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Abstract 
 

The purpose of this thesis is to increase the knowledge about measurement uncertainties and its 

effect on the performance of the Vinci LH2 (Liquid Hydrogen) turbine. The measurement 

uncertainties evaluated are the ones affecting the test data from the DVT (Design Verification Test) 

test which is an early approach in the design process to characterize the aerodynamic performance 

scaled from an air environment. General uncertainty methods are applied to obtain the performance 

uncertainty from the measurement uncertainties in the instrumentation.  

Two CFD models of the Vinci turbine are used to expand the uncertainty assessment and to examine 

uncertainty factors not accounted for in the DVT test. Effects such as position uncertainty and how 

well the probe represents the station average value can be studied.  

When the performance is to be analyzed the critical objective is to create the confidence interval and 

its corresponding confidence level. The error can be divided into two groups: Systematic and random 

error. When creating an uncertainty interval it can sometimes be favorable to study either the 

standard uncertainty or the standard uncertainty of the mean depending on the scatter in the 

sample. The standard uncertainty considers the uncertainty of all data points in the sample whilst the 

standard uncertainty of the mean considers the uncertainty of the sample average. A high confidence 

level is very attractive as long as the expanded uncertainty interval does not exceed the tolerance 

limit.  
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Nomenclature 

Statistical 

Denotion  Definition 

      Standard uncertainty of X affected by error source i 

      The combined standard uncertainty of X 

         Pooled standard uncertainty 

       Pair redundant standard uncertainty 

  ̅    Standard uncertainty of the mean of the error source i 

  ̅   Standard uncertainty of the mean of the result 

   Expanded uncertainty 

           Uncertainty contribution of quantity X   

    Number of repeated measurements in sample i 

M  Number of samples 

   True standard deviation 

   Confidence level 

   Degrees of freedom 

 

Turbine station 

0  Upstream turbine 

1  Turbine Inlet Manifold and stator inlet 

2  Between stator and rotor 

3  Rotor outlet 

4  Turbine Exhaust Duct 

5  Downstream turbine 
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Physical 

Denotion  Unit  Definition 

   [Pa]  Pressure 

   [K]  Temperature 

   [-]  Specific heat ratio 

      [J*kg-1K-1]  287, Gas constant for dry air 

    [J*kg-1K-1]  1004, Specific heat capacity for dry air   

 ̇  [kg/s]  Mass flow 

    [-]  Torque efficiency  

    [-]  Enthalpy efficiency  

   [J*kg-1]  Enthalpy  

    [-]  Specific Torque  

   [-]  Flow coefficient 

   [Nm]  Torque 

   [m/s]  Speed of sound 

   [Rad/s]  Rotational speed 

    [-]  Speed coefficient 

   [-]  Pressure ratio over turbine 

    [m]  Mean line radius of rotor passage 

     [N]  Axial load on rotor 

        [N]  Axial load on rotor blades  

       [N]  Axial load on rotor disc 

          [m2]  Fluid passage 

       [-]  Co-rotational factor upstream rotor 

         [-]  Co-rotational factor downstream rotor 
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Subscripts 

s  Static property 

0  Total property 

is  Isentropic state   

    Total-to-total property over turbine 

     Total-to-total property over turbine, TED excluded 

    Total-to-static property over turbine 

     Total-to-static property over turbine, TED excluded 

up  Upstream the object 

down  Downstream the object 

Av  Average value 

 

Abbreviations 

DVT  Design Verification Test 

CFD  Computional Fluid Dynamics 

LH2  Liquid hydrogen 

LOX  Liquid oxygen 

TED  Turbine Exhaust Duct 

TIM  Turbine Inlet Manifold 

OP  Operational Point 

BC  Boundary Condition 

CILSS  Common Interface Load Support Structure 

Blisk  BLade Integrated diSk 

RMS  Root-mean-square
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Introduction 
The verification of the performance characteristic of the Vinci turbines comprises of evaluating a set 

of performance parameters derived from measured data. The measured data are usually obtained in 

terms of pressures and temperature at different locations in the turbine, mass flow and shaft speed. 

Performance parameters such as efficiency, mass flow, rotor torque and axial load are derived from 

the measured data using 1D model equations, based on station data.  The uncertainty in the 

measured quantities will thus propagate to the “measured” performance parameters.  The combined 

measurement uncertainty consists of several sources of uncertainties, e.g. uncertainty of probe and 

measurement system, due to location of probe, how well the measurements represent station data.  

A previous study of the performance uncertainty of the Vinci turbines has been done with a stack-up 

model to describe how the uncertainty in every step of the turbine development process affects the 

final result of the estimated performance [1]. The development process comprises a turbine 1D 

study, 3D study in CFD and experimental tests.   

In this thesis test data from the Vinci DVT test and the corresponding instrumentation have been 

studied to form uncertainty estimates of the performance characteristics in air environment. To 

assess the uncertainty it is of interest to find the confidence level and probability distribution of the 

measurement uncertainty to give a more extensive picture of how the performance uncertainty is 

affected by the measurements. Knowledge about the configuration of all instrumentation is needed 

as well to evaluate the effect of probe position uncertainty and the representation of the station 

average value.  

Following chapter will give a brief overview of the Vinci turbines and the logic of testing. Then all 

focus will be on the DVT-test and the information necessary to carry out the uncertainty analysis. 
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1 The Vinci LH2 turbine and testing 

1.1 Introduction 

The Vinci engine is the next step in the space industry to meet the new requirements of a higher 

payload capacity and a re-ignitable upper stage engine. The engine uses an expander cycle to drive 

the turbo pumps of the LOX (liquid oxygen) and the LH2 (liquid hydrogen) which feeds the 

combustion chamber with fuel. Reliability by simplicity is something the Vince engine stands for as 

the 1-stage turbo pump has less moving parts which can malfunction.  

The Vinci engine will be the upper stage engine in Ariane 5 launch vehicle which is ESA’s heaviest 

launch vehicle to put satellites into orbit. With the new Vinci engine one or several smaller satellites 

can be put into orbit by starting and stopping the engine and a total payload weight of 10 tons can be 

put into geostationary orbit and up to 20 tons can be put into low earth orbit. The prime contractor 

of the Vinci engine is Snecma, the French Space Agency, and European partners as part of an ESA 

program. GKN’s responsibility in the program is the entire aerodynamic and mechanical design of the 

LOX and LH2 turbine and the manufacturing of the turbine stages and the outlet manifolds. In Figure 

1.1 the hardware of the LH2 turbine can be seen which is developed at GKN Aerospace in Trollhättan. 

From the left to the right is the stator, the rotor blisk (BLade Integrated diSK) and the TED (Turbine 

Exhaust Duct). On TED the bypass channel can be seen which steers the fuel flow.   

 

Figure 1.1 – Exploded view of the Vinci LH2 Turbine components 

Table 1.1 – Specification of the Vinci turbines at real engine conditions 

 LH2 turbine LOX turbine 

Power rating 2500 kW 390 kW 

Rotational speed 91 000 RPM 17 450 RPM 

Inlet pressure 210 bar 89 bar 

Inlet temperature 240 K 204 K 

Blade meanline diameter 120 mm 180 mm 
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1.2 Vinci turbine testing 
GKN Aerospace Sweden is involved in three types of tests to verify the performance of the LOX and 

LH2 turbines independently and the compliance together with other components of the Vinci engine.  

The early verification of the aerodynamic performance and functional characteristic of the turbines is 

done in the DVT (Design Verification Test) test which feeds the turbine with pressurized air. To obtain 

the real performance with hydrogen a conversion of the performance in air is necessary. This is 

possible by keeping the aerodynamic state constant between the air and hydrogen environment 

which means that Mach number, flow angles and pressure ratio is the same.  

A step closer to realistic operating conditions  is the Turbo Pump test which comprises a test of both 

the pump and turbine side of the turbo pump to verify the compliance of the hard wares in a 

hydrogen environment. Additional information can be determined such as leakage flow from the 

pump to the turbine side. The liquid hydrogen in the Turbo Pump test is gasified. The turbine is 

powered by expanding the gaseous hydrogen through the turbine without combustion with oxygen. 

Since the real working fluid is used in the turbo pump test less uncertainties comes with the 

prediction of the performance. However the instrumentation in the DVT test is more extensive so the 

flow situation can better be understood there.      

The Vinci engines most full-scaled test is the Motor test which includes almost all components of the 

engine. Both the hydrogen fuel and the oxidizer are included in the Motor test to be ignited in the 

combustion chamber. A full test picture can now be seen of the expander cycle since the power 

produced from the expansions gases are the same as in real engine conditions. 

In both the Turbo Pump and Motor test the liquid hydrogen puts a lot of money and effort on 

security. In the DVT test harmless pressurized air is streaming through the turbine and with more 

extensive instrumentation the flow can be characterized more thoroughly.     

The DVT test of the Vinci turbines is also complemented with scatter tests to determine the 

performance scatter in a production series of turbines. The instrumentation in the scatter test is 

focused to measure the overall pressure losses in the TIM (Turbine Inlet Manifold) and flow 

characteristic in the TED and therefore static pressure taps are installed only in these components.  

The DVT test procedure of the turbines is the first air test to covering a wide range of operational 

points and off-design points to thoroughly study the new design.  

The effects such as leakage from the pump to the turbine side and scaling of mass flow due to non-

ideal effects are not covered in this thesis since the scope is the measurement uncertainties and 

performance in the DVT test. 
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2 The Design Verification Test 
 

The DVT test of the Vinci LH2 turbine took place at GKN Aerospace Sweden in Trollhättan in a test 

facility. Since the installation of instrumentation and conduction of the tests is made on site by GKN 

personnel it is easy to access the stand and study the documents and log of information that was 

taken during the test campaign.  

The test object comprises the TIM, stator, rotor and the TED which are the main hard ware 

components of the Vinci LH2 turbine. The by-pass channel to regulate the hydrogen flow is plugged 

and not in use during the DVT test.  

Since no structural performance is studied the outer geometries differs somewhat from the real 

hardware used in Motor test to fit the stand and the CILSS (Common Interface Load Support 

Structure). However none of the inner geometries affecting the aerodynamic performance of the 

turbine is modified in the DVT test. A section view of the stand and turbine can be seen in Figure 2.1.  

 

Figure 2.1 – The components mounted in the DVT test stand  

The air feeding the turbine is extracted from an 11 000 m3 cavern 80 meter below sea level and is 

connected to the Göta River which constantly imparts a pressure to the air in the room to be at 

approximately 8 bar. The room is big enough to supply the DVT test with pressurized air during one 

test. In the test facility the air flow goes first through a venturi mass flow meter and is then 

preheated before it enters the inlet flange mass flow meter. The preheating is to prevent ice 

formation at the outlet but it is still desirable to keep the temperature as low as possible. After the 

inlet flange the air goes through a safety valve and then to the inlet flow regulator. Upstream the 
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turbine inlet and downstream the turbine outlet there are valves to control the pressure ratio over 

the turbine.    

The CILSS connects the turbine to the gearbox and the eddy current brake which controls the 

rotational speed of the rotor in order to obtain the correct flow angles in the conversion to a 

hydrogen environment. Maximum allowed speed of the shaft is about 40 000 RPM because of 

limitations in the ceramic ball bearings. 

Turbine    Common interface

load support structure
Gearbox

Eddy current

      break

airin

Torque; Rot. speed

rpm

airout

 

Figure 2.2 – The stand 

The DVT test aims to test a set of predetermined OP:s (Operational Point) calculated with the 

conversion flow scheme between the hydrogen and air environment. It is the dimensionless pressure 

ratio and speed coefficient which defines the operational points in the air environment. When the 

desired OP is reached and the values are stabilized 3 repeated measurements are taken during a 15 

second interval.  

 

2.1 Instrumentation 

2.1.1 Stand 

The main properties measured in the channels upstream and downstream the turbine is the total 

temperature, total pressure and mass flow. Inside the CILSS the rotational speed and torque are 

measured with a speed pickup meter and load sensor water brake respectively.     

The total temperature is measured with 3 individual probes at each station: upstream the TIM inlet 

and downstream the TED outlet. The probes are positioned angle symmetric 120 degrees apart in the 

channel to give the best average temperature. The total pressure is measured upstream the TIM inlet 

and downstream the TED outlet with 3 none-angle-sensitive probes at each station which are located 

in the same manner as the thermo couples, 120 degrees apart. 

The venturi meter and inlet flange measures the mass flow independently at two locations in the test 

facility. Since the venturi meter measures the mass flow upstream the preheater and relatively far 

away from the turbine there is a risk that the registered mass flow is venting before it enters the 

turbine. The inlet flange which is located closer to the turbine downstream the preheater is therefore 

more reliable and is used as the primary source of mass flow data.  
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Table 2.1 – Probe stations and locations 

Probe station Quantity Location 

TT0/PT0 Total temperature/pressure Upstream Turbine 

TT5/PT5 Total temperature/pressure Downstream Turbine 

NA Rotational speed CILSS 

Venturi meter Mass flow Upstream the preheater 

Inlet flange Mass flow Downstream the 

preheater 

2.1.2 Turbine 

On the turbine the static pressure is measured with one unit, a scanivalve, which sweep over the air 

channels connected to the tap measurement points on the test object. The one and only total 

pressure measurement on the turbine is made 3 mm downstream the rotor with a traversed 3-hole 

probe which also gives the flow angles in radial and axial direction. The measurements are made at 

the half span of the rotor blades. 

 

Figure 2.3  - Turbine instrumentation of static pressure measurement and the traversed total pressure probe 
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Table 2.2 – Probe stations of turbine instrumentation 

Probe station Quantity Location 

PS1 Static pressure Stator leading edge 

PS2 Static pressure Between stator and rotor 

PS3/PT3 Static pressure/Total pressure Downstream rotor 

PS4 Static pressure TED 

 

On the TIM 12 static pressure taps are located to measure the pressure losses and inlet condition to 

the stator. In Figure 2.5 the 12 static pressure taps, PS1-4 to PS1-15, are located on the outer radius 

of the manifold to create a pressure profile. At the stator inlet station three static pressure taps are 

located angle symmetric at the axial position of the leading edge. The tangential location is the half 

pitchwise angle between the stator vanes, see Figure 2.6.  

 

Figure 2.4 – The DVT test hard ware mounted to stand 
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Figure 2.5 – Static pressure tap locations in the fluid domain of the TIM 

 

 

Figure 2.6 – View facing downstream onto the stator vanes at PS1 location  

At the station between the stator and rotor there are as well 3 static pressure taps located angle 

symmetric to measure the best average value.  The axial location is 1.3 mm downstream the stator 

trailing edge and all of the three probes are located 3 degrees from the trailing edge on the high 

pressure side of the vane, see Figure 2.7. Downstream the rotor at the trailing edge there are three 

static pressure taps located in an angle symmetric configuration 17.5 degrees from the trailing edge. 

Since the static pressure taps are not fixed relative the reference frame of the rotor the tangential 
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position is not crucial since the static pressure will independently of the tangential position of the 

taps fluctuate due to the blade passage. 

 

Figure 2.7 – View facing upstream onto the stator vanes and the flow is clockwise 

 

Table 2.3 – Position of the individual pressure taps relative to the trailing edge tip of the stator vane [15] 

Pressure taps Tangential position from stator 

trailing edge [deg] 

PS1-1/2/3 32 

PS2-1/2/3 3.0 

PS3-1/2/3 17.5 
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2.2 Performance parameters 

The design uncertainty of the LH2 turbine is defined by several performance parameters which 

depend on the measurement uncertainties in the DVT test. These performance parameters are the  

 Axial load on rotor 

 Efficiency based on torque and enthalpy drop 

 Mass flow 

 

2.2.1 Axial load 

The axial load on the rotor comprises the load on the rotor blades and the disc load in the cavity 

between the stator and rotor. In the DVT test the axial load is not measured directly with any device 

so the forced vortex model and thrust equation can be used to derive the axial load. 

      ∫           ( )    
    

      

  ∫             ( )         

    

 

 
(2.1) 

 

        ̇(           )          (             ) (2.2) 

The forced vortex model integrates the static pressure upstream and downstream the disc. The 

upstream component integrates the pressure from the rotor shaft to the hub radius whilst the 

downstream component integrates the pressure from the rotational axis to the hub radius.   
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χk is the co-rotational factor and describes the rotational motion of the fluid relative the rotor speed 

upstream and downstream the rotor. This parameter is determined experimentally either in a test or 

in CFD. Since the static pressure at the hub and the static temperature are not measured in the DVT 

test they need to be estimated, see chapter 6.1 about axial load uncertainty.   

The blade load, which normally constitutes a small portion of the total axial load, is defined by the 

average static pressure upstream and downstream the blades and the axial velocity change over the 

rotor. The axial velocity is not measured in the DVT test so with the ideal gas law and continuity 

equation the static pressure and temperature replaces the velocity 

           
     

    
 

(2.5) 
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 ̇

                   
 

(2.6) 

With equation (2.5) and (2.6) in equation (2.2) the blade load can be expressed as 

       
 ̇   

        
(

   

      
 

   

      
)          (             ) 

(2.7) 

The uncertainty estimate of the blade load will also be addressed in chapter 6.1. 

 

2.2.2 Efficiency 

The efficiency of the turbine is the ratio of the extracted power relative the ideal power extraction 

and there is two ways of defining this.  

The enthalpy efficiency is the ratio of the total enthalpy drop over the turbine to the isentropic 

enthalpy drop. Relatively small variations in the temperature give a constant specific heat capacity. 

      
       

          
 

  (       )

  (          )
 

(2.8) 

The isentropic total temperature downstream the turbine can be replaced with an expression of 

measured quantities in the DVT test. 

           (
   

   
)

   
 

 

(2.9) 

With equation (2.9) in (2.8) the enthalpy efficiency can be expressed as 

 

      
       

   (  (
   
   

)

   
 

)

 
(2.10) 

 

The torque efficiency is defined instead with the torque on the rotor blades, rotor speed, and mass 

flow as follows 

      
   

 ̇  (          )
 

(2.11) 

 

The isentropic relation in equation (2.9) in (2.11) gives the torque efficiency with input values from 

the DVT test  
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 ̇        (  (
   
   

)
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(2.12) 

 

These efficiencies are based on so called total-to-total properties of the turbine but sometimes the 

total-to-static efficiency is of more interest. In that case the static properties downstream the turbine 

are used instead of the total property. 

 

2.3 Characteristic parameters 

The characteristic parameters, or similarity rules, are dimensionless parameters describing the 

functional characteristic of the LH2 turbine in both air and hydrogen environment. They consist of 

the pressure ratio and speed coefficient which defines the OP of the turbine and the Specific Torque 

and flow coefficient which gives the power rating and mass flow. All of the characteristic parameters 

are normalized using the inlet conditions. 

Table 2.4 – Characteristic parameters defining the performance in air and hydrogen environment 

Character Name 

πtt  Pressure ratio 

ST Specific Torque 

Q Flow coefficient 

Nk Speed coefficient 

 

    √  (        )    
(2.13) 
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3 Methods of determine uncertainties 

3.1 Systematic and random uncertainty 
 

The deviation from the true value of a test result is represented by two types of errors: Systematic 

and random errors. These true errors are impossible to find but estimations can be done to 

determine the corresponding uncertainties. The systematic error, sometimes called precision or bias 

error, of a sample measurement is the distance between the mean of the sample values to the true 

value. Consequently if the systematic error would be zero the true value would be equal to the mean 

value of the sample. The systematic error is usually constant for a measurement series when time 

lapse is short and no adjustments are made which can change the conditions of the measurement.  

The best way to minimize the systematic error is to make an on-site calibration against an instrument 

which is calibrated against an accredited laboratory. In Sweden the accreditation is issued by 

SWEDAC (Swedish Board for Accreditation and Conformity Assessment) and the national metrology 

center in Borås has the physical reference quantities to calibrate the industry normals in Sweden. 

Further these physical reference quantities can be traced to EA, the European co-operation for 

accreditation. By having the laboratories calibrated against the same reference the relative 

systematic uncertainty between the laboratories can be minimized. 

The random error is the scatter in the sample unique for each measurement and the estimate of the 

random uncertainty is best done by having a statistical ground of many repeated measurements 

during a short time interval. Then the systematic error can be assumed to be unchanged and the 

uncertainty is pure random.     

3.2 Type A and type B evaluation of uncertainties 
 

The circumstances of the DVT test demand different approaches to evaluate the uncertainties of the 

LH2 turbine performance. When there exist calibration data or many repeated measurements of a 

steady state condition a type A evaluation can be used which defines an evaluation based on 

statistical data. Statistical data constituting a sample of measurements of the instrument usually 

gives only the random uncertainty component as the systematic error is the same for all data points 

and is therefore not visible. 

A type B evaluation does not have any statistical data so to estimate uncertainties are done by 

reading specifications given by the manufacturers or calibration protocols. This method is more of a 

judgment looking at the potential error sources. 

Since only 3 repeated measurements are made for each operational point in the DVT test a type B 
evaluation is made for the measurements. However there exist calibration data of the venturi and 
inlet flange mass flow meter which gives a ground to make a type A evaluation of the uncertainty of 
the mass flow measurement. 
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3.3 Formation of errors 
  

To easier understand why errors exist categorizing different types of errors are addressed to evaluate 

the total uncertainty. Three types of errors can be distinguished: data reduction, data acquiring and 

calibration error. These errors comprise a range of other types of errors and the definitions overlap 

depending on the interpretation but hereby a definition statement is made. The data reduction error 

is defined as round off errors or approximations in the process of measurements. Round off errors is 

usually small compared to other error sources since modern equipment can store many decimals. 

Data acquiring error depends on the wrong reading of data, for example a program logging files or a 

human writing down the wrong number from a screen. The calibration error depends on the 

inaccuracy of the calibration instruments.  

The uncertainty of the calibration instrument is always given in an expanded interval in accordance 

to EA. All possible aspects which might affect the result are included and on this combined 

uncertainty interval a covering factor two is usually used which corresponds to 95 % confidence level 

of a normal distribution.  
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3.4 Calculation of uncertainties 

3.4.1 Basics 

In this chapter the individual standard uncertainties are formed from the individual error sources and 

are combined into a total standard uncertainty.  

The individual standard uncertainty of Ni repeated measurements is defined as the standard 

deviation of the sample:  

     √
∑ (      ̅ )

  
   

 

    
 

(3.1) 

 

Where k is the data point in sample i. The denominator under the square root is the degrees of 

freedom and because the mean value is estimated to be the expected value one degree of freedom 

is lost. The individual standard uncertainty describes the uncertainty of the whole population of the 

data series i but a sometimes more interesting uncertainty estimation is the standard uncertainty of 

the mean. The individual standard uncertainty of the mean is obtained as 

   ̅   
    

√  

 (3.2) 

 

This equation is based on the Central Limit Theorem which states that the difference between the 

sample average and the expected value adopts a normal distribution when N gets big.  

√  ( ̅   )   (    )  

 

(3.3) 

 

The individual standard uncertainty of the mean can also be combined with other uncertainties to 

form a combined standard uncertainty of the mean. If there are M numbers of independent 

uncertainties they can be combined into a total standard uncertainty of the mean with the root-sum-

square method.  

  ̅   √∑(  ̅  )
 

 

   

 

(3.4) 

 

This combined standard uncertainty of the mean of several error sources can then be expanded such 

that a confidence interval is created. This expanded uncertainty interval has a confidence level which 

says how likely it is that the measured quantity is found within the interval. With a student’s t-

distribution the probability distribution varies with respect to the degrees of freedom ν and the 

confidence level α. The expanded uncertainty interval can then be written as 

[ ̅    ( )    ̅    ̅    ( )    ̅  ] (3.5) 
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where t is the covering factor. The covering factor which expands the interval becomes larger if the 

sample size decreases. For an infinite sample size the t-distribution approach the normal distribution. 

The final expanded uncertainty interval is written as 

[ ̅    ̅    ̅    ̅  ] (3.6) 

 

When several samples with individual error sources are combined the total number of degrees of 

freedom can be estimated in different ways.  

Welch-Satterthwaite approximation gives the combined degrees of freedom of a linear combination 

of independent sample variances. 

  ̅   
[∑ (  ̅  )

  
   ]

 

∑
(  ̅  )

 

  

 
   

 

(3.7) 

 

Equation (3.7) gives the combined degrees of freedom of the total standard uncertainty of the mean. 

Another form of this equation to express the combined degrees of freedom of the total standard 

uncertainty is 

     
[∑ (    )

  
   ]

 

∑ (
(    )

 

    ) 
   

 

(3.8) 

 

 

Usually 95 % confidence level of the t-distribution is enough but in space industry often 99 % is 

chosen. As the degrees of freedom increases the tails of the probability distribution gets smaller and 

more area under the curve is focused to the mean value. Hence a greater number of repeated 

measurements give a better ground of creating a reasonable small uncertainty interval with a high 

confidence level.  

In the case of the DVT instrumentation the uncertainties are only given as an interval without any 

assumed distribution or given confidence level. In this case a distribution and confidence level must 

be estimated. The mass flow uncertainty on the other hand can be estimated due to more available 

calibration data.  
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3.4.2 Error propagation 

To examine the uncertainty of a performance parameter which is dependent on several individual 

measurement uncertainties the Taylor’s series error propagation can be used to evaluate the 

uncertainty contribution of the measurements [6]. 

 If the parameter R is a function F of the measured quantity V 

      (  ) (3.9) 

 

then the effect of the known uncertainty ∆Vk, at Vk on Rk, can describe the uncertainty in R with the 

slope of the curve F. The derivative gives both the sign and the rate at which R changes with respect 

to V. The uncertainty of R can then be written as 

(   )   (
  (  )

  
)

 

 (   )
  

(3.10) 

 

 

The (∆Vk)
2 and (∆Rk)

2 can be recognized as the variances of V and R. A more general way to express 

the error propagation of independent error sources is 
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(3.11) 

 where 

   (         ) (3.12) 

 

The sum of the squared uncertainty contributions requires the error sources to be independent. The 

independent uncertainties Ui correspond to the measured parameters Vi. 

The derivative in equation (3.11) is sometimes called the sensitivity factor of the uncertainty source. 

If the error sources are correlated and not independent equation (3.11) cannot be used for error 

propagation. The calculation of the correlated uncertainty sources can be understood by interpreting 

the error sources in a vector space of size M. If all of the independent error sources are orthogonal 

the combined uncertainty is calculated with root-sum-square. However if the uncertainty sources are 

correlated the uncertainty sources are no longer orthogonal to each other and the correlated 

uncertainty sources are described in the reference frame of other uncertainties. 

The error propagation of the dependent uncertainties can therefore be described with the cross 

product and a correlation term.  
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(3.13) 

 

 

Where a and b are the complete set of combinations of all parameters Vi and rab is the correlation 

constant unique for each dependence. To know if two uncertainty sources are dependent and to 

determine the correlation constants can be very difficult and sometimes even impossible. However 

by understanding the logic of the visualization of the dependent and independent uncertainty 

sources can increase the understanding of how to estimate the total uncertainty. 

 

3.4.3 Pooled and Pair redundant uncertainties 

Different circumstances demands different methods to approach an uncertainty estimate of the data 

available. If M numbers of samples are measured over a range of operational condition it can be 

useful to combine the samples even though the conditions are changed during the measurements. 

The pooled standard uncertainty can combined samples of data if the true variance is assumed to be 

equal for all samples. 
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(3.14) 

 

νi is the degrees of freedom of each sample, normally Ni -1. This method weights the number of 

measurement. To get the standard uncertainty of the mean equation (3.2) gives the averaged 

uncertainty. 

When two units with independent error sources are measuring the same process stream at the same 

time with same number of repeated measurements the samples can form a pair redundant 

uncertainty estimate  

[7]. The standard uncertainty of the difference between the samples is then 
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(3.15) 

 

And the standard uncertainty of the measurements is  

 

        
  

    
 (3.16) 

 

To get the paired standard uncertainty of the mean the standard uncertainty is divided with the 

square root of the number of data points averaged, N. 
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 (3.17) 

3.4.4 Weighted uncertainty 

Redundant measurements with independent error sources can be used in the weighting method 

which is a powerful tool to minimize the total standard uncertainty of the mean [8]. By weighting the 

uncertainties the combined standard uncertainty will always be less than the smallest individual 

uncertainty. The method can be only be used if 

 More than one measurement is made of the same parameter with different methods 

 The methods and their error sources are independent 

The weighted mean value is written as  
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(3.18) 

 

The weight Wi is the ratio between the inverse individual uncertainty to the sum of all inversed 

uncertainties, expressed as   
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(3.19) 

 

Where Ui is the individual error source of each measurement and M is the number of uncertainties. 

In equation (3.19) it can be seen that the inverted uncertainty inside power parenthesis gives a small 

weight for a big uncertainty and a greater weight for a smaller uncertainty. 
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4 Uncertainties from the DVT test 
 

4.1 Measurement uncertainties 

The uncertainty affecting the performance of the Vinci LH2 turbine in air environment is based on the 

standard uncertainty in the three individual probe measurements. The transducer converting a 

pressure or temperature to an electrical signal does always have uncertainties due to unknown 

material behavior and hysteresis which depends on the time interval of the measurement. With 

calibrations most of these errors can be determined and thus reduced.  

The calibration of the instrument in the DVT test is made against a reference normal which has a 

considerably lower uncertainty than the calibration object. The reference normal is a set of portable 

calibration instrument with known uncertainty traceable to the SP Technical Research Institute of 

Sweden  

[10]. The uncertainty of the reference normal is given as an expanded uncertainty interval with a 

covering factor of 2 which corresponds to a normal distribution with the confidence level 95 %.   

4.1.1 Static pressure  

On the LH2 turbine the static pressure is measured with one strain gauge in the scanivalve which 

sweeps over all of the pressure taps connected with air channels to the strain gauge. The effect of 

different lengths of air channels can be neglected since the measurement is done in a steady state 

environment and no transient effects are measured. The pressure tap holes are small, 0.4 mm in 

diameter, which is favorable to get only a tangential flow component over the pressure holes such 

that no dynamic pressure is included in the measurement. 

At the station upstream stator, between the stator/rotor and downstream rotor there are three 

pressure taps at each station to get the tangential average value, see chapter 2.1. Every operational 

point has in a steady state environment been measured 3 times and the given probe uncertainty of 

one measurement from the DVT test is 0.5 %. This is a type B uncertainty, based on information 

specified by documents. Equation (3.2) gives the standard uncertainty of the mean of the three 

measurements at each station 

    ̅̅ ̅̅ ̅̅  √
    

 
        

 

(4.1) 

at the stations 1 (stator inlet), 2 and 3. 

The standard uncertainty of the measurements in the TIM and TED are 0.5 % as well but none of 

these pressure taps are averaged. Instead each unique probe measurement is of interest to 

characterize the pressure profile in the fluid channel.  
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4.1.2 Total pressure 

The stationary total pressure probes are located upstream the TIM inlet and downstream the TED 

outlet, see instrumentation chapter 2.1. The total pressure measurement is done with three 

individual strain gauges at each station which gives room for uncertainty discrepancies between the 

probes. Compared to the static pressure measurement which has the same systematic error in its 

measurement the three individual probes have each a unique error. 

The stationary total pressure probes can’t move which imposes a known flow direction with small 

variations. This is because the flow must be orthogonal to the opening plane of the pressure tap 

hole. By having angle insensitive probes this can be obtain by steering the flow properly. In the DVT 

test the total pressure at the inlet and the outlet of the turbine are measured with this kind of 

insensitive probe inserted 20 mm from the wall [2]. Because of the swirl downstream the rotor the 

total pressure naturally becomes more difficult to measure at station 5 downstream the turbine.  

The three unique uncertainty sources of the three probes are given from the instrumentation list and 

have the standard uncertainty 0.5 %. The standard uncertainty of the mean of the 3 repeated 

measurements is  

    ̅̅ ̅̅ ̅̅  √
    

 
        

(4.2) 

at station 0 and 5. 

The nature of measuring the total pressure includes more uncertainties than the static pressure 

measurement since the flow must stagnate properly to the plane of the pressure tap opening.  

Downstream the rotor one traversed cylinder probe is measuring the total pressure, static pressure 

and r-x flow angles. With 3 pressure taps the total pressure is determined by rotating the cylinder 

around its own axis until the same static pressure is registered at the side taps. The flow is then 

assumed to be orthogonal to the opening plane of the center tap and the total pressure is measured, 

see Figure 4.1. Normally the static pressure would be measured at the side taps by having the flow 

coming tangentially over the holes. However since the flow is accelerated close to the wall due to 

wall effects at the cylinder a lower static pressure will be measured. This makes it more suitable to 

locate the side taps about 40 degrees, instead of 90 degrees, from the center tap to compensate for 

the accelerated flow [3]. Cylinder probes are also relatively sensitive to pitch angles and a deviation 

of 5 degrees is manageable for this kind of traversed probe.  

Other types of traversed pressure probes to measure flow angles are prisms and wedge probes 

which tend to steer the flow more and can handle pitch angles approximately up to 20 and 30 

degrees respectively. If only the total pressure is needed without flow angles a Kiel probe is a good 

alternative because of almost complete insensitivity of flow angles in both yaw and pitch [4]. 
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Figure 4.1 – Traversed cylindrical 3-hole probe measuring 2D-flow angles and total pressure 

The inserted uncertainty of the traversed total pressure probe is 0.5 % given from the DVT test [9].  

          (4.3) 

The standard uncertainty of the mean of the single measurement of the traversed probe is  
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4.1.3 Total temperature 

The uncertainties of the thermo couples can be traced to calibrations made on the probes used in 

the DVT test. The type K thermo element used in the DVT test is calibrated against a resistance 

thermometer in a water reservoir in which a series of temperatures is set with a temperature 

regulator. The PT100 resistance thermometer Appendix E – Traceability scheme of the calibration 

process of pressure and mass 

[11] has a much higher accuracy than the thermo element and is calibrated against the accredited SP 

science Institute. The temperature of the resistance thermometer is assumed to be the true value 

when the thermo element is calibrated and the calibration protocol of the thermo element in the 

DVT test certifies a class 1 tolerance of 1.5 K. 

The calibrations made by the SP science Institute is based on the International Temperature Scale of 

1990, ITS-90. This is the scale all Celsius and Kelvin thermometers are calibrated against in 

laboratories over the world and it is defined by the phase transition of 14 pure chemical elements 

and one compound, namely water.  

The three thermo couples at each station upstream and downstream the turbine have their own 

individual uncertainty sources of 2 K per probe. The standard uncertainty of mean is 

    ̅̅ ̅̅ ̅̅  √
  

 
        

 

(4.5) 

    at station 0 and 5. 
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4.1.4 Mass flow 

The mass flow is measured with a venturi meter upstream the pre-heater and an inlet flange close to 

the turbine inlet. The inlet flange is known to be more accurate than the venturi at lower mass flows 

and thus the inlet flange is used as the primary source of data. Both units derives the mass flow from 

pressure and temperature upstream and downstream an area change. The pressure difference over 

the area change and the static pressure and total temperature upstream the contraction gives the 

mass flow. 

The process of calibrating the inlet flange and venturi meter is done with a critical flange which lets 

the flow become choked over a small area. By knowing the discharge coefficient Cd and the area, the 

critical mass flow can be calculated. 

 ̇       √    
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(4.6) 

In equation (4.6) the uncertainties can be recognized as the area uncertainty due to the thermal 

expansivity coefficient of the material. The uncertainty contributors to the discharge coefficient are 

the Reynolds number in the flow channel and the throat diameter to flow channel diameter ratio.  

In the calibration of the mass flow the critical flange is compared with the mass flow of the inlet 

flange and venturi which gives a ground to estimate the uncertainty based on three methods with 

independent error sources. In chapter 4.2.3 these uncertainty estimates can be found. The 

uncertainty estimation of the mass flow meter in chapter 4.2.3 demonstrates a low random standard 

uncertainty but the mass flow uncertainty in the DVT test is specified to be 1 % and will therefore be 

used [9].  
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4.1.5 Summary 

In the fluid channel where the pressure taps are positioned at the same station symmetrically the 

standard uncertainty of the mean can give a more accurate value of the quantity. In the TIM and TED 

no mean value is averaged and at PT3 there is only one total pressure measurement. In the case of 

the mass flow measurement the uncertainty depends on the pressure probe and temperature probe 

but here the measurement is considered as one uncertainty source. The following uncertainties in 

Table 4.1 are the ones specified by the DVT instrumentation list. Even though equation (4.1), (4.2) 

and (4.5) shows that the uncertainty can be considered to be lower with the central limit theorem 

the uncertainties in Table 4.1 are from now used in the performance uncertainty estimation of the 

Vinci turbine. 

Table 4.1 – Summary of the measurement uncertainties affecting the performance of the LH2 turbine 

Location Station x (No. of probes) Uncertainty 

Upstream turbine PT0x3 0.5 % 

TT0x3 2 K 

 ̇x1 1 % 

TIM PS1x9 0.5 % 

Stator and rotor PS1/PS2/PS3x3 0.5 % 

PT3x1 0.5 % 

TED PS4x5 0.5 % 

Downstream  PT5x3 0. 5 % 

TT5x3 2 K 

CILSS Cx1 (Torque)  0.5 % 

ωx1 (Rotor speed) 0.5 % 
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4.2 Performance and operational point uncertainty 

The performance uncertainty in the DVT test depends on measurement uncertainties in the 

instrumentation and uncertainties not accounted for the instrumentation. The uncertainties in the 

DVT test are specified in the instrumentation list and the uncertainties can be used to calculate the 

performance uncertainty from test data. 

4.2.1 Efficiency uncertainty 

The uncertainty estimate of the total-to-total and total-to-static torque/enthalpy efficiency can be 

visualized by examined the uncertainty contribution from the measured quantities. 

Recall the definition of total-to-total and total-to-static torque efficiency 
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With equation (3.11) the uncertainty of the total-to-total torque efficiency becomes 
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(4.9) 

The efficiency uncertainty is given by the root-sum-square of the uncertainty contributions of each 

measurement. The uncertainty of each DVT measurement is in absolute units but the total 

uncertainty of the efficiency is given in relative value. 

The uncertainty of the total-to-static torque efficiency is calculated in the same way as equation (4.9) 

but replacing P05 with PS5. In Figure 4.2 the uncertainty of the total-to-total and total-to-static torque 

efficiency can be seen due to the uncertainties in Table 4.1 from the DVT test. Despite the few 

extreme points of uncertainties above 3 % units the most of the data points are between 0.5 and 1.5 

% units. The mean of all uncertainties is 1.0 % unit.   
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Figure 4.2 – Uncertainty in percent units of the torque efficiency at the 182 measurements with error propagation  

In Figure 4.3 the efficiencies are instead plotted against the pressure ratio over the turbine and a 

trend can be seen with decreased uncertainty with increased pressure ratio. The highest uncertainty 

in narrow OP interval of the turbine, where the pressure ratio is between 1.5 and 2.3, is 1.5 % units 

approximately. 

The uncertainty contribution by each quantity X can be written as 
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(4.10) 

 
Another way of describing the uncertainty contribution is by expressing the uncertainty in 
percentage of the efficiency. 
 

        
  

      

  
   

      
 

(4.11) 

In Figure 1 to Figure 4, in appendix A, the greatest uncertainty contributors can be seen to be the 
mass flow and pressure measurements upstream and downstream the turbine. In Figure 4.4 the 
uncertainty contribution of total pressure can be seen to have a lot of scatter and the inlet and outlet 
pressure have the same contribution in each data point. In Figure 4.5 and Figure 4.6 the mass flow 
and total temperature uncertainty contribution can be seen be linear and have high uncertainty 
contribution at high efficiencies. 
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Figure 4.3 – Total-to-static and total-to-total efficiency uncertainty versus the pressure ratio over the turbine 

 

Figure 4.4 – Uncertainty contribution to the efficiency by the inlet and outlet total pressure measurements 
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Figure 4.5 – Uncertainty contribution to the total-to-total torque efficiency of the mass flow measurement 

 

Figure 4.6 – Uncertainty contribution to the total-to-total torque efficiency 
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The enthalpy efficiency is defined as 
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(4.12) 

With the uncertainties from the DVT test measurements the enthalpy efficiency uncertainty can be 

described as  
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(4.13) 

In Figure 4.7 the enthalpy efficiency uncertainty is can be seen to have a distribution with most of the 

uncertainties between 2 and 6 % units. The mean of all uncertainties is 5.0 % units.  

 

Figure 4.7 – The enthalpy efficiency standard uncertainty and standard uncertainty of the mean of the measurements in 
each OP sample 

In Figure 4.8 the enthalpy efficiency uncertainty can be seen to have a dependence on the pressure 

ratio over the turbine. At low pressure ratios it can be concluded that the calculation of efficiency 

with the enthalpy method is unreliable whilst the uncertainty decreases with increased pressure 

ratio. In the narrow OP interval of the turbine the efficiency uncertainty is between 5 to 3 % units 

approximately. 
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Figure 4.8 – Enthalpy efficiency uncertainty as a function of the pressure ratio over the turbine 

In Figure 4.9 and Figure 4.10 the uncertainty contribution of the total temperature and total pressure 

in the DVT test can be seen and the data points show a similar trend as Figure 4.8. In the narrow OP 

interval of the turbine the uncertainty contribution of the total temperature is between 4 and 2 % 

whilst the total pressure contribution is below 1 % unit of the enthalpy efficiency.  

 
 

Figure 4.9 – Uncertainty contribution to the enthalpy efficiency of the DVT measurements of total temperature upstream 
and downstream the turbine 
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Figure 4.10 – Uncertainty contribution to the enthalpy efficiency of the DVT measurements of total pressure upstream 
and downstream the turbine 

From the error propagation formula of measurement uncertainties in the DVT test it can be seen that 
the measurements contribute to a greater uncertainty in the enthalpy efficiency than in the torque 
efficiency. Some of the uncertainties can be seen to depend strongly on the pressure ratio over the 
turbine.  
 
The torque efficiency of the LH2 turbine in the DVT test has an uncertainty between 0.5 and 1.5 % 
units in the narrow interval of the turbine with the measurement uncertainties in the DVT test. The 
enthalpy efficiency has a much higher uncertainty ranging from 3 to 5 % units in the narrow interval. 
 

  

0,00%

0,50%

1,00%

1,50%

2,00%

2,50%

3,00%

3,50%

4,00%

4,50%

0 0,5 1 1,5 2 2,5 3 3,5

Uη,P0 

PI_t-t5 [-] 

Uncertainty contribution 

P00

P05



4 – Uncertainties from the DVT test 
 

33 
 

4.2.2 Characteristic parameters 

The characteristic parameters which define the OP and performance of the turbine are measured in 

the DVT test and are thus affected by the uncertainty contribution of the instrumentation.. 

The uncertainty of πtt is affected by the pressure measurements upstream and downstream the 

turbine.  
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(4.14) 

In the same way πts is calculated but replacing P05 with PS5  
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(4.15) 

Figure 4.11 shows the uncertainty of the pressure ratio versus the pressure ratio for both πts and πtt. 

The uncertainty in the narrow OP interval is between 1.1e-2 and 1.6e-2 approximately. The relative 

uncertainty is found to be 0.71 % in the whole interval. 

 

Figure 4.11 – Uncertainty of the total-to-total and total-to-static pressure ratio over the turbine 
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The speed coefficient constitutes an expression of the rotational speed, speed of sound at turbine 
inlet and the mean radius of the gas channel. The speed of sound the in fluid can be expressed in 
terms of T00, cp and γ, see equation (2.13), and with assumed small uncertainty in cp and γ the speed 
coefficient uncertainty depends only on the measurement uncertainties of T00 and the rotational 
speed.   
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(4.16) 

In Figure 4.12 the uncertainty of the speed coefficient can be seen to be between 1.7e-3 and 3.5e-3 

in the narrow OP interval (0.3 < Nk < 0.65). The relative uncertainty is found to be 0.56 % in the whole 

interval. 

 

Figure 4.12 – Uncertainty of the speed coefficient due to inlet conditions of the turbine in the DVT test and rotational 
speed 

In Figure 4.13 uncertainty contribution can be seen of the rotational speed and the total temperature 

at turbine inlet. The rotational speed uncertainty contribution can be seen to be the greatest in the 

whole interval.   
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Figure 4.13 – Uncertainty contribution to the speed coefficient of the inlet total temperature and the rotational speed 

The Specific Torque is defined by the measurements of torque, mass flow and speed of sound at 

turbine inlet in the DVT test. The speed of sound can be replaced with equation (4.17) which allows 

for an evaluation of the uncertainty contribution of the specific heat ratio and total temperature at 

the turbine inlet. Since the uncertainty of the specific heat ratio is unknown a relative uncertainty of 

0.5 % is assumed.  

    √              (4.17) 

The total uncertainty of the Specific Torque becomes then 
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(4.18) 

 

In Figure 4.14 the Specific Torque uncertainty can be seen with gamma uncertainty included and 

excluded. The uncertainty contribution of the specific heat ratio can be seen to be small. The 

uncertainty is found to be 1.15 % in the whole interval with no uncertainty in specific heat ratio.  
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Figure 4.14 – Specific Torque uncertainty due to measurement uncertainties in the DVT test  

In Figure 4.15 all uncertainty contributors to the Torque efficiency can be seen. The uncertainty 

contribution of the specific heat ratio can be seen to be of same magnitude as the total temperature 

uncertainty contribution. The mass flow can be seen to be the dominating uncertainty contributor.  

 

Figure 4.15 – Uncertainty contribution to the Specific of the measurements in the DVT test and the inserted uncertainty 
of specific heat ratio  
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The flow coefficient is described by the mass flow, speed of sound at the inlet and the total pressure. 

The speed of sound is replaced with equation (2.13) and thus the flow coefficient uncertainty 

depends only on measurements uncertainties of the mass flow, the total pressure and the total 

temperature at turbine inlet. In this case no uncertainty is inserted in the specific heat ratio. 
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(4.19) 

 

In Figure 4.16 the flow coefficient uncertainty can be seen as a function of the flow coefficient value. 

The uncertainty of the flow coefficient is approximately 1.03 % in the whole interval. 

 

Figure 4.16 – Uncertainty of the flow coefficient due to measurement uncertainties in the DVT test 

In Figure 4.17 the uncertainty contribution of the mass flow, the total temperature and the total 

pressure can be seen.  The mass flow is the dominating uncertainty contributor with the steepest 

slope. 
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Figure 4.17 – Uncertainty contribution to the flow coefficient of the measurement uncertainties in the DVT test 

The measured quantities in the DVT test contribute to an uncertainty in the characteristic parameter. 

The mass flow is the greatest uncertainty contributor to both the Specific Torque and flow 

coefficient. The greatest uncertainty contributor to the speed coefficient and pressure ratio is the 

rotational speed and pressure measurement respectively. The relative uncertainties are summarized 

in Table 4.2. 

Table 4.2 – Uncertainties of the characteristic parameters given from the measurement uncertainties in the DVT test 

Characteristic parameter Uncertainty Description 

πtt  0.71 % Total-to-total pressure ratio 

πts  0.71 % Total-to-static pressure ratio 

ST 1.15 % Specific Torque 

Q 1.03 % Flow coefficient 

Nk 0.56 % Speed coefficient 
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4.2.3 Mass flow uncertainty 

The mass flow uncertainty can be estimated by using the calibration data of three mass flow meters. 

Their individual uncertainties can be studied as well as the combined uncertainty of two samples 

which has a better statistical ground. 

From the DVT test documentation the inlet flange is known to be more accurate at lower mass flows 

whilst the Venturi meter instead is more accurate at a higher mass flow. Calibration data acquired 

prior to a scatter test is used to form an uncertainty statement about the mass flow measurement.  

In the calibration data there are three calibrations; Calibration 01, 02 and 03 which contains samples 

of repeated mass flow measurements taken at the same time with the critical flange, inlet flange and 

venturi meter. Calibration 01 and 02 contain 6 samples with 5 repeated measurements in each 

sample. Calibration 03 contains 7 samples instead, each with 5 repeated measurements. The inlet 

total temperature and pressure is varied to change the mass flow and evaluate the uncertainty at 

different conditions. In Table 4.3 the calibrations are summarized and distinguished by the 

temperature difference which gives different conditions to measure the mass flow. 

Table 4.3 – Statistics of the three mass flow calibrations of the inlet flange, critical flange and venturi meter    

 Calib. 01 Calib. 02 Calib. 03 

Ni (sample size) 5 5 5 

No. of samples 6 6 7 

T00 / Tref 0.72 – 0.73 0.71 – 0.72 0.78 – 1.05 

  

The standard uncertainty of the 5 repeated measurements in each sample is formed with equation 

(3.1). With a covering factor determined from the number of degrees of freedom which is Ni-1 and a 

confidence level of 95 % the expanded standard uncertainty of every sample is   

        (    )       (4.20) 

 

In Figure 4.18 and Figure 4.19 the expanded standard uncertainty of the mass flow samples with the 

venturi meter and inlet flange is presented. The statement of a higher accuracy of the inlet flange at 

lower mass cannot be confirmed. However the uncertainty of the inlet flange mass flow is located 

between 0.1 and 0.5 % for all samples which confirms a lower uncertainty than the one given by the 

DVT instrumentation. The venturi meter can be seen to have the lowest uncertainty at the highest 

mass flow measurements but the uncertainty ranges from 0 to 6 %. Each data point of uncertainty is 

given relative the mean value of that sample the uncertainty is for.  
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Figure 4.18 – Expanded standard uncertainty of each sample measured with the inlet flange in the calibration 

 

Figure 4.19 – Expanded standard uncertainty of each sample measured with the venturi meter in the calibration 

A paired standard uncertainty is formed of the repeated measurements in each sample from the 

critical flange and the inlet flange measurements. These two methods of measurements have the 

lowest individual standard uncertainties. Equation (3.15) gives the standard uncertainty of the 

difference of the redundant measurements of the inlet flange and critical flange samples. Inserted in 

equation (3.16) the standard uncertainty of the measurements in both samples is obtained    

          [
∑ (    ̅)  

   

 (    )
]

   

 
(4.21) 
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The number of degrees of freedom becomes two times Ni -1 because of the doubled size of number 

of measurements. The expanded uncertainty is then obtained assuming a t-distribution with 

confidence level 95 %. In Figure 4.20 the pair redundant uncertainties are presented and overall they 

are found to be lower than the standard uncertainties of the inlet flange in Figure 4.18. The 

uncertainty is given relative the mean value of the two samples. The relevance in using this lower 

uncertainty is if the critical flange measures the real variation in the mass flow and leaves the pure 

uncertainty component of inlet flange.   

 

Figure 4.20 – The paired relative uncertainty of the inlet flange and critical flange with a 95 % confidence level 

The pooled standard uncertainty is formed with the assumption that the true variance is equal for 

the pooled samples. In this case the number of combined degrees of freedom is basically the sum of 

the individual degrees of freedom of each sample. Recall 
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(4.22) 

 

The pooled standard uncertainty is formed of the pair redundant samples of the inlet flange and 

critical flange. The same thing is done with the standard uncertainties of the inlet flange samples 

only. 

In Table 4.4 and Table 4.5 the pooled standard uncertainty of the pair redundant samples and inlet 

flange samples can be seen. The advantage of the pair redundant method is the higher number of 

degrees of freedom which gives a lower covering factor.  
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Table 4.4 – Pooled standard uncertainty of the pair redundant samples of the inlet flange and the critical flange 
measurements 

Pair redundant samples Calib. 01 Calib. 02 Calib. 03 

             (Relative  ̇   ) 0.14 % 0.11 % 0.07 % 

             48 48 56 

Confidence level 95 % 95 % 95,0 % 

Covering factor 2.011 2.011 2.003 

   

 

 Table 4.5 – Pooled standard uncertainty of the inlet flange samples  

Inlet flange samples Calib. 01 Calib. 02 Calib. 03 

             (Relative  ̇   ) 0.24 % 0.16 % 0.15 % 

             24 24 28 

Confidence level 95 % 95 % 95,0 % 

Covering factor 2.064 2.064 2.048 

 

From the calibration data of the inlet flange it can be confirmed that the measurement unit, 

consisting of a differential pressure probe and a temperature probe, has an expanded mass flow 

uncertainty well below 1 %. The major portion of the standard uncertainty is most probably random 

uncertainty since the 5 measurements are made in a steady state environment which usually keeps 

the systematic error constant and thus invisible.      

The standard uncertainty trend of the venturi meter, presented in Figure 4.19, shows that the unit 

has high uncertainty at low mass flows. Further investigation would be needed to determine whether 

or not the Venturi meter can be used at higher mass flows. 

If the critical flange is accurate the pair redundant uncertainty can be close to the true error of inlet 

flange. The risk of using this method is if the critical flange has a greater uncertainty which in that 

case would introduces new uncertainties and makes the pair redundant uncertainty interval not 

trustworthy.
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5 Uncertainties from CFD flow situation 
The uncertainty contributions which are not accounted for in the uncertainties given by the 

instrumentation list can be studied in CFD. The flow situation in a model can say how well the 

quantity at the probe location represents the station average value and how the position uncertainty 

of the probe affects the measured value. Thus the CFD model gives an expanded view of the 

performance uncertainty and a new predicted performance to be compared with the DVT test.  

5.1 CFD model 

The CFD study of the Vinci LH2 Turbine is divided into two models: the TIM and the LH2 Turbine 

Stage. These two models can be used to form an uncertainty estimate of the efficiency, axial load, 

mass flow and specific torque. By averaging the probed quantities at the same probe stations as in 

the DVT test an average performance can also be studied. In the TIM model the pressure losses is 

characterized and in the LH2 Turbine Stage, consisting of the stator and the rotor, the performance 

parameters is obtained. By inserting test data at the BC:s of the CFD models the closest to test 

condition can be achieved.  

5.1.1 The TIM 

The TIM model with its geometry and mesh is obtained from an earlier study of the TIM. The model 

consists of the fluid domain from the TIM inlet to the stator outlet, see Figure 5.2. In Table 5.1 a 

summary of the turbulence model, heat transfer and other physical properties of the TIM model can 

be found. The mesh consists of about 5 million unstructured elements and the highest resolution is 

close to the stator vanes.  

 

 

Figure 5.1 – Fluid domain of the TIM model with arrows pointing out the inlet and outlet boundaries 
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Figure 5.2 – The mesh of the TIM model 

 

 

Table 5.1 – Summary of mesh statistics and the physical models used in the TIM model [13] 

Number of nodes 1904403 

Number of elements 4995369 

Domain motion Stationary 

Fluid Air Ideal Gas 

Turbulence model k epsilon 

Heat transfer model Total Energy 

Reference pressure  0 bar 

Boundary Mass and momentum  Adiabatic 

Boundary heat transfer No slip wall 
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5.1.2 The LH2 Turbine Stage 

The Hydrogen Turbine Stage model is also obtained from an earlier study of the Vinci LH2 turbine 

and consists of the fluid passage domain between two stator vanes and the rotor domain. The cavity 

between the stator and rotor, where the major portion of the upstream axial load on rotor is 

created, is replaced in this model with a free slip surface. The reason for having one passage between 

the stator vanes is a simplification of assuming circumferential symmetry to reduce solver time. In 

Figure 5.3 the fluid flows from the left to the right and passes the interface boundary before it enters 

the rotating domain. Due to the complex flow interacting with the stator and rotor the LH2 Turbine 

Stage model needs additional physical models to describe the flow.  

The fluid passage between the two stator vanes is modeled with periodicity at the upper and lower 

boundaries to meet the criteria of circumferential symmetry. The interface connecting the rotating 

rotor domain to the stationary stator domain is based on a general connection stage model. This 

model performs a circumferential averaging of the fluxes through radial bands on the interface and a 

steady state solution is obtained for the two frames upstream and downstream each interface band 

[12]. 

The stage averaging at the frame change interface incurs a one-time mixing loss. This loss is 

equivalent to assuming that the physical mixing supplied by the relative motion between the stator 

and rotor domain is sufficiently large to cause any upstream velocity profile to mix out prior to 

entering the downstream rotor domain. The stage model accounts for time average interaction 

between blades but neglects transient interaction effects. 

The downstream velocity constraint is set to constant total pressure which will give a downstream 

velocity profile that adjusts to the downstream influences for each radial band. This is preferable for 

tightly-coupled stages. A summary of the physical models and mesh statistics can be found in Table 

5.2 and Table 5.3 respectively. 
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Figure 5.3 – Ansys-Pre view of the fluid domain showing the faces of periodicity and fluid inlet and outlet 

 

Table 5.2 – Summary of the physical model used in the LH2 Turbine Stage model to connect the stator and rotor domain  

Interface Model General Connection 

Rotor frame change model Stage 

Rotor frame type Rotating 

Downstream Velocity Constraint Constant Total Pressure 

  



5 – Uncertainties from CFD flow situation 
 

47 
 

 

Figure 5.4 – The mesh of the LH2 Turbine Stage model 

 

Table 5.3 – Mesh statistics of the rotor and stator domain in the LH2 Turbine Stage model 

Domain Nodes Elements 

Rotor fluid 1039912 995384 

Stator fluid 1039737 993700 

All domains 2079649 1989084 
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5.2 Boundary Conditions 

The test data inserted at the BC:s of the CFD model has the same uncertainties as the measurements 

in the DVT test. By inserting these uncertainties a CFD predicted performance with a new uncertainty 

interval is formed. The standard uncertainty is inserted which is a greater interval than the standard 

uncertainty of the mean.  

The BC:s in the TIM model are defined by the inlet mass flow, inlet total temperature and outlet 

static pressure. In the LH2 Turbine Stage model the rotational speed and outlet static pressure is 

inserted from test data and the inlet conditions are defined by the flow in the TIM model. In Table 

5.4 a summary of the uncertainties inserted to the BC:s of the CFD model is presented. 

The station measurements in the DVT test which are closest to the boundaries in the CFD model are 

inserted directly without modification.   

Table 5.4 – Uncertainties from the DVT test inserted to the BC:s of the TIM and LH2 Turbine Stage model  

Boundary Condition Uncertainty 

Mass flow at TIM inlet 1 % 

Total temperature at TIM inlet 2 K 

Static pressure at TIM/LH2 Turbine Stage outlet 0.5 % 

Rotational speed LH2 Turbine Stage 0.5 % 
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5.3 Operational Points 

 Three OP:s are examined in the CFD model chosen from the DVT test [16]. The OP:s are located at 

the upper and lower limits of the narrow pressure ratio interval of the turbine together with a close 

to reference point. In Table 5.5 the OP:s are presented in the form of the characteristic parameters.  

 

Figure 5.5 – Three OP:s are evaluated in the CFD models which are located inside the narrow interval   

 

Table 5.5 – The three OP:s expressed in the form of the characteristic parameters 

Operational Point A B C 

Q 0.085 0.083 0.066 

πtt 2.31 1.98 1.53 

Nk  0.51 0.44 0.58 

 

5.4 Position uncertainty of turbine instrumentation 

In the drawings of the TIM and stator the position of the pressure tap holes are given with an 

uncertainty interval due to manufacturing tolerances. To know how this might affect the measured 

quantity in the DVT test the CFD model is used to give an answer about the pressure variation in this 

interval.  

Seven static pressure probes in the TIM model are examined since their locations in the drawing are 

well defined, see Figure 5.6. From the green y axis and clockwise the position of the PS1-7 to PS1-13 

are illustrated. The probes are located at the outer max radius of the fluid channel. In Table 5.6 the 

location and tangential position uncertainty is presented.  
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Figure 5.6 – The TIM model with static pressure tap holes 

Table 5.6 – Tangential position and position uncertainty of the static pressure taps in the TIM model [15]. 

Probe PS1-7 PS1-8 PS1-9 PS1-10 PS1-11 PS1-12 PS1-13 

Angle 

[deg] 

14±0.5 55±0.5 94±0.5 135±0.5 173±0.5 213±0.5 254±0.5 

 

 

Figure 5.7 –The TIM model with static pressure tap holes are located at the outer radius of the fluid channel 
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In the LH2 Turbine Stage model the position uncertainty of the static pressure taps can be examined. 

All of the pressure taps upstream the stator, between the stator and the rotor, and downstream 

rotor are given with a 0.1 mm axial uncertainty and 0.1 degrees tangential uncertainty, see Table 5.7. 

The tangential uncertainty of the PS3 and PT3 are irrelevant to examine in the LH2 Turbine Stage 

model since the position representation of the probes in the LH2 Turbine Stage model are found 

inside the rotating rotor domain. Thus the correct comparison with test data is therefore to 

tangentially average the pressure. 

 

Figure 5.8 – View facing upstream onto the stator vanes. Theta contours delimits the angle in steps of 2 degrees.   

Table 5.7 – Position with uncertainties of the static pressure taps and the traversed probe in the LH2 Turbine Stage 
model [15] 

 PS1-1/2/3 PS2-1/2/3 PS3-1/2/3 PT3(traversed) 

Theta [deg] 39.4±0.1 10.4±0.1 24.9±0.1 - 

Axial location 

from inlet [mm] 

8.4±0.1 17.7±0.1 29.2±0.1 32.2±0.1 
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5.5 Effects of BC uncertainties in the TIM 

The uncertainty limits of the BC are varied separately to distinguish the greatest uncertainty 

contributor to the measured quantity in the DVT test by studying the same quantity at the same 

probe position in the CFD model. 

In the TIM model the uncertainty contribution of the inlet mass flow, inlet total temperature and 

outlet static pressure is examined at the three OP chosen. In Figure 5.9, Figure 5.10 and Figure 5.11 

the normalized static pressure and uncertainty contribution by the BC uncertainties can be observed 

at the tap locations. It can be seen that the greatest uncertainty contributor is the mass flow at OP A 

and B whilst the outlet static pressure uncertainty is the greatest contributor at OP C.   

The differences in how the uncertainties of the boundary conditions affect the static pressure 

uncertainty at the tap locations depend on the OP and the magnitude of the pressure and mass flow. 

Since OP C has a relatively high static pressure and low mass flow the outlet static pressure becomes 

the greatest contributor while for OP A and B, which have a relative high mass flow, the mass flow 

becomes the greatest contributor. 

 

 

Figure 5.9 – Static pressure at the tap locations in TIM model with BC uncertainty of the mass flow at inlet 
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Figure 5.10 – Static pressure at the tap locations in the TIM model with BC uncertainty of the total temperature at inlet 

 

Figure 5.11 – Static pressure at the tap locations in the TIM model with BC uncertainty of the static pressure at outlet 
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5.6 Inlet profile to the LH2 Turbine Stage model 

The inlet BC with uncertainty limits of the Vinci LH2 Turbine Stage are obtained from the TIM model. 

A radial profile of the inlet variables is formed by tangentially average 29 radial contours in ANSYS 

CFX Post at the stator inlet in the TIM model containing the velocity components, total pressure and 

total temperature. The uncertainties of these parameters are given by the uncertainties inserted to 

the BC:s of the TIM model.  

In Figure 5.12 the BC uncertainty of the mass flow is found to be the greatest uncertainty contributor 

to the total pressure profile at OP A and B whilst at OP C the BC uncertainty of outlet static pressure 

is the greatest uncertainty contributor, see Figure 5.13. The normalized total pressure is relative the 

reference inlet total pressure of the turbine. 

 

Figure 5.12 – Inlet total pressure profiles to the LH2 Turbine Stage model 
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Figure 5.13 – Inlet total pressure profiles to the LH2 Turbine Stage model 

The unit velocity in Figure 5.14, at OP B, shows a relative small radial variation and the uncertainty 

contribution of the mass flow at TIM inlet is insignificant. The velocity components between the OP 

are very close to each and thus the profiles in the figure can represent all velocity components of the 

OP’s. 

In Figure 5.15 the total temperature profiles can be seen to be plane and approximately equal to the 

reference inlet temperature since the TIM model is adiabatic.  

 



5 – Uncertainties from CFD flow situation 
 

56 
 

 

Figure 5.14– Unit velocity components at the Turbine Stage inlet boundary 

 

Figure 5.15 – Normalized total temperature profile at the three OP:s relative the reference temperature 
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5.7 Representation of station average value 

In Figure 5.16 the static pressure relative the inlet total reference pressure is presented between two 

stator vanes at the leading edge in the LH2 Turbine Stage model. The BC uncertainty limits of the 

mass flow is included which gives the greatest uncertainty contribution to OP A and B. The tangential 

position of the pressure tap, 39.4 degrees, is found to be a calm region without any strong gradients 

close to it. The static pressure at the position of the pressure tap is found to be between 99.3 and 

99.6 % of the tangential average pressure. 

 

Figure 5.16 – Static pressure at stator leading edge which is the axial location of PS1 
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In Figure 5.17 the BC uncertainty of the static pressure at TIM outlet is included instead at OP C 

which can be seen to contribute to a higher static pressure uncertainty. 

 

Figure 5.17 – Static pressure at stator leading edge which is axial location of PS1 
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In Figure 5.18 the normalized static pressure is averaged in tangential bands and plotted from the 

hub to the shroud at the stator leading edge in the LH2 Turbine Stage model. The pressure at the tap 

position is found to be between 99.8 and 99.9 % of the average station pressure which is assumed to 

be the static pressure at the mid span. It can be seen that the uncertainty contribution of the mass 

flow at the TIM model inlet gives the greatest static pressure uncertainty at the stator leading edge 

at OP A and B.  

 

Figure 5.18 – Hub-to-shroud static pressure at stator leading edge in the LH2 Turbine Stage model 

In Figure 5.19 the static pressure between two stator vanes 1.3 mm downstream the trailing edge is 

presented. The tangential pressure variation is different from the upstream conditions and shows a 

relatively strong pressure gradient close to the pressure tap location at 10.4 degrees. A comparison 

of the static pressure at OP A, B and C indicates that the magnitude of the static pressure gradient 

decreases with decreasing pressure ratio over the turbine. The BC uncertainty of the outlet static 

pressure in the LH2 Turbine Stage model is now found to be the greatest contributor to the static 

pressure uncertainty for all three OP:s. 

The representation of the tangential average pressure I found to be good as the static pressure at the 

PS2 pressure tap location is between 99.7 and 99.8 % of the tangential average value.   
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Figure 5.19 – Static pressure 1,3 mm downstream the stator trailing edge between two stator vanes at PS2 axial location 
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In Figure 5.20 the hub-to-shroud gradient 1.3 mm downstream the stator trailing edge is presented 

at the axial position of the PS2 pressure tap. The PS2 pressure tap value is found to overestimate the 

average hub-to-shroud pressure to be between 104 and 101 % of the average hub-to-shroud 

pressure at OP A and B. 

 

Figure 5.20 – Hub-to-shroud gradient 1.3 mm downstream the stator trailing edge at PS2 axial location 

  



5 – Uncertainties from CFD flow situation 
 

62 
 

5.8 Effects of position uncertainty 

Due to machine tolerances in the manufacturing process of the pressure tap holes a position 

uncertainty component affects the measured pressure not accounted for in the uncertainty given by 

the DVT instrumentation. This uncertainty component can be evaluated by the flow situation in the 

CFD model. 

To represent the probe position uncertainty in the TIM model of 0.5 degrees a spherical evaluation 

zone with radius 2 mm is formed around the probe to measure the min and max values of the static 

pressure. The normalized static pressure and the effect of the position uncertainty combined with 

the BC uncertainty limits can be seen in Figure 5.21 and Figure 5.22. The position uncertainty which is 

exaggerated in the aspect of the size of the evaluation zone is found to not affect the static pressure 

significantly compared to effect of the BC uncertainty. The highest uncertainty average of the seven 

taps in the TIM is 0.14 % at OP A. The position uncertainty and measurement uncertainty in the DVT 

test are two independent error sources. Thus they can be combined to form an expanded 

uncertainty of the estimated pressure. 

         √        
           

  √                   
(5.1) 

 

 

Figure 5.21 – Static pressure in TIM model with BC uncertainty limits combined with the tangential position uncertainty 
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Figure 5.22 – Static pressure in TIM model with uncertainty limits of the mass flow combined with tangential position 
uncertainty 

From Figure 5.16 it the tangential position uncertainty of the PS1 pressure tap upstream the stator is 
found to be less than 0.01 %. Thus by combining the position uncertainty component with the 
measurement uncertainty in the DVT instrumentation it can be seen that the position uncertainty 
affects the measured static pressure insignificantly 
 

         √        
           

  √                     
(5.2) 

In Figure 5.23 the axial and tangential position uncertainty of the PS2 pressure tap can be evaluated. 

The upstream and downstream position of the axial uncertainty limits are visualized together with 

nominal position. The greatest position uncertainty component is found to be the tangential 

uncertainty which contributes to about 0.03 % uncertainty in the measured static pressure. At the 

tap location 10.4 degrees the axial uncertainty is found to be insignificant. The combined uncertainty 

of the measurement uncertainty and the position uncertainty shows that the position uncertainty 

contribution is overall negligible. 

         √        
           

  √                     
(5.3) 
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Figure 5.23 – Static pressure 0.1 mm upstream and 0.1 mm downstream the axial location of the PS2 pressure tap 
representing the axial position uncertainty  

Downstream rotor in the LH2 Turbine Stage model the tangential position uncertainty of the PS3 

static pressure tap cannot be evaluated since the domain is rotating. However the axial position 

uncertainty is possible to assess and is found contribute insignificantly to the combined uncertainty 

of the location and the measurement.    

Overall the position uncertainty contributes little to the combined uncertainty which can be seen in 

the root-sum-square value. The pressure taps are located such that strong gradients are avoided and 

the mean value in both the tangential and the span wise directions are close to the probed value. The 

maximum deviation is found to be at PS2 probe location which can overestimate the station average 

pressure with 1 to 4 %.    
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6 Design uncertainty from CFD flow situation and DVT test 
With CFD assessment of the turbine flow new uncertainties sources can be introduced and seen to 

contribute to an expanded uncertainty of the turbine performance. The reason why CFD is used is 

because the DVT test does not give all performance parameters of the LH2 turbine. The uncertainty 

source of the CFD estimated quantities originates in the uncertainty of the flow situation in the 

turbine. The CFD can also be used to calculate the performance parameters solely deduced from the 

DVT test data to give a performance based on station average values at the probe locations.  

6.1 Axial load uncertainty 

The axial load on the rotor is comprised of the loads on the rotor blades and disc. Allowable level and 

variation of the axial load is specified in the technical specification. The disc load is calculated by 

integrating the static pressure upstream the rotor, in the cavity, and downstream from the axis of 

rotation to the hub, see forced vortex model equation (2.3) and (2.4). The blade load, which normally 

constitutes a small portion of the total axial load, is defined by the thrust equation, see equation 

(2.7) 

A summary of all inserted quantities originating from measurement uncertainties can be seen in 

Table 6.1. The measured and estimated quantities from DVT and CFD can be seen which defines the 

disc load and blade load in the forced vortex model and thrust equation respectively.  

 
Table 6.1 – Measured and estimated quantities from the DVT test and the CFD model which contributes to an uncertainty 
in the axial load 

Axial load component Quantity Uncertainty origin 

Fblade / Fdisc Ts3 CFD/DVT 

Ts2 

Fblade Ps3,av 

Ps2,av 

 ̇  DVT 

Fdisc Ps3,hub CFD/DVT 

Ps2,hub 

ω DVT 

 
The rotor speed and mass flow uncertainty origins solely from the DVT test and no CFD assessment is 

necessary. Thus the error propagation in forced vortex model and thrust equation gives the complete 

uncertainty contribution of these DVT measurements.  In Table 6.2 the uncertainty contributions to 

the axial loads of the mass flow and rotor speed can be seen. The uncertainty contribution of the 

mass flow is found to be very small.  

Table 6.2 – Uncertainty contribution of the mass flow and rotor speed to the blade and disc load. 

OP                   ̇ 

A 0.21 % 0.15 % 

B 1.10 % 0.09 % 
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C 0.85 % 0.01 % 

 

The parameters which are estimated from both DVT measurements and CFD assessments need to be 

further investigated to characterize the uncertainties in the CFD assumptions about the flow 

situation. 

6.1.1 Static pressure uncertainty at hub 

The static pressure at the hub between the stator and rotor is calculated from the test data by 

measuring the static pressure at the shroud and estimating a gradient between hub and shroud in 

the CFD model which is applied to the test data. The assumption gives room for an uncertainty 

estimate of how the gradient might vary between the stator and rotor. Three gradients in the LH2 

Turbine Stage model are chosen to form an uncertainty estimate of a 1-degree polynomial. 

                       

(6.1) 

The uncertainty factors in this approximation can be recognized as the displacement and slope of the 

curve fit. Thus the standard uncertainty of k and m is formed 
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(6.3) 

Figure 6.1 shows the normalized static pressure from hub to shroud at the PS2 probe location, 1.1 

mm upstream the rotor and at the rotor leading edge. The normalization made with the reference 

inlet pressure of the turbine. The reason why the static pressure at the rotor leading edge deviates 

from the two other curves is the wall effect of an accelerated flow which lowers the static pressure. 

The solid and dotted gradients are instead measured in the free stream. These gradients give an 

uncertainty estimate how the gradient will vary between the stator and rotor and how 

representative the gradient at the PS2 probe location is.  
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Figure 6.1 – Hub-to-shroud gradients at three axial positions between the stator and the rotor. 

Figure 6.2 shows the approximated polynomial of the three gradients with the uncertainty limits of 

the slope to the left and displacement to the right. The slope and displacement added gives the 

uncertainty limits of the gradient  which can applied to the test data measured at the shroud to form 

an uncertainty estimate of the hub pressure. 

This method can also be applied to form the uncertainty interval of the average static pressure 

between the stator and rotor which is assumed to be at the mid span value of the pressure gradient. 

With the same uncertainty in the slope and displacement a slightly different uncertainty is obtained 

at the mid span.  

In  

Table 6.4 the standard uncertainty and expanded uncertainty of the hub and average static pressure 

between the stator and the rotor can be seen. The assumption is that the uncertainty follows a 

normal distribution and with a 95 % confidence level, same as the uncertainty of the DVT 

instrumentation, a covering factor 2 is obtained.   
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Figure 6.2 – The uncertainty of the static pressure gradient between hub and pressure 

 

Table 6.3 – Hub-to-Shroud gradient and the uncertainty of k and m given in % of the Ps2,shroud measurement  

OP sm [%] sk [%] Static pressure gradient [%] 

A 0.62 0.47 8.41 

B 0.63 0.46 6.99 

C 0.22 0.06 3.29 

 

Table 6.4 – Expanded uncertainty of hub pressure and average pressure between the stator and rotor  

OP Standard uncertainty [%] Expanded uncertainty [%] 

sPS2,hub,CFD sPS2,av,CFD UPS2,hub,CFD UPS2,av,CFD 

A 1.09 0.86 2.2 1.8 

B 1.09 0.86 2.2 1.8 

C 0.28 0.25 0.6 0.5 
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The static pressure at the hub after the rotor has a complicated profile as the rotor produces a lot of 

swirl in the open cavity. In Figure 6.3 the tangential static pressure profile can be seen between the 

hub and shroud in the rotating coordinate system. Since no consistent trend or gradient between the 

hub and shroud is visible the assumption is made that the hub and shroud pressure approximately 

adopt the same static pressure. The test data value at the PS3 pressure taps are therefore used to 

both calculate the blade load, with the average static pressure in the passage, and the disc load with 

the static pressure at the hub.  

 

Figure 6.3 – Static pressure in the rotor domain 0.05 mm downstream the rotor at the axial position of the PS3 probe. 

The uncertainty of the static pressure at hub between the stator and the rotor depends not only on 

the uncertainty in the CFD assumptions but also on the measurement uncertainty in the DVT test. 

The uncertainty sources are independent and thus they can be combined with the root-sum-square 

method. The combined expanded uncertainty interval of the hub pressure is presented in Table 6.5 

at the three OP. It can be seen that the assumptions from CFD contributes to a much greater 

uncertainty than the measurement uncertainty in the DVT test. 

Table 6.5 – Combined uncertainty from the CFD assessment and measurement uncertainty of PS2 at shroud 

OP 
        √           

           
           √            

           
  

A 1.87 % 2.26 % 

B 1.87 % 2.26 % 

C 0.71 % 0.78 % 
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6.1.2 Static temperature uncertainty 

The static temperature between the stator and the rotor is not measured. It can be estimated using 

the isentropic relation at the station between the stator and the rotor.  

(
   

   
)

 
   

 
   

   
 

 

(6.4) 

The total temperature at this station is obtained by assuming an adiabatic flow from turbine inlet to 

rotor inlet. Combining this assumption with Eq. (6.4) and the assumption of a total pressure loss from 

inlet to the station in question the static temperature can be calculated as, 

    (
         

   
)

   
 

     

 

(6.5) 

where the  total pressure loss coefficient needs to be estimated with CFD which constitutes an 

uncertainty source.  

The static temperature downstream the rotor is calculated in the same way but since the total 

pressure is measured downstream the rotor in the DVT test no loss coefficient of the total pressure 

needs to be estimated from CFD. The assumption of an adiabatic flow in the TED gives the static 

temperature at rotor outlet.  

    (
   

   
)

   
 

     

 

(6.6) 

  

In Figure 6.4 the total pressure loss in the TIM and stator is presented at the three OP:s and it can be 

seen that the dominating pressure loss occurs over the stator passage. A 1-degree curve fit gives the 

general expression of how the pressure loss varies in the OP interval of the turbine. Consequently the 

standard uncertainty of the pressure loss gives a standard uncertainty of the static temperature 

between the stator and the rotor.  

 In Table 6.6 the loss coefficient can be seen with its standard uncertainty. In Table 6.7 the standard 

uncertainty and expanded uncertainty interval of the static temperature can be seen together with 

the estimated value at each OP. The uncertainty of the static temperature is found to be 

approximately the same at all three OP. The expanded uncertainty interval is formed by assuming a 

normal distribution of the pressure loss uncertainty which gives a covering factor 2 for a 95 % 

confidence interval.  
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Figure 6.4 – Total pressure losses of OP A, B and C in the TIM model with nominal BC at inlet and outlet.  

 Table 6.6 – Total pressure loss coefficients to calculate the total pressure in the DVT test 

Station Upstream stator Between stator/rotor 

Loss coefficient, kloss 97.5 – 98.5 % 91.0 – 96.2 % 

Standard uncertainty  skloss [% units] 0.27 1.05 

 

Table 6.7 –Normalized static temperature between stator and rotor and the uncertainty given in % of estimated value 

OP Ts2 / T00, ref  [-] Standard uncertainty 

sTS2,CFD [%] 

Expanded uncertainty 

UTS2,CFD [%] 

A 0.88 0.33 0.66 

B 0.89 0.32 0.64 

C 0.97 0.31 0.62 
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The estimated static temperature depends on test data measured at the turbine inlet and static 

pressure between the stator and the rotor, see equation (6.5). Thus the uncertainty contribution 

from DVT measurements can be calculated with error propagation, see equation (3.11) to be  

          √(
    

    
     )

 

 (
    

    
    )

 

 (
    

    
    )

 

 

 

(6.7) 

The uncertainty interval of UTS2,meas is already expanded since the uncertainties given by the 

instrumentation list are assumed to be a 95 % normal distribution including a covering factor 2.   

Table 6.8 – Combined uncertainty from the CFD assessment and error propagation of DVT test measurements 

OP           
     √        

           
   

A 0.53 % 0.85 % 

B 0.54 % 0.84 % 

C 0.54 % 0.82 % 

 
The uncertainty contribution of the DVT measurements origins in the instrumentation of the DVT test 

whilst the CFD assessment uncertainty contribution origins in the CFD estimation of the pressure loss 

in the TIM and the pressure gradient in the gas channel. It can be seen that the combined 

uncertainties from the DVT measurements and CFD assessment to the static temperature estimation 

is between 0.80 and 0.85 %. From Table 6.7 it can be seen also that the uncertainty contribution of 

the CFD assessment  is greater than the uncertainty contribution of the DVT measurement 

uncertainties in Table 6.8. 

6.1.3 Summary 

Uncertainty contributions from DVT measurements and CFD assessment have been identified to give 

a picture of the total uncertainty of the axial load. In Table 6.9 all of the uncertainty contributions to 

the disc and blade load are presented. The mass flow uncertainty contribution to the blade load can 

be seen to be almost insignificant whilst the average static pressure and hub pressure is the greatest 

uncertainty contributors to the axial load estimation. 

Table 6.9 – Uncertainty contribution of estimated and measured quantities to the axial load  

/ Disc load uncertainties Blade load uncertainties 

OP                                             ̇                            

A 0.1 % 0.2 % 26.1 % 0.2 % 0.3 % 12.6 % 

B 1.0 % 1.1 % 180.3 % 0.1 % 0.3 % 13.2 % 

C 0.7 % 0.9 % 28.7 % 0.0 % 0.1 % 5.7 % 
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In Figure 6.5 the uncertainty contribution of the hub and average static pressure can be seen. At the 

reference point the uncertainty contribution by the estimated hub pressure is more than 180 %. 

 

Figure 6.5 – Normalized axial load on disc with two different uncertainty sources 

The addressed uncertainty sources from the CFD assessment and DVT measurement can be 

combined into a final uncertainty interval of the disc and blade load 

           √          
                

          
  

 

(6.8) 

 

            √         ̇
             

                
  

 

(6.9) 

In Table 6.10 the result of the combined uncertainties is presented at the three OP:s examined. 

Table 6.10 – Disc and blade load uncertainty combining all addressed uncertainties in the CFD assessment and DVT test  

OP                        

A 26.1 % 12.6 % 

B 180.3 % 13.2 % 
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C 28.7 % 5.7 % 

 

The uncertainty assessment of the axial load started with the investigation of the measured and 

estimated parameters in the forced vortex model and thrust equation. Downstream the rotor the 

static pressure at the hub and the shroud is assumed to be equal because of the swirl. The static 

temperature downstream the rotor can be deduced directly from isentropic relationships since there 

is traversed total pressure probe. This leaves the uncertainty assessment to the parameters 

measured and estimated at the station between the stator and the rotor. 

At OP B the total uncertainty in the axial disc load is found to be 180 % from the CFD assessment and 

instrumentation uncertainties. With none of the uncertainty intervals from the CFD assessment 

introduced the total uncertainty becomes 40 %, in that the CFD assessment adopt nominal pressure 

loss in the TIM from the linear curve fit and nominal position of the pressure gradient to obtain the 

hub pressure. The CFD assessment uncertainties can be seen to contribute to the rest 140 %. The 

huge relative uncertainty from the CFD assessment comes from the three gradient chosen to form an 

uncertainty estimate of the pressure gradient. If the gradient at the rotor leading edge is not 

included a significantly lower uncertainty in hub pressure is obtained. However the three gradients 

are meant to represent the total axial variation of the pressure gradients between the stator and 

rotor. 

The high relative uncertainty at OP B can be seen in Figure 6.5 to be caused by the low axial disc load. 

At OP C approximately the same absolute uncertainty can be seen but with a higher estimated disc 

load the relative uncertainty is smaller. From the three OP examined it is difficult to see any 

correlation between the disc load uncertainty and the pressure ratio over the turbine. 

The axial blade load uncertainty is 13 % at OP B. In this case the uncertainty contribution from the 

DVT instrumentation is 3.5 % when no uncertainty intervals are introduced in the CFD assessment. 

Consequently the uncertainty contributions from the CFD assessment constitutes more than 2/3 of 

the total uncertainty in both the blade load and disc load calculation. It could therefore be 

meaningful to more carefully choose how to define the uncertainties from CFD in future projects.  

 The uncertainty contribution of the static temperature between the stator and rotor is found to 

affect the blade and disc load very little with the method addressed. However the approximation of 

the linear curve fit of the three pressure losses in CFD can be improved with a higher number of OP:s 

simulated to form the trend line about.   
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6.2 DVT and CFD predicted performance 

The uncertainty estimate of the performance in chapter 4.2 is based solely on the error propagation 

of measurement uncertainties from the DVT instrumentation. The performance can also be predicted 

from CFD with the station average values at the probe locations and the effects of measurement 

uncertainties inserted to the BC:s of the model. The performance from DVT and CFD then gives two 

predicted performances with uncertainty intervals to be interpreted.  

6.2.1 Axial blade load 

In Figure 6.6 the blade load estimated in chapter 6.1 can be seen together with the blade load 

predicted solely from CFD. At the highest pressure ratio the CFD predicted blade load can be seen to 

be located inside the uncertainty limits of UFblade,tot. At the lowest pressure ratio the blade load based 

on test data evaluation is 50% higher than that predicted by CFD. Consequently the blade load can be 

assumed to be more predictable close to the reference point than when the turbine is close to idle 

mode and a low pressure ratio.  

Blade load 

 

Figure 6.6 – Comparison of the CFD predicted blade load and blade load calculated with test data and CFD assessment 

6.2.2 Efficiencies 

In Figure 6.7 the total-to-static efficiency based on the rotor torque can be seen predicted from CFD 

and test data. The uncertainty interval of the test data efficiency is the uncertainty contribution of all 

measurement uncertainties in the DVT test whilst the CFD predicted performance is based on the 

static pressure uncertainty at the outlet BC of the model. It can be seen at OP A and B that the 
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intervals intersect each other but that the nominal CFD data point are located outside the 

uncertainty interval.  

It can be seen that the test data efficiency is systematically lower than the CFD predicted efficiency at 

all OP:s. This might be because the static pressure taps downstream the rotor sees the swirl and 

turbulence which creates local regions of higher dynamic pressure. Consequently with an increased 

dynamic pressure at station 3 the pressure taps reads a lower static pressure than the station 

average which also lowers the total-to-static efficiency. 

In Figure 6.7 there is also an uncertainty component in the pressure ratio not shown. The uncertainty 

of the pressure ratio from turbine inlet to station 3 is found be 1.5, 1.3, and 0.9 % units at OP A, B, 

and C respectively.  

Total-to-static torque efficiency 

 

Figure 6.7 – Total-to-static torque efficiency from CFD prediction and test data 
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In Figure 6.8 the total-to-total torque efficiency can be seen from CFD prediction and test data. All of 

the efficiencies from test data are found to be higher than the CFD predicted efficiencies. Since the 

total pressure in the test data is measured with one probe there could potentially be a great 

deviation between this efficiency and the average efficiency. However the CFD predicted efficiency 

which is based on the tangential average pressure at the same station in the model is located within 

the DVT uncertainty limits at OP A and C, and intersects the interval at OP B. 

From Figure 6.7 and Figure 6.8 the best agreement between the efficiency from CFD and test data 

can be seen to be at OP A with the highest pressure ratio.  

The uncertainty contribution to the pressure ratio from the DVT instrumentation is not included in 

Figure 6.8 and is found to be 1.6, 1.3, and 0.8 % units at OP A, B, and C respectively. 

Total-to-total torque efficiency 

 

Figure 6.8 – Total-to-total torque efficiency predicted from CFD and test data 
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In Figure 6.9 the total-to-total efficiency is presented based on the enthalpy drop over the turbine 

and the torque on rotor blades. The size of the enthalpy efficiency uncertainty from test data can be 

seen to have the greatest uncertainty interval due to the uncertainty contribution of the measured 

total temperature, see Figure 4.9. The CFD predicted enthalpy efficiency and its uncertainty interval 

can be seen to be located inside the uncertainty interval of the test data. The inserted static pressure 

uncertainty in the CFD model is found to affect the enthalpy efficiency very little.  

The enthalpy efficiency from test data seem to over predict the turbine efficiency since it is higher 

than both the enthalpy efficiency and torque efficiency predicted from CFD. This might be a result of 

a heat transfer to the surrounding from the turbine which causes a higher enthalpy drop than is used 

to actually power the rotor.    

Total-to-total efficiency  

 
Figure 6.9 – Enthalpy and torque efficiency from CFD prediction together with enthalpy efficiency from test data   
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6.2.3 Mass flow uncertainty 

The mass flow in the CFD model is measured at the rotor inlet interface and can as well give an 

expanded uncertainty interval of the mass flow. 

The mass flow is defined at the inlet boundary of the TIM model and in the LH2 Turbine Stage model 

the mass flow becomes dependent on the BC:s of the total pressure and temperature at inlet and the 

outlet static pressure. 

The relative systematic uncertainty between the CFD and test data can be seen to vary with respect 

to the OP and at A and B the agreement is good. At OP C on the other hand the mass flow is difficult 

to interpret since the pressure ratio is low in the DVT test and the mass flow might become unstable.         

Mass flow 

 

Figure 6.10 – Mass flow from CFD prediction and test data 
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6.2.4 Specific Torque uncertainty 

The specific torque is an inverse proportional parameter to the mass flow which can be seen by 

comparing Figure 6.10 and Figure 6.11. Both the CFD predicted mass flow and torque in Figure 6.10 

and Figure 6.12 can be seen to have good agreement with test data at OP A and B. Consequently this 

gives a good conformance of the Specific Torque at these OP:s. At OP C the CFD predicted mass flow 

and torque shows a none-conformance with the test data and so does the Specific Torque which can 

be seen in Figure 6.11. 

Specific Torque 

 

Figure 6.11 – Specific Torque from CFD prediction and test data 
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Torque 

 

Figure 6.12 – Normalized torque measured with torque meter in the DVT test and pressure integrated in the CFD model 

 

6.2.5 Summary 

The CFD and test data predicted performance at OP A and B with corresponding uncertainty intervals 

indicates that the efficiency, mass flow and Specific Torque can be determined with a relatively high 

confidence level. Since all uncertainty intervals originating from measurement uncertainties in the 

instrumentation the assumption of a normal distribution follows with the uncertainties, see 

Measurement uncertainties chapter 4.1.  

The intersection of the uncertainty intervals of the CFD predicted performance and the test data 

performance can be interpreted as a new uncertainty interval. Consequently the area under the 

union of the probability functions of the two uncertainty intervals gives the confidence level of the 

performance both from test data and predicted from CFD. The power of using the union of the 

uncertainty intervals is that the CFD represent an average performance whilst the test data gives a 

sample of the performance in the real flow environment. In the case of the efficiency the tangential 

average at the probe stations has been used from the CFD to represent a situation with infinite 

number of measurement points at the probe station in the DVT test. The axial blade load on the 

other hand is using the area averaged pressure in the gas channel upstream and downstream the 

rotor in the CFD model. 

 

In the cases when the uncertainty intervals do not intersects, like OP C, the interval between the CFD 

predicted performance and the test data performance could still possible contain the true value. 
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However with the above method of defining the confidence level this interval would be a zero 

confidence interval but with another assumption a minimum confidence interval could be introduced 

when the CFD and the test data interval does not intersect.  

In Figure 6.12 the rotor torque can be seen from CFD prediction and test data. The CFD value shows a 

good agreement with the torque meter measurement at all OP’s. In the case of deriving the axial 

blade load from the static properties upstream and downstream the rotor it can be seen in Figure 6.6 

that the CFD and test data do not agree as well as the torque at OP C. In the DVT test the rotor 

torque is measured directly with a load sensor water brake whilst the axial blade load is calculated 

from measured and estimated static properties. The possibility is therefore that the CFD predicted 

blade load might be equally close to the true value as the blade load deduced from the test data and 

the CFD assessment. 

Normally when evaluating the CFD predicted performance a tuning is made of the BC:s to obtain the 

same pressure ratio in the model and the experiment. Since this is not done in the current CFD model 

the agreement between the CFD predicted performance and test data performance could possibly be 

improved.  
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7 Conclusions 
 

There are many ways of expressing an uncertainty of an instrument when statistical data is available. 

If independent methods of measurements exist they can be combined and form a pair redundant 

uncertainty. In this case it is important to know that the accuracy of at least one of them is good to 

not introduce a misleading uncertainty interval. The real variation in the measured property can then 

be reduced from the uncertainty interval and the pure uncertainty of the instrument becomes 

visible. 

The thermocouples in the DVT test are found to fulfill the class 1 requirement of ±1.5 K accuracy 

when calibrated against an instrument with less than ±0.4 K uncertainty. The calibration of the 

probes in the DVT test can be traced to a reference normal. This reference normal in turn is 

calibrated against another instrument with higher accuracy and the number of steps can be many 

from the calibrated probe to the accredited reference laboratory. The uncertainty of the calibration 

instrument is always given as an expanded uncertainty interval with a confidence level. The 

measurement uncertainty given by the calibration and instrumentation list can therefore be assumed 

to adopt the same confidence level as its reference normal. 

The measurement uncertainties in the DVT instrumentation can be seen to propagate in the 

equations that define the performance of the Vinci LH2 Turbine. The torque efficiency is found to 

have an uncertainty between 0.5 and 1.5 % units and the enthalpy efficiency ranges between 3 and 5 

% units in the narrow OP interval. In both methods of deriving the efficiency the uncertainty is found 

to have a trend dependent on the OP with lower uncertainty at a higher pressure ratio. The relative 

uncertainty of the characteristic parameters Q, ST, π, and Nk are found to be constant in the interval 

of test points in the DVT test. 

From calibration data of the inlet flange the mass flow standard uncertainty is found to be 

approximately 0.3 % with an assumed t-distribution with a confidence level of 95 %. However the 

systematic error might be constant and therefore not visible in the calibration samples. The real mass 

flow variation in the sample measurements could also give an unnecessary high standard 

uncertainty. The possible way of reducing this component is to use the pair redundant uncertainty of 

the critical flange and the inlet flange which gives an uncertainty of approximately 0.15 %. If the 

critical flange is close to the true mass flow this new uncertainty would then represent the standard 

uncertainty of the mass flow better.  

With the assumption that the DVT measurements upstream and downstream the turbine represents 

the average station values the test data can be inserted to the BC:s of a CFD model. In that case the 

flow situation in CFD gives a new ground of comparison and another method of calculating the 

performance of the turbine. With the DVT and CFD predicted performance a relative systematic 

uncertainty arises between the data points at the same OP. The relative systematic uncertainty is 

found to be overall small at and above the reference OP of the turbine and vary with the OP. 

With the flow situation given by CFD it can be concluded that the position uncertainty of the probes 

affects the measured value very little as long as the probe is well positioned. The pressure variation is 

found to be the greatest in the tangential direction at the stator and rotor stations. The average 
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static pressure in both span wise and tangential direction at stations 1 and 2 are close to the probed 

value. The effect of position uncertainty gives a maximum deviation of 4 % of the hub-to-shroud 

average pressure at PS2 location between the stator and the rotor. 

 

The axial load can be estimated with CFD by determine the pressure loss through the TIM and the 

hub-to-shroud gradient between the stator and rotor. The uncertainty contribution solely from DVT 

measurement is found to be 40 % and 6 % of estimated disc load close to the reference OP and at the 

upper pressure ratio OP respectively. With the axial load close to zero in the reference point it is 

difficult to see any relative dependence of the axial load uncertainty with respect to the OP.  
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8 Discussions 
The relative uncertainty due to the residuals which arises with the CFD simulation run process can be 

visualized by measuring quantities in the model at different conditions of the run process. Residuals 

of the turbulence, mass, and momentum depend on the mesh quality of model and the chosen BC:s. 

In Figure 8.1 it can be seen after a certain number of iterations with the given mesh of the TIM model 

and BC:s that the residuals reaches a minimum limit. 

 

 

Figure 8.1 – Momentum and mass RMS residuals at OP B in the run process of the TIM model simulation  

 

 

 

 

 

 

 

 

 

 



8 – Design uncertainty of The Vinci LH2 Turbine – Discussions 
 

86 
 

In Figure 8.2 the tangential pressure at PS1 upstream the stator can be seen with different conditions 

of the residuals. At the RMS (root-mean-square) limit 1e-7 of the residuals no change occur in the 

measured pressure when the number of iteration is increased from 700 to 1000. Hence the residual 

limits of the current mesh is reached. Since the position uncertainty assessment in CFD is made by 

probing the model at single points on a curve it is important to get a stable solution. This is because a 

local change in the pressure might affect the single point measurement significantly. 

 

Figure 8.2 – Static pressure at the stator leading edge in the TIM model with different conditions of RMS residuals and 
iterations  

Other uncertainties which can be recognized is the logic of defining the BC:s in the CFD model from 

test data. The static pressure is measured 1.3 mm downstream the stator trailing in the DVT test and 

this value is used at the outlet boundary of the CFD model which is located 10 mm downstream the 

stator trailing edge. The same mismatch is for LH2 Turbine Stage model. Here it is the DVT 

measurement at rotor trailing edge which defines the outlet static pressure 4 mm downstream the 

trailing edge in the CFD model. If this mismatch affects the result significantly remains to be 

determined but it can be of interest to consider the possible effects when test data is applied to a 

CFD model. From the flow situation evaluated in CFD it is found that the static pressure taps between 

the stator and rotor is close to the station average. Consequently the greatest effect if there is 

anyone would be due to the axial position discrepancy between the probe and the outlet boundary 

in the CFD model.  
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Appendix A – Graphs 

 

Figure 1 – Uncertainty contribution given in percent of the efficiency 

 

Figure 2 – Uncertainty contribution given in percent of the efficiency 
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Figure 3 – Uncertainty contribution given in percent of the efficiency 

 

 

Figure 4 – Uncertainty contribution given in percent of the efficiency 
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Figure 5 – Uncertainty contribution given in percent of the efficiency 
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