correct in the middle of the operative range, but differs at the extremes. The reason for this is 

that the Mach number obtained in EES does not exactly correlate to the Mach of CFD. A comparison 

between the Mach number at stator exit for EES and CFD is shown in Figure 21. The correlation was 

however used, and inserted into the calculation code, replacing the original equation in this work.  

 

Figure 19: Additional rotor measurement point - trailing edge 

 

Figure 20: Profile loss correlation 
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Figure 21: Mach number comparison at stator exit (1) 

4.4.7 Trailing Edge 
A goal was to include losses of trailing edge in the calculations. In the EES program, the trailing edge 

thickness (diameter) had been assumed by examining a cast of the original turbine, along with references 

of common thicknesses. The value was set to 0.5 mm and used in the equations by Tournier. It was 

assumed that a similar thickness was used in the CFD calculations. However, when the CFD model was 

examined, it was evident that the trailing edge thickness was zero. The lack of a finite trailing edge 

thickness in the available calculations made it impossible to make a correlation for this equation. 

Therefore, the corresponding loss was disregarded. 

5 Results 

The calculation methods of this paper have evolved from purely isentropic to parametric calculations 

taking losses into account. These have been compared to available CFD results. The two main methods of 

calculation are the final ones, taking the developed correlations into account, together with the isentropic 

ones where only the loss for incidence is included. Also included in the isentropic calculation is the stator 

described in Section 4.3.5. The inlet and outlet conditions are equal comparing the methods.  

The losses are displayed as components in Figure 22. The plot shows the Y-coefficients according to 

Tournier, which are a factor of the total pressure loss, compared to the dynamic pressure in the rotor 

outlet (equation 43, disregarding YTE).  
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Figure 22: Losses divided into components 

The loss components finally included from the work by Tournier were the profile and shock losses. 

Omitted components were tip clearance losses and secondary losses due to  

three-dimensional flow, and trailing edge losses due to the lack of a finite trailing edge radius in the 

available CFD results.  

The corresponding curve, disregarding the correlations made, is displayed in Figure 23. The most 

prominent difference between the two figures is the characteristic of the shock loss, which is given a very 

dramatic shape through the correlations. For the uncorrelated case, the shock loss has a linear character, 

not reaching zero within the observed regime.  

In the paper, the shock loss is seen as a part of the profile loss, and the reason to this is visible in the 

figures. Low RPM leads to negative profile losses. This is of course not the case, but together the 

components give the total loss, which is positve. A separation was necessary to correlate the components 

individually.  

The power curves of the two methods are compared in Figure 24. The calculation is done using the Euler 

turbine equation and the change of circumferential flow velocity across the rotor, as shown in equation 67. 

The inlet velocity is taken after the incidence loss. 

                       67.  

 

The figure shows the affect of the losses on the extracted power. The reason that the calculations 

including losses reach a higher specific power at low RPM is due to the introduced pressure correlation. 

Prior to about 4000 rpm, the correlation leads to a larger expansion through the stator compared to the 

isentropic case.  
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Figure 23: Losses divided into components, disregarding correlations 

 

 

Figure 24: Specific power output comparison between isentropic and loss calculations 
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With increased RPM, the losses increase. The pressure correlation leads to an increased intermediate 

pressure with increased RPM, resulting in a decreased stator exit velocity. This, in combination with the 

increased rotor speed, leads to a rapidly increasing incidence angle, accounting for a major part of the total 

losses. 

If the pressure correlation is removed, the difference between the two curves is minimized, as seen in 

Figure 25. With the pressure ratio across the stator removed, the conservation of total enthalpy was 

reintroduced. This was used in combination with the conservation of mass and entropy to solve the 

equations. In this case, the power output is slightly higher at lower RPM for the case with losses, and later 

lower at increased RPM.  

Here, also the power output achieved through the CFD is included. Also this power is calculated 

according to the prior Euler equation (eq. 67). Surprisingly, the power output is significantly higher than 

both the isentropic and Tournier calculations.  

In Figure 26, a brief calculation is done, disregarding the fixed rotor outlet pressure, and instead using an 

approximation for the conservation of mass across the rotor. The approximation is done by disregarding 

the deviation angle at rotor outlet, and thereby using the following equation: 

                68.  

 

This leads to a calculated outlet pressure close to the previously assumed to 4 bars, but slightly lower 

through the range. The output achieved is consistently lower for the case where losses are regarded, while 

the difference is larger at higher RPM.  

 

Figure 25: Specific power output comparison between isentropic calculations, loss calculations with intermediate pressure correlation removed, and CFD 
calculations 
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Figure 26: Specific power output comparison between isentropic calculations and loss calculations with intermediate pressure correlation and fixed outlet 
pressure removed 

6 Discussion 

The goal of the work was to investigate various efficiency calculation methods for an impulse turbine 

featuring a high molecular mass organic working fluid. The two main methods were isentropic calculations 

with an added loss component for the incidence angle and the profile loss calculations based on the 

methodology by Tournier. In this case, the Tournier equations added many parameters to the calculation, 

taking more of the geometry into account. In its original form, additional loss effects are regarded, namely 

tip clearance loss, trailing edge loss and secondary loss. Since the results were validated with a two-

dimensional CFD-simulation, the three-dimensional effects, secondary and tip clearance loss, were 

disregarded. The simulation had a zero trailing edge radius, which eliminated the trailing edge losses. Due 

to this, also the trailing edge losses were disregarded in the evaluation. The Tournier equations were later 

correlated corresponding to the CFD results. The main goal of the correlation was to isolate the effect of 

the shock in the equations, and correlate its effect to the results from the CFD. Also the remaining profile 

losses were treated similarly. 

Despite the more elaborate calculation method, a better estimate of the turbine performance was not 

achieved, compared to the isentropic flow-through analysis. The pressure correlation used between stator 

and rotor did not increase the accuracy of the calculation, but instead altered the power curve. If the 

pressure correlation was removed, the difference between the two calculation methods was small, giving a 

contradictory higher power output in the case of Tournier, at low RPM. The CFD results are seen as true, 

and the goal of the correlation of the Tournier methodology was to achieve similar results. Despite these 

attempts, the power curve of the CFD is distant to both the other two curves, which are mutually quite 

similar.  
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More trustworthy results were obtained when removing the fixed rotor outlet pressure, and instead 

introducing an approximation of conservation of mass across the rotor. In this case the results of the loss 

calculations gave a lower power output compared to the isentropic case. This may be a way forward in 

reaching better calculation accuracy. The statement should however include the flow angle at rotor exit, 

taking the deviation angle into account. This may lead to complications similar to the ones faced regarding 

the stator geometry. Also in the rotor, an expansion takes place between mid-chord and exit, which is not 

uniform along the pitch.  

Retrieving the power output from the CFD simulation proved to be more difficult than initially expected. 

First it was attempted by using the force applied on the rotor blades along with the turbine radius and 

rotational speed. The results obtained this way were incorrect. Instead, the same method as for the rest of 

the calculations was used, namely the change of circumferential flow velocity. The result thereby depends 

on the position within the model where the flow velocities are measured. 

Further work could consist of adapting the methodology, possibly comparing to simulations performed in 

3D, and of course models with finite trailing edge. In that case, the complete method could be included, 

evaluating all loss components considered by Tournier. Through this work, the losses were adapted to the 

CFD results with varying speed. However, the work by Tournier is mainly meant to be used at the turbine 

design speed, since no incidence loss is included in the original method. This means that, if available, it 

would probably be more advantageous to perform a similar study with varying geometry instead of 

working at off-design conditions. Primarily, the blade and stator angles could be varied. It would be 

possible to, as in the present work, examine the change of certain flow properties throughout the turbine, 

not varying with the turbine speed but instead the stator outlet angle, or rotor blade angles. Subsequently, 

the rotor and stator geometry could be altered, moving from the current pure impulse turbine, to more of 

a reaction turbine. In order to find the design speed for each of the turbine geometries, CFD calculations 

may still be necessary. However, this may also be done through isentropic calculation. The most important 

is to find the point of zero incidence, and this may be done accurately with the more basic equations, at 

least for the single stage case.  

Also, alternative loss estimation methodologies could be evaluated, such as the popular and more basic 

Soderberg correlation. In that case, however, the losses are not split into components, but a single unit. 

Neither are as many geometrical parameters considered. Instead, “good design” is assumed. This makes 

correlation complicated, since there for example is no individual component dependent on the shock loss. 

This means that equations cannot be adjusted depending on the present conditions, they must instead be 

added.  

The selected methodology showed not to be powerful enough to arrive to the goal of investigating 

alternative turbine configurations by adding turbine stages. The reason for this was mainly due to software 

limitations, where the lack of flexibility hindered the progress in EES, and the absence of elaborate 

equation solving algorithms were the problem in Matlab. An alternative that was not investigated would 

be the software Mathematica, which has equation solving capabilities. The software does not have built-in 

fluid parameters, which would have to be inserted using for example FluidProp, as done in Matlab. This 

combination would possibly lead to a more flexible solution, allowing for larger changes in the turbine 

setup. 
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7 Conclusions 

A small step has been taken into the area of parametric loss calculations for small scale impulse turbines in 

combination with organic working fluids.  More elaborate studies are necessary to arrive at calculation 

methods that may be used in the design process of this type of turbine.  

The present work gives an idea of how existing loss calculation methods may be adapted in order to be 

used in the specific case of the organic Rankine cycle.  The most important way forward would be to use a 

similar approach, but applied on various turbine geometries, all operating at design conditions. 
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