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A Study on the Propagation of  Measurement Uncertainties into 
the Result on a Turbine Performance Test 

Soo-Yong  Cho*, Chanwoo  Park  
Department o f  Mechanical and Aerospace Engineering Gyeongsang National University, 

Jinju, Gajoa-dong 900, Gyeongnam 660-701, Korea 

Uncertainties generated from the individual measured variables have an influence on the 

uncertainty of the experimental result through a data reduction equation. In this study, a 

performance test of a single stage axial type turbine is conducted, and total-to-total efficien- 

cies are measured at the various off-design points in the low pressure and cold state. Based on 

an experimental apparatus, a data reduction equation for turbine efficiency is formulated and 

six measured variables are selected. Codes are written to calculate the efficiency, the uncertainty 

of the efficiency, and the sensitivity of the efficiency uncertainty by each of the measured 

quantities. The influence of each measured variable on the experimental result is figured out. 

Results show that the largest uncertainty magnification factor (UMF) value is obtained by the 

inlet total pressure among the six measured variables, and its value is always greater than one. 

The UMF values of the inlet total temperature, the torque, and the RPM are always one. The 

uncertainty percentage contribution (UPC) of the RPM shows the lowest influence on the 

uncertainty of the turbine efficiency, but the UPC of the torque has the largest influence to the 

result among the measured variables. These results are applied to find the correct direction for 

meeting an uncertainty requirement of the experimental result in the planning or development 

phase of experiment, and also to offer ideas for preparing a measurement system in the planning 

phase. 
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Nomencla ture  
B : Bias error R : Precision error 

b " Blade height Tq " Torque 

Ca " Absolute axial flow velocity U " Uncertainty 
V : Velocity at free stream CP : Specific heat at constant pressure 

Cs ' Chord length of stator S ' Pitch 
h : Enthalpy x : Measured variable 

Aht" Stagnation enthalpy drop in a stage y " Pitchwise direction 

f : Conversion factor Greek Symbols 
: Mass flow rate a : Absolute flow angle 

P : Pressure T : Specific heat ratio 
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0 : T~ Tstd 
~a ~ Flow coefficient 

i Blade loading coefficient 

,(2 : RPM 

Subscripts 
0 ~ Inlet of stator 

1 ~ Exit of stator 

2 ~ Exit of rotor 

t ~ Total state 

s ~ Static state 

1. Introduction 

In developing a new turbine system or core 

components to improve its performance, previous 

experimental results of components as well as 

those of the same class turbines have an impor- 

tant role. Moreover, experimental results are uti- 

lized in the validation and development of tur- 

bine performance prediction codes, design codes, 

CFD codes, and blade optimization conducted 

by Cho et ai.(2002) etc. In order to use the ex- 

perimental results in an effective way, detailed 

measurement uncertainties of the experimental 

results should be analyzed and included in the 

results. However, more importantly the uncer- 

tainty analysis should be conducted during the 

planning and development phase of a measure- 

ment to meet a requirement for the accuracy of the 

experimental results In the development of a tur- 

bine system or its core parts, generally many 

performance tests are conducted in a low pressure 

and cold state to find out the characteristics of 

design or aerodynamic parameters on its system 

before carrying out an experiment at a real driven 

condition. The reason for this is that it could 

avoid any unstable situations, which may occur 

from a variety of experiments as well as limited 

funds. For these reasons, it is important to figure 

out the relationship between the uncertainties 

of the measured variables and the experimental 

results obtained in the low pressure and cold 

state. 
In single sample experiments, means for des- 

cribing and analyzing the uncertainty interval 

in each result was suggested by Kline and 

McClintock (1953). It is referred to as the root 

sum squares (RSS) method. Moffat (1982) in- 

troduced the concept of replication level, such 

as zeroth, first, and Nth order, according to dif- 

ferent sources of uncertainty in order to aid in 

identifying which of the candidate terms should 

be retained in an uncertainty analysis. Kline 

(1985) showed how to use the uncertainty an- 

alysis to reduce errors on the experiments. On a 

convective heat transfer problem, Moffat (1985) 

illustrated how to apply the uncertainty analysis 

in the planning phase of experiment. It was shown 

that a choice of test and a data reduction proce- 

dure could have an important impact on the 

accuracy of the results. Two uncertainty models 

of 99% or 95,%o confidence levels were suggested 

by Abernethy et al. (1985). In their methods, bias 

and precision errors of the parameters were kept 

separate until the last step of computing the un- 

certainty of the result. 

If errors of measured variables are not in- 

dependent of each other, the covariance would 

be nonzero. Coleman and Steele (1987) consi- 

dered these covariance terms in the uncertainty 

analysis. Steele and Coleman (1987) showed that 

the accuracy of the experimental results depend- 

ed on the method for making the measurements. 

ISO guide (1993) categorized into type A and B 

depending on the statistical analysis of series of 

observations instead of categorizing as bias or 

precision errors. Coleman and Steels (1995) used 

a coverage factor to obtain the expanded uncer- 

tainty in the ISO guide. The value of the coverage 

factor corresponds to the confidence level t value 

from the t-distribution and the effective number 

of degree of freedom for determining the t value 

is obtained from the Welch-Satterthwaite for- 

mula. 
In evaluating the performance of a turbine, 

there are many methods as being used many 

equations for expressing the turbine efficiency. 

However, it depends on the characteristics of 

the experimental apparatus and the properties 

measured on a performance test. On the experi- 

ment in the low pressure and cold state, usually 

the total-to-total efficiency is adapted for ev- 

aluation with measuring the turbine output 
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power. In this study, the total-to-total  efficien- 

cies of a single stage axial type turbine at the 

off-design points are measured in the low pres- 

sure and cold state, and show how to relate 

with the uncertainties of the measured variables. 

These results could apply to find the correct 

direction for meeting an uncertainty requirement 

on the turbine performance test, and to offer 

ideas for preparing a measurement system in the 

planning and development phase of experiment. 

2. Experimental Apparatus 

The schematic diagram of the experimental ap- 

paratus applied in this study is illustrated in 

Fig. 1. The applied turbine is a single stage axial 

type turbine and it has 31 stator and 41 rotor 

blades. The solidity of the stator and rotor is 0.8 

and 0.7, respectively. The stator has a 1.43 aspect 

ratio and the rotor has a 1.64 ratio. Detailed 

blade profiles are referred to Kim and Cho 

(2002). At the design point, this turbine is 

designed not to generate the swirl at exit. Table 1 

shows the aerodynamic parameters at the design 

point. 

The total pressure, static pressure and total 

temperature at the turbine inlet are measured at 

Table 1 Aerodynamics parameters at the design 
point 

Stator exit flow angle (az) 37.3 ° 

Flow coefficient (q~=Ca/A) 1.68 

A =  (h~-  hz) / ( ho-  h2) 0.373 

~.r=2Aht/A 2 2.55 

,nC0-/a 1.35 

a/~/~- 1784 

Mean diameter 257.6 mm 

(~ Contraction cone 
(~ P.T Sensor 

Stator 
(~ Rotor 
~ Pressure rake 
C~ Exhaust diffuser 

Flexible coupling 
j ~ Dynamometer 

Fig. 1 Schematic diagram of experimental apparatus 

location 2 in Fig. 1, which is located at the dis- 

tance of 2Cs upstream from the leading edge of 

the stator. At this location, the boundary layer 

thickness and the turbulent intensity are measur- 

ed to find out the displacement thickness built 

up by the boundary layer. Table 2 shows the inlet 

flow state at 1.38 × l0 s Reynolds number based on 

the blade height. 

The total pressure and temperature at the tur- 

bine exit are measured at location 5 in Fig. 1, 

which is located at the distance of 7Cs down- 

stream from the trailing edge of the rotor. The 

reason for setting up the long distance to mea- 

sure at exit is that wakes generated from the rotor 

are completely disappeared at this distance. As a 

reference, Fig. 2 shows the decay of the wake 

generated on the trailing edge of the stator along 

downstream from the total pressure loss profiles. 

It shows the strength of wake is quickly decaying 

out as it goes far downstream, i.e., a 17~o total 

Table 2 Inlet flow conditions when axial velocity is 
45 m/sec 

Boundary layer thickness (d/b) 0.042 

Displacement thickness (d*/b) 1.0× 10 -2 

Momentum thickness (e/b) 6.08 × 10 -a 

Shape factor (H=~*/~')  1.64 

Reynolds No. (Vb/~') !.38 × l0 s 

Turbulent intensity at free stream 0.7% 

Max. turbulent intensity 7.5% 
(within boundary layer) 

"% 1+1 

~ 1.0 o ~ "  o -e -  o-o , -  o Js~e" "°O--o'- o--e.. 

t/) t 1 1 4 (  x I \ r e _ i /  x 

0 , 8  / - ' = - "  7 /5c=  
i :: / + + " + ° '  

F-- 0.7 

Fig. 2 

0.0 0.5 1.0 1.5 2.0 

Pitchwise length (y/S) 
Total pressure loss profiles along the axial 
direction from the trailing edge of the stator 
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pressure loss at 5/7cs is decreased to 10% at 

l l/5cs. However, the flow angle at exit is not 

always zero because of the swirl generated on the 

operation at the off-design points. Fig. 3 shows 

the various flow angles at the location of 7Cs 
downstream from the trailing edge of the rotor. 

In order to measure the exit total pressure ac- 

curately, 4 rakes are used and each has 6 pressure 

taps. They are set up according to the exit flow 

angle. 

The output power is measured by a dynamo- 

meter connected directly to the turbine shaft. 

The torque, RPM, temperature and pressure are 

saved in a data logger simultaneously. From these 

measured variables, the total-to-total efficiency is 

calculated using Eq. (1). 

t i t - t --  Tq~  (1) 
JCTto(AP)  ~/Zll --{ 19'2 "~r-~rx] 

oJ I 

where C is CDtIp 1/2 and A is a cross sectional 

area calculated by eliminating the displacement 

thickness at inlet. A P  means the pressure differ- 

ence between the total and static at inlet. 

Evaluating the total-to-total efficiency of the 

turbine, six variables should be measured on 

the performance test, i.e., the torque (Tq) ,  RPM 

(/2), inlet total temperature ( T  t0), inlet total 

pressure (Pro), inlet static pressure (Pso) and exit 

total pressure (Pt2). Others except six variables 
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Variation of absolute flow angle at the exit 
of the rotor due to the swirl generated at the 
off-design points 

assume constant because the experiment is con- 

ducted in the low pressure and cold state. The 

total-to-total efficiency includes some uncertainty 

because the measurement uncertainty of each var- 

iable is propagated through the data reduction 

equation (DRE). Therefore, it is important to 

control effectively the uncertainty of the measured 

variables for the accuracy of the experimental 

results in the planning phase. 

3. Results  and Discuss ions  

Each measured value includes the measure- 

ment error, which would combine in some man- 

ner with other errors to increase the uncertainty 

of the measurement. Consider a measurement of 

x which is subject to M elements of error ej, 

where j =  1, ..., M. A realistic estimate of uncer- 

tainty in the measurement due to these elemental 

errors can be computed using the RSS. 

Ux=_+ (2) 
= 

The RSS method of combining errors is based on 

the assumption that the possible variations in 

the values of an error encountered over repeated 

measurements will tend to follow a Gaussian 

distribution. Measured variables are commonly 

used with a functional relationship to determine 

some resultant value. The most probable estimate 

of the resultant uncertainty is generally accepted 

as a value given by the second power law sug- 

gested by Kline and McClintock (1953). The 

second power laws can be derived from the lin- 

earized approximation of Taylor series expan- 

sion of the multivariable function. The propaga- 

tion of uncertainty in the variables to the result 

will yield an uncertainty estimate as Eq. (3). 

N 

=52 (~, Ux,) 2 (3) 
i=0 

where a sensitivity index (~;) relates how changes 

in each measured variable x~ affect the result. 

The uncertainty of each measured variable can 

be calculated from the measurement errors which 

could be classified into the bias or systematic 

errors (B) and the precision or random errors 

(R).  If there is no correlation between the bias 
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error and the random error, each error will be 

calculated by summing up linearly. 

B2=~__l[(~iBx,)Z+~__l~i~ekBx,Bx~(1-a~) ] ( 4 a )  

where ~ is the Kronecker delta function. The 

uncertainty of  the result is calculated with the 

t -dis tr ibut ion on the precision error. 

U~R = B ~  + (t~RR) 2 (5) 

The t-dis tr ibut ion value for 95% confidence 

level is a function of the degree of  freedom. For  

large samples, i.e., N > 3 0 ,  t is set equal to 2, 

otherwise the Welch-Satterthwaite formula is 

used. The measurement uncertainty of each vari- 

able is varied according to the off design points. 

Only for a reference about the uncertainties of  

measured variables, table 3 shows them in the 

condition of  a 1.29 flow coefficient and 3.16 

non-dimensional  turbine input power. The non-  

dimensional input power is defined as follows; 

Ah,  .=Cp[l-[ Pt2 
Tto \ ~ - /  j (6) 

Fig. 4 shows contours of  the to ta l - to- to ta l  effi- 

ciency. To obtain the contours, experiments are 

conducted at 195 different off design points. 

Each point has 35 samples for each measured 

variable and the result is validated through three 

full experiments. The low efficiency region is 

related with the part load, which has a low value 

at high RPM. In order to show the variation of 

the to ta l - to- to ta l  efficiency more clearly at con- 

stant non-dimensional  input powers, two dimen- 

sional curves are drawn in Fig. 5. They show the 

maximum efficiency is obtained at the RPM and 

input power on the design point. 

For  the calculation of uncertainty of the total-  

to- total  efficiency, the DRE is used, and the 

RSS method is applied with the uncertainty of 

measured variables. Fig. 6 shows contours of the 

uncertainty of  the to ta l - to- to ta l  efficiency, which 

is obtained using Eq. (7). They have an upward 

trend with decreasing the input power. This 

comes from the low efficiency in the region of  

low input power. However, the uncertainties of  

the measured variables have almost the same 

magnitude in the overall experimental region. 

Therefore, the lowest uncertainty of the efficiency 

is shown in the region of  design point. 

( x, 
rlt-t Li=i\ zlt-t OXi ! \ xi  / J (7) 

Codes are written to calculate the efficiency, 

Table 3 Uncertainties of measured variables in a 1.29 flow coefficient and 3.16 non-dimensional turbine input 
power state 

B~ R~ U~ 

f2 (RPM) +0.5 (resolution) 3.90 10.36 
+6.79 (cal. curve) 

T¢ (kgt.cm) +0.525 (cal. curve) 0.084 0.56 
+0.03%@ R.O (combined) 

+_0.02%@ R.O (non-repeatability) 
+0.03%@ R.O (creep) 

Pt0 (Pa) +0.003%@F.S (resolution) 1.12 10.55 
+0.15%@ F.S (static error) 

+0.0015%@F.S (thermal effect) 
+0.001%@ F.S (line pressure effect) 

Ps0 (Pa) same to Pt0 0.76 10.42 

Pt2 (Pa) same to Pro 0.79 10.62 
±0.596@R.O (turning angle effect) 

Tt0 (K) "4-2.25 (cal. curve) 0.11 2.26 
-4-0.01 (accuracy) 
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Fig. 6 Uncertainties of total-to total efficiency at the 
off-design points 

the uncertainty of the efficiency, and the sensi- 

tivity of the efficiency uncertainty from each of  

the measured quantities. There are two ways to 

express the sensitivity of  the result uncertainty by 

the uncertainty of the various measured quanti- 

ties, i.e., uncertainty magnification factor (UMF) 

and uncertainty percentage contribution (UPC).  

The UMF of the measured variables xi  is defined 
in Eq. (8). 

UMF xi = xi ~ t - t  (8) 
-- ~ t - t  ~Xi  

The U M F  illustrates the influence of the uncer- 

tainty on one variable as it propagates through 

the DRE into the result if the uncertainties of  all 

other variables are ignored. The significance of 

the UMF can be seen by referring to Eq. (7). If  

the U M F  is less than one, the variable uncertainty 

diminishes as it propagates through the D R E ;  

if the UMF is greater than 1, the variable uncer- 

tainty increases as it propagates through the 

DRE. All  U M F  values are presented as positive 

numbers because the sign does not affect the 

overall uncertainty since all terms are squared 

in the uncertainty equation. This type of analysis 

is useful for a general case during the planning 

phase of  an experiment. The U M F  of the inlet 

total pressure is obtained in Eq. (9). 

7"--i 
Pro 7 

UMF-Pt°--2(Pto-Pso)  + [[ Pro ~zTA I]  (9) 

L ~ - ~ /  - J 

From Eq. (9), one knows that the U M F  of  the 

inlet total pressure has a close relationship with 

the expansion ratio, and also it is expected that 

its value would be large on the experiment in 

the low pressure and cold state. Fig. 7 shows the 
comparison of the U M F  of the inlet total pres- 

sure, the exit total pressure, and the inlet static 

pressure. Among them, the UMF of the inlet total 

pressure has the largest value. Addit ional ly,  it 

always represents a greater value than those of  

other pressure variables. It is consistent with the 
U M F  of  the pressure variables, which is increased 

with decreasing the input power. This is directly 

related with the expansion ratio on the turbine. 

The other UMF values of the inlet total tempera- 



ture, the torque, and the RPM are always I. From 

these, one knows that the uncertainty of pressure 

variables should be controlled properly during 

the experiment with the low expansion ratio. 

The UPC illustrates the influence of each vari- 

able and its uncertainty as a percentage contribu- 

tion of the squared uncertainty in that variable 

to the squared uncertainty in the result. The 

UPC is defined as Eq. (10). The significance of 

the UPC can be seen by referring to Eq. (7). This 

analysis shows the sensitivity of the result uncer- 

tainty by the uncertainty of each variable for a 

particular situation. Since the UPC of a variable 

includes the effects of both the UMF and the 

uncertainty magnitude of the variable, it is useful 

in the planning phase once the uncertainties for 

each variable have been estimated. This usually 

follows an initial analysis of the UMF. 

uPC_ , Vx,)  ×1oo (lO) 

Figures 8 and 9 show contours of the UPC of the 

total pressure variables at inlet and exit, respec- 

tively. They show the influence of the uncertainty 

by the inlet total pressure on the result is greater 

than that of the exit total pressure. Fig. 8 shows 

the UPC of the inlet total pressure decreases with 

increasing the RPM at the constant input power ; 

however, it increases with increasing the input 
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Comparison of uncertainty magnification 
factors by inlet total pressure, inlet static 
pressure, and exit total pressure parameters 

power at the constant RPM. Even though the 

effect of the exit total pressure is similar to that 

of the inlet total pressure, the UPC of the exit 

total pressure is less than 8% in the whole 

measurement region. The reason for these is that 

the UPC depends on the UMF in the same mea- 

surement and operating condition. 

The UPC of the inlet total temperature is 

shown in Fig. 10, and the contours of the UPC 

of the inlet static pressure are shown in Fig. 11. 

The UPC of the inlet total temperature decreases 

with increasing the RPM at the constant input 

power; however, it increases with increasing the 

input power at the constant RPM. One knows 

that the UPC of the inlet static pressure shows 

the similar trend like that of the inlet total tem- 

perature. However, the most influenced UPC 
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region is different, i. e., in case of the inlet total 

temperature, it varies with the input power pro- 

portionally but the RPM reversely. For the inlet 

static pressure, it appears in the region where the 

RPM and the input power are decreased. From 

comparison between the two results, it shows 

that the influence to the result is a little larger by 

the inlet total temperature than the inlet static 

pressure. It is caused by applying the bias error 

to 0.75% of the reading assumed generally on 

the temperature measurement as recommended by 

ANSI. Hudson and Coleman (1996) showed the 

low effect of the inlet total temperature to the 

result without considering above bias error on 

the temperature measurement, i.e., its effect was 

less than 2% for the whole region. From these, 

one recognizes that some different result could be 

caused by the data reduction procedure. 

Figure 12 shows the UPC of the torque. It 

has a strong influence on the high RPM, but 

its effect is quickly reduced with decreasing the 

RPM. The reason is that the measured torque 

increases with decreasing the RPM, so its relative 

value decreases with the given uncertainty of the 

torque. As a similar phenomenon, the UPC of 

the torque increases with decreasing the input 

power. From these results, one recognizes that 

the UPC value is directly related to the value of 

the measured variable from the relationship be- 

tween the UPC and the UMF equation even 

though the UMF value is 1. Fig. 13 shows the 

UPC of the RPM and it shows the same trend 
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like the UPC of the torque. It has the lowest 

effect to the result, and its values are less than 5~o 

for the whole experimental region. 

4. Conclusions 

(1) In the experiment of  a single stage axial 

type turbine in the low pressure and cold state, 

the influences of  the measured variables on the 

uncertainty of the to ta l - to- to ta l  efficiency are 

figured out. The UMF values of  the pressure vari- 

ables are always greater than one, and especi- 

ally the U M F  of  the inlet total pressure shows 

the largest value. However, these can be alleviated 

on the experiment in the medium or high pressure 

state because the U M F  values of  the pressure 

variables are related with the expansion ratio. 

Other UMF values of measured variables, such 

as the torque, RPM and inlet total temperature, 

are always one. This means that the pressure 

measurements are critical for obtaining the tur- 

bine efficiency accurately. 

(2) The UPC of  the pressure variables shows 

that it decreases with increasing the RPM at 

constant input power ;  however, it increases with 

increasing the input power at constant RPM. 

The influence of the uncertainty by the inlet total 

pressure is greater than those of other pressure 

variables. The UPC values of the exit total pres- 

sure and inlet static pressure are less than 8% 

for the whole measurement region. In the same 

measurement and operating condition, the UPC 

depends on the UMF. 

(3) The UPC of the RPM shows the lowest 

influence on the uncertainty of  turbine effi- 

ciency, but the UPC of  the torque has the largest 

influence on the result among the measured 

variables. These results show that the UPC of  

the torque is quickly reduced with increasing 

the torque, and also the UPC of the RPM de- 

creases with increasing the RPM. It means that 

the UPC value is directly related with the value of 

the measured variables. 

(4) Experimental results are useful for finding 

the correct direction to meet the uncertainty re- 

quirement of  the experimental result in the plan- 
ning or development phase of experiment, and 

selecting any measured variables to be controlled. 

As future work, an analysis with other DRE 

formulas expressing the turbine efficiency would 

be considered. 
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