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ABSTRACT 
The measurement accuracy of pneumatic probes in turbo-

machinery is limited by their interaction with the flow and the 

blading especially in the small axial gaps between blades and vanes 

at high flow velocities. In the present paper, this issue is investi-

gated by means of three-dimensional steady and unsteady RANS 

simulations of an axial turbine with a meshed pneumatic probe 

between stator 2 and rotor 2. The probe is “calibrated” numerically 

in a typical free-jet calibration duct. The numerical calibration data 

agrees very well with the experimental for moderate flow angles. 

By performing numerical “measurements” with the probe in the 

turbine rig and comparing the values with the flow field without 

probe, significant differences especially of the pitch angle values 

are shown. These can be traced back to displacement effects of the 

probe on the flow which are not compensated by the calibration 

procedure.  

 

NOMENCLATURE  
c [m/s] velocity  

d [m] diameter of the probe  

f [Hz] frequency  

k [-] reduced frequency Eq. ( 1 ) 

l [m] chord length  

Ma [-] Mach number  

Mais [-] isentropic Mach number Eq. ( 9 ) 

PAC [-] pitch angle coeffiecient Eq. ( 4 ) 

p [Pa] static pressure  

Re [-] Reynolds number  

S [-] Strouhal number Eq. ( 2 ) 

SPC [-] static pressure coefficient Eq. ( 6 ) 

T [K] static temperature  

TPC [-] total pressure coefficient Eq. ( 5 ) 

YAC [-] yaw angle coefficient Eq. ( 3 ) 

x, y, z [m] cartesian coordinates  

y+ [-] wall distance in wall coordinates  

 

Greek 

α [°] yaw angle in probe coordinates  

αm [°] yaw angle in machine coordinates  

γ [°] pitch angle in probe coordinates  

γm [°] pitch angle in machine coordinates  

∆ [-] difference  

ηis [-] isentropic turbine efficiency  

 

θ [°] circumferential angle  

κ [-] heat capacity ratio  

µt [Pa s] eddy viscosity  

Πt [-] total pressure ratio  

 

Subscripts 
ax  axial direction  

MS  at mid-spand  

Pr  value of Prandtl Pitot tube  

t  total value  

VS  vortex shedding  

WoP  value of computation without probe  

x  value at axial position x  

0.5lax  at 50% axial chord length  

1  value at blade inlet   

1/2/3/4  value of pressure holes 1/2/3/4  

 

INTRODUCTION 

The improvement of the overall performance of turbomachinery 

depends on reliable data describing the flow field inside the ma-

chine. In order to obtain these data experimentally pneumatic 

probes are widely used for measuring pressure, velocity, flow angle 

and, when supplied with a thermocouple, temperature.  For this 

purpose, the probes are calibrated prior to the measurement cam-

paign as a function of Mach number and flow angle in a steady and 

homogeneous flow of low turbulence [1-3].  Obviously, these 

conditions do not apply to the flow inside of turbomachinery: the 

flow is a priori unsteady and high velocity gradients in conjunction 

with an elevated turbulence level occur especially in the wake 

regions downstream of the blades. Furthermore, the implementa-

tion of the probe in the machine’s duct causes a blockage effect 

which may lead to the measurement of distorted velocities and flow 

angles [1,4]. Additionally, Reynolds number effects are typically 

not covered by the probe’s calibration procedure [1]. In sum all 

these characteristics may limit the valid range of application of 

pneumatic flow probes in turbomachinery for a given measurement 

accuracy.  

Nevertheless, not all of these effects have the same significance. 

Whereas the turbulence level and Reynolds number have shown to 

have minor influence and may be corrected empirically [1], re-

spectively, the gradient influence and the blockage effect as well as 

the steady and unsteady interaction between probe, flow and 

blading directly depend on the probe’s and the measurement setup’s 

design and have to be considered. Sitaram et al. [5] showed in order 

to limit the blading’s wall influence on the probe a minimum dis-
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tance of two probe-diameters has to be met.  Furthermore, unsteady 

effects due to fluctuating velocities and flow angles like the dy-

namic circulation around the probe and the dynamic stall especially 

of wedge type probes depend on the reduced frequency 

 � � ���  , ( 1 ) 

and thus, on the probe’s dimension. In this case f describes the 

frequency of a perturbation of the velocity field imposed on the 

probe, e.g. the blade passing frequency. The shedding frequencies 

of vortices at the probe’s body - Kármán vortex street – for typical 

probe flows (103 < Re < 105) is given with 

 � � ����� � 0.21  ( 2 ) 

and hence, is also a function of the probe’s diameter. Consequently, 

previous investigations (e.g. [4, 6]) have shown that a decrease of 

the probe’s size is able to reduce systematic measurement errors (i.e. 

bias) of pneumatic probes caused by these numerous effects. 

However, to prevent intense reactions on the measurement accuracy, 

a synchronization of f and fVS has to be avoided, when changing the 

probe’s dimension [4]. It is therefore a second constraint for its 

miniaturization besides the obvious manufacturing limit.  

 
Fig. 1 Cobra-Probe hole numeration (left) and simplified 
CFD-geometry (right); TC: thermocouple; pressure hole diameter 
0.6 mm 

The current numerical study accompanies the preparations of a 

comprehensive measurement campaign at the institute’s air-turbine 

test rig. Since the campaign’s main subject is the investigation of 

the viscous and inviscid unsteady rotor-stator interaction as a 

function of a decreasing axial gap (of rotor and stator), the impact 

of a pneumatic probe on the flow should remain constantly small 

and the measurement accuracy high, respectively.  

Previous investigations have shown that numerical simulations 

are a promising way to observe the interaction of probe, flow and 

blading in axial turbomachinery [7-9]. Malvija et al. [10] used 

comprehensive CFD simulations to deduce an optimal probe posi-

tioning in an automotive wheel arch with regard to increased 

measurement accuracy. Furthermore, De Guzmann et al. [11] ex-

tensively studied the flow around a four-hole cobra-probe nu-

merically and validated the results successfully by comparing the 

probe’s numerical and experimental calibration data. In order to 

proof the validity of the calibration procedure in the presence of the 

aerodynamic interactions in an axial-compressor, Coldrick et al. [9] 

conducted numerical probe measurements between the rotor and 

the stator and compared it to the flow values without probe. Seume 

et al. [7] showed in a similar setup that for this purpose experi-

mental calibration data of the probe are insufficient − in fact a 

numerical calibration of the probe is obligatory. Various authors [12, 

13] successfully used three-dimensional CFD methods for the 

design and calibration of pneumatic pressure probes. However, 

Restemeier et al. [14] showed by means of the design process of a 

miniaturized new five-hole probe that numerical simulations have 

to be applied with care. Due to a false prediction of separation 

zones their probe provided an unfavourable behaviour for small 

flow angles in the experimental validation.  

In this baseline study, the validity of a free-jet calibration pro-

cedure is investigated by conducting numerical “measurements” by 

means of a typical steady pneumatic four-hole cobra-probe between 

stator 2 and rotor 2 in a two-stage axial turbine test rig. Since pre-

vious investigations have shown that different probe designs may 

lead to systematic deviations especially of the flow angles [15] the 

investigations will focus on the measurement bias of the current 

probe. Furthermore, the corresponding steady and unsteady, vis-

cous and inviscid interactions between probe, flow and blading will 

be examined. Prior to these in-rig simulations the probe’s aerody-

namic behaviour is investigated using the numerical calibration 

setup of the probe. 

 

FOUR-HOLE COBRA-PROBE 

 

Fig. 2 Detail of simplified CFD-geometry and definition of the 
pitch angle γ (left) and the yaw angle α (right)  

The steady measuring four-hole probe called “Probe E” is used 

for the current study. The cobra-type probe was developed for 

measurements in the near-hub region [2], which is indicated by the 

position of hole 4 above the total pressure hole 1 for measuring the 

pitch angle γ  (Fig. 1 left). The probe consists of four small tubes, 

two central and two placed in a symmetrical arrangement. Each of 

these tubes is providing pressure values to a digital data logger. For 

measuring the flow’s total temperature a thermocouple is placed 

above pressure hole 4. 

 

Fig. 3 Free jet region of the calibration duct  

The head of the cobra probe, the flow angles, the velocity vector, 

and its three components are presented in Fig. 2. Since the flow 

around the probe depends on the conditions of the upstream flow 

and on the flow angles α and γ, the measured pressures in the 

pressure holes are not equal to the ones of the undisturbed flow 

field. Thus, proper calibration coefficients for the angles and the 

total and static pressure are defined and correlated to the values of 

an undisturbed, known flow field of a calibration duct. These 

coefficients are for α the yaw angle coefficient 

 

�� � ��������������� �⁄   , ( 3 ) 
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for γ  the pitch angle coefficient 

 ��� � ��������������� �⁄  , ( 4 ) 

for pt the total pressure coefficient 

 ��� � ��, !������������� �⁄  ,  ( 5 ) 

and for p the static pressure coefficient 

 ��� � � !��������/����������� �⁄  . ( 6 ) 

The experimental calibration of the probe was conducted in the 

institute’s high-speed calibration duct at an axial position of one 

nozzle diameter downstream of a convergent nozzle (Fig. 3) at the 

free jet’s middle axis. For determining the calibration coefficients 

for a given Ma, α and γ are varied by rotating and tilting the probe 

around pressure hole 1. Reference values of the jet’s total and static 

pressure are measured by a Prandtl Pitot tube parallel at the probe’s 

axial position (see Eq. 5 and 6). The calibration duct allows a 

calibration for Ma up to 1. 

 

PROBE CALIBRATION AND AERODYNAMICS 

Numerical Model 

For the CFD-simulations the geometry of the probe is simplified 

in accordance with Seume et al. [7], i.e. 

− the four pressure holes are removed, 

− the pressure tubes are replaced by a covering elliptic 

cylinder (Fig. 1 right), and 

− the thermocouple is replaced by a step in this cylinder 

(Fig. 2 left). 

With regard to the variation of the pitch and yaw angle these sim-

plifications lead to a massive reduction of the effort for the mesh 

generation. The changes of the aerodynamic and measurement 

properties of the probe, in turn, are assumed to be negligible and 

acceptable, respectively, as the primary objective of the current 

work is not the direct comparison with experimental probe meas-

urements. 

 

Fig. 4 Numerical model of the calibration duct and the probe 

Furthermore, only the nozzle of the calibration duct is modelled, 

whereas the bellmouth (see Fig. 3 right) is replaced by a free 

volume of 50x40x40 probe shaft diameters size (Fig. 4) with 

opening boundary conditions (ambient static pressure). A com-

parison between the numerical and experimental radial total pres-

sure profile of the free jet at the probe’s calibration position con-

firms the validity of this assumption (not shown here).  

In order to allow an easy variation of the probe’s pitch and yaw 

angle the probe-near region (cubic region around probe in Fig. 4) is 

discretized using tetraeders and a prism-layer close to the wall. The 

nozzle as well as the free-jet region is discretized with a hexahedral 

mesh. The total number of grid points is about 2.5 million whereas 

all no-slip walls (nozzle and probe) are resolved with y+ < 2. 

The probe is experimentally calibrated in 2°-steps for -45° ≤ 

α, γ  ≤ 45°. For symmetrical reasons the numerical yaw angle 

calibration is only conducted for 0° ≤ α ≤ 45°. The numerical pitch 

angle calibration is limited to the range -20° ≤ γ  ≤ 45°. The nu-

merical calibration is conducted in 5°-steps. Both calibrations are 

performed for Ma = 0.45 and Ma = 0.6, whereas only the first is 

shown here. 

Only steady simulations of the calibration are performed with 

ANSYS CFX 12 using the SST turbulence model of Menter [16] 

and a 2nd order discretization scheme. All computations reached 

convergence with maximum residuals below 10-2, RMS residuals 

below 10-4, and a massflow imbalance below 0.001%. 

 

Results 

 

Fig. 5 Numerical and experimental calibration coefficients as a 
function of yaw (left) and pitch angle (right) for Ma = 0.45 

In Fig. 5 a representative excerpt of the calibration data for Ma = 

0.45 which is the relevant Mach number for measurements in the 

air-turbine is shown. At first, focussing on the yaw angle variation 

(Fig. 5 left) a very good agreement between the experimental and 

numerical calibration coefficients YAC and TPC can be observed 

for 0° ≤ α ≤ 30°. For higher yaw angles the simulations are in no 

way able to reproduce the experimental results which can be traced 

back to the appearance of boundary layer separation at the probe’s 

head near hole 2 (Fig. 6 lower right).  

 

Fig. 6 Total pressure contour and status of probe boundary layer 
(derived from wall shear stress) as a function of yaw angle for  
Ma = 0.45 (main flow direction indicated) 
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With regard to the pitch angle variation (Fig. 5 right) a similar 

trend can be investigated. For PACs of -20°≤ γ ≤ 15° experimental 

and numerical results match very well, for higher angles the nu-

merical shows a linear, less steep behaviour than the experimental 

coefficient. Again a growing separation at the probe’s head − this 

time near hole 4 − can be investigated (Fig. 7 lower left and right, 

recirculation zone in the total pressure contour).  

 

Fig. 7 Total pressure contour and status of probe boundary layer 
(derived from wall shear stress) as a function of pitch angle for  
Ma = 0.45 (main flow direction indicated) 

Considering the well known shortcomings of RANS turbulence 
models (e.g. the SST model) in predicting open, non-reattaching 
separations the current results are not surprising. Hence, it has to be 
assumed, that for high incidences when separations occur at the 
pressure holes and numerical and experimental calibration coeffi-
cients differ significantly, the numerical results are not reliable. 
And, although not shown here in a detailed view, the good accor-
dance of the PAC for γ ≤ −10° can also traced back to the occur-
rence and the non-occurrence, respectively, of separation at the 
pressure holes. In this case, the flow direction (from top left to 
lower right) leads to attaching boundary layers at the pressure holes 
despite of the high incidence. 

Although at the time being no clear reason can be named, the 
nearly constant offset of the SPC values (Fig. 5 right) has to be 
mentioned. The deviation of this coefficient which is directly 
linked to static pressure gives rise to the assumption that there are 
probably deviations between the CAD/CFD and the real probe’s 
geometry additionally to the simplifications of the CFD geometry. 
Nevertheless, the overall good accordance of the numerical and 
experimental calibration coefficients for the flow angles and the 
total pressure – besides the already mentioned differences for high 
incidences – emphasizes the reliability of the experimental and the 
numerical calibration. Furthermore, it shows in principal the va-
lidity of the simplification of the probe’s geometry. 

 

AIR-TURBINE TEST-RIG 

For the investigation of the interaction of probe, flow and blading 

the two-stage air-turbine test rig of the Insitute of Turbomachinery 

and Fluid Dynamics is used. The two-stage configuration consists 

of the stages 3 and 4 of the four-stage test rig as described by 

Herzog et al. [17].  Fig. 8 shows the meridional sketch of the rig. 

The blading was designed in accordance with the free vortex law 

with a reaction ratio of 50% at mid-span. At the hub region of the 

rotor blades this results in a small reaction and high deflection 

whereas at the blade’s tips a high reaction and a small deflection 

occur. The flow is subsonic over the full blade height. Further 

characteristics of the blading and the rig are given in Tab. 1. 

 

Fig. 8 Two-stage air-turbine test rig (flow direction indicated)  

Tab. 1 Characteristics of the two-stage turbine at design point 

Rotational speed n [min-1] 7500  

Net power P [kW] 300 

Massflow #$  [kg/s] 7.8 

Isentropic efficiency ηis [-] 0.913 

Total temperature at inlet Tt,1 [K] 374 

Total pressure at inlet pt,1 [Pa] 167823 

Total pressure ratio Πt [-] 1.57 

 stator 

1 

rotor 

1 

stator 

2 

rotor 

2 

Number of blades [-] 29 30 29 30 

Reynolds number Re ·105 [-] 6.1 5.1 5.1 4.7 

Pitch tMS,0.5cax [mm] 67 66 69 67 

Axial chord length lax,MS [mm] 46 38 46 37 

Axial gap (upstream) bax,MS [mm]  9 23 25 

Span h0.5lax [mm] 81 87 95 102 

Reaction ratio rMS [mm] 0.5 0.5 

Flow coefficient φ [-] 0.4 0.4 

Stage loading coefficient ψ [-] 1.0 0.9 

 

NUMERIAL PROBE MEASUREMENT  

Numerical Model 

 

Fig. 9 Numerical setup of the steady simulations with probe, 
frame-change interfaces indicated (MP: mixing plane; FR: frozen 
rotor), and stationary (grey) and rotating walls (orange) marked 
(shroud not shown; main flow direction indicated) 

The simulations of the probe-flow-blading interaction are con-

ducted by means of a baseline mesh of the two-stage turbine 

without probe and of a modified mesh with probe. With regard to 

the unsteady computations, the number of stator blades is increased 

to 30 to ensure an equal pitch of rotating and stationary frames. Five 

pitches are simulated whereas at their circumferential boundaries 

rotational periodicity is applied (Fig. 9). The complete hexahedral 

mesh without probe consists of about 10 million grid points. All 

blade walls are resolved with y+ < 2, hub and shroud walls with  

2 < y+ < 40.  



 
The interfaces between stator and rotor parts are modelled by 

mixing planes (MP) in the steady cases and with transient stage 

interfaces in the unsteady simulations. The probe block is linked 

upstream to stator 2 by a frozen rotor interface (FR) in both sim

lation types (Fig. 9). At the inlet constant massflow boundary co

dition and at the outlet an average static pressure 

computations are conducted at the design point of th

Tab. 1). 

For the computations with probe the cubic mesh 

the probe (see Fig. 4) of the numerical calibration setup is impl

mented at 50% of the axial gap between stator and rotor 2

1 at 55% channel height. In order to avoid high yaw angle inc

dences the probe is rotated 55° counter-clockwise 

proximately aligned with the flow direction. At each 

tial direction a hexahedral block is added to the probe’s block to fill 

up the five-pitch rotational periodic region. The total number of 

grid points of this setup increases to about 15 mil

gives an impression of the computational mesh with probe.

 

Fig. 10 Probe and surface mesh of stator 2 and rotor 2 
(mirror image shown for better visibility of probe; 
rection indicated) 

Note that the yaw and pitch angles shown in the following 

evaluation are in the coordinate system of the machine (turbine) 

whereas the probe measures in its previously defi

ordinate system (see Fig. 2). Both coordinate systems are related by

 
αm = α + 55° 

 
γm = γ . 

Fig. 11 Geometrical (left) and aerodynamic (right)
(PP1: probe position 1; PP2: probe position 2) 

Two circumferential positions of the probe are investigated in the 
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n stator and rotor parts are modelled by 

mixing planes (MP) in the steady cases and with transient stage 

interfaces in the unsteady simulations. The probe block is linked 

upstream to stator 2 by a frozen rotor interface (FR) in both simu-

). At the inlet constant massflow boundary con-

the outlet an average static pressure is assumed. All 

computations are conducted at the design point of the turbine (see 

mesh region around 

numerical calibration setup is imple-

between stator and rotor 2 with hole 

. In order to avoid high yaw angle inci-

clockwise so that it is ap-

At each circumferen-

to the probe’s block to fill 

The total number of 

5 million − Fig. 10 

gives an impression of the computational mesh with probe.  

 
esh of stator 2 and rotor 2 including hub 

(mirror image shown for better visibility of probe; main flow di-

Note that the yaw and pitch angles shown in the following 

evaluation are in the coordinate system of the machine (turbine) 

whereas the probe measures in its previously defined relative co-

systems are related by 

( 7 ) 

( 8 ) 

 

(right) probe positions 

Two circumferential positions of the probe are investigated in the 

steady simulations: position 1 (PP 1) at 

(PP 2) at θ = 45.5° (Fig. 11 left). Whereas PP 1 lies directly in the 

wake of the upstream stator vane and thus, represents a region of 

high velocity gradients, PP 2 is placed in the more uniform main 

flow (Fig. 11 right). In order to quantify the unsteady interaction PP 

1 and the setup without probe are also

For all simulations ANSYS CFX 13 with

model of Menter [16] and with a 2

used. The steady and unsteady computations reached convergence 

with maximum residuals below 10

and a massflow imbalance below 0.001%. In the unsteady co

putations one full rotation of the rotor is simulated

time: 0.008 s) resolving one pitch with

1.33·10-5 s). 

Steady Results 

By modelling five pitches and 60° of the turbine, respectively, 

and assuming rotational periodic boundary conditions the numer

cal setup is equal to a measurement with six probes equally di

tributed in circumferential direction. This

blockage effect which is higher than in a 

measurement setup where only one 

Anyway, the influence of the six probes

acteristic of the whole turbine is 

stant massflow boundary condition applied)

sumed in the following that the numerical 

valid representation of the flow through the tur

measurement situation.  

 

Tab. 2 Percentage change of turbine performance characteristics 
with probe referred to case without probe (steady computations)

 PP 1

∆ηis,WoP [%] -0

∆Πt,WoP [%] 0.264

  

In a first evaluation, the local flow values at the probe positions 

of the computation without probe 

tions with probe. The probe values are obtained by 

viously presented numerical calibration data

dure: 

− At the positions of the pressure holes at the probe’s 

head the four area averaged pressure values are d

termined. 

− With these values 

calculated. 

− The numerical calibration coefficients are approx

mated by polynomials

− The local α and γ are 

and PAC as root of the polynomials.

− Finally pt and p are calculated by TPC and SPC as a 

function of α and γ. 

− The local density is calculated using 

with the temperature 

thermocouple.  

 

Tab. 3 Local flow values at the probe 
computations) 

 PP 1 

 without 

probe 

with 

probe

pt [Pa] 137505 13751

p [Pa] 121874 122690

c [m/s] 152.48 153.86

αm [°] 68.56 70.35

γ m [°] 5.10 4.7

 

In Tab. 3 a comparison of the major local flow values with and 

steady simulations: position 1 (PP 1) at θ = 48.8° and position 2  

left). Whereas PP 1 lies directly in the 

wake of the upstream stator vane and thus, represents a region of 

ocity gradients, PP 2 is placed in the more uniform main 

right). In order to quantify the unsteady interaction PP 

1 and the setup without probe are also computed unsteadily. 

ANSYS CFX 13 with the SST turbulence 

and with a 2nd order discretization scheme is 

. The steady and unsteady computations reached convergence 

with maximum residuals below 10-2, RMS residuals below 10-4, 

and a massflow imbalance below 0.001%. In the unsteady com-

putations one full rotation of the rotor is simulated (simulation 

time: 0.008 s) resolving one pitch with 20 time steps (time step size: 

pitches and 60° of the turbine, respectively, 

and assuming rotational periodic boundary conditions the numeri-

measurement with six probes equally dis-

tributed in circumferential direction. This modelling causes a 

is higher than in a typical experimental 

where only one probe per axial position is used. 

he influence of the six probes on the performance char-

acteristic of the whole turbine is fairly low as Tab. 2 shows (con-

stant massflow boundary condition applied). Thus, it can be as-

sumed in the following that the numerical model with probe is a 

valid representation of the flow through the turbine rig for a typical 

hange of turbine performance characteristics 
with probe referred to case without probe (steady computations) 

PP 1 PP 2 

0.239 -0.275 

0.264 0.003 

local flow values at the probe positions 

of the computation without probe are compared with the computa-

The probe values are obtained by using the pre-

viously presented numerical calibration data in an inverse proce-

t the positions of the pressure holes at the probe’s 

head the four area averaged pressure values are de-

ith these values local YAC and PAC values are 

he numerical calibration coefficients are approxi-

ials of the 4th degree. 

are calculated with the local YAC 

root of the polynomials. 

are calculated by TPC and SPC as a 

 

The local density is calculated using the ideal gas law 

temperature determined at the position of the 

the probe positions 1 and 2 (steady 

PP 2 

with  

probe 

without 

probe 

with  

probe 

37510 139264 139300 

122690 121205 123030 

153.86 163.37 161.01 

70.35 67.89 67.97 

4.72 7.63 6.43 

comparison of the major local flow values with and 
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without probe at both probe positions is given. It has to be men-

tioned that in both positions both flow angles are within the reliable 

range for the RANS simulation, viz. no separations occur at the 

pressure holes. Only minor differences of the total pressure values 

can be observed, whereas the static pressures are measured 0.6% 

(PP 1) and 1.5% (PP 2) too high by the probe. Similar percentage 

deviations can be observed for the velocity. However, the absolute 

deviations of the yaw and the pitch angle are remarkably: the yaw 

angle is measured 1.79° (PP 1) and 0.08° (PP 2) too high, the pitch 

angle 0.38° (PP 1) and 1.2° (PP 2) too low. This level of deviation 

would be not tolerable for experimental measurements.   

In order to verify the numerical measurement results, and espe-

cially in order to investigate the interactions of the probe with the 

flow the circumferential distributions of the local flow values 2 mm 

upstream the probe’s head at 55% span are plotted. In Fig. 12 the 

distributions of the velocity magnitude for both probe positions are 

shown – positions are indicated – and in Fig. 13 additionally the 

pitch and yaw angle for position 1 are illustrated.  

 

Fig. 12 Magnitude of velocity as a function of θ of probe position 1 
(left) and 2 (right), 2 mm axial upstream of the probe at 55% span 

Obviously, the displacement effect of the probe causes a local 

acceleration and deflection of the flow. This disturbance of the flow 

field is locally limited to three pitches, whereas the biggest impact 

can be identified in the pitch angle (Fig. 13 left). The latter can be 

mainly traced back to the blockage effect of the probe’s shaft and 

the deflection of the flow below the probe. Anyway, the locally 

limited disturbances emphasize the assumption deduced from the 

turbine performance characteristics that modelling five pitches and 

six probes, respectively, is a valid representation of an experimental 

measurement situation. 

 
Fig. 13 Pitch angle (left) and yaw angle (right) as a function of θ at 
probe position 1, 2 mm axial upstream of the probe at 55% span;  
οοοο indicates virtually shifted probe with measurement value of  
Tab. 3 

For the purpose to correlate the probe measurement with the 

distributions taken 2 mm upstream of the probe the circumferential 

component of the velocity has to be considered, i.e. the probe 

position has to be shifted virtually in circumferential direction. By 

taking an approximate αm = 68° (see Tab. 3) a virtual probe shift of 

∆θ  = +2° can be estimated. In Fig. 13 this virtual shift together with 

probe measurement values of α m and γ m (Tab. 3) are indicated by a 

circle. Considering this shift the charts gives rise to the conclusion, 

that the values measured by the numerical probe (Tab. 3) are the 

flow values which are induced by the probe itself. Hence, the cur-

rent calibration (data) seems not to be able to correct the influence 

of the probe on the flow. The measurement accuracy therefore 

depends on the probe’s impact on the flow which is mainly a func-

tion of the probe’s geometry and size, respectively. It is worth 

mentioning that the deviation of the measured yaw angles between 

a three- and a five-hole probe in an axial compressor as described 

by Janssen et al. [15] probably may be explained by these obser-

vations, too. Reasons for this behaviour might be the less domi-

nating displacement effect of the probes in the free-jet calibration 

duct and the direct interaction with the blading in the turbomachine. 

With regard to the latter the potential effect of the numerical 

probe on the blading is analyzed by means of the local isentropic 

surface Mach number 

 %&'(,) � * �+�, -. �/��,�0�122 3 14  ( 9 ) 

on the closest stator vane upstream of probe position 1 (see Fig. 11 

left).  The distributions with probe are compared to the distributions 

without in Fig. 14. In order to quantify the effect of the probe’s size 

two spanwise positions are investigated: at the probe’s head at 55% 

span and at a height of the larger elliptic cylinder of the shaft (see 

Fig. 1 right) at 65% span. For both positions a minor but noticeable 

reduction of Mais on the profile’s suction side can be observed 

between xax/lax = 0.4...1.0. The reduction is gradually increasing 

with decreasing distance to the probe and is generally higher for the 

larger spanwise position. Anyway, since the impact is rather small 

for this probe-blade distance of about 3...4 probe diameters the 

direct interaction with the stator blade plays a minor role for the 

measurement error of the numerical probe. When decreasing the 

axial gap between rotor and stator in future investigations this effect 

might increase and should be investigated again. 

 

Fig. 14 Isentropic Mach number on stator blade 2 at two spanwise 
positions, PP 1 

Unsteady Results 

 Tab. 4: Local flow values at the probe measurement position 1 

(unsteady computations; values pitch-averaged) 

 PP 1 

 without 

probe 

with  

probe 

pt [Pa] 136780 136750 

p [Pa] 121823 122360 

c [m/s] 149.45 151.84 

αm [°] 67.92 70.41 

γ m [°] 5.72 4.65 

 

Only steady computations have been performed so far which 

neglect the unsteady effects on the probe’s measurement accuracy 

as described in the introduction. Since the probe at hand is a 

steadily measuring device the effects can be summarized in a 
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time-average of one pitch of the calibration coefficients. Tab. 4 

shows the resulting main flow values of the simulations with and 

without the probe at position 1 (PP 1). 

While total and static pressure as well as velocity magnitude 

deviate on a similar level like in the steady computations the de-

viations of the yaw angle (+2.49°) and of the pitch angle (-1.07°) 

further increase. Based on these results it can be concluded that 

downstream stator 2 in the current setup unsteady effects do not 

change the tendencies of the steady computations but further dete-

riorate the measurement accuracy of the flow angles. 

 

Fig. 15 Eddy viscosity contour plot at 55% span, snapshot of un-
steady computation (PP 1) 

 However, a probe position downstream the rotor would probably 

face even more unsteady effects, at least due to the periodically 

impinging wakes. The wake influence of the probe on the rotor, in 

turn, is illustrated qualitatively in Fig. 15 by means of the eddy 

viscosity µt. Obviously, one rotor blade/passage faces a significant 

higher free-stream turbulence which is transported downstream. 

Anyway, as long as there are not a larger number of probes per axial 

position no noticeable effects (see Bohn et al. [1]) should occur. 

  

CONCLUSIONS 
The measurement accuracy of a pneumatic four-hole probe and 

its interaction with the blading and flow of an axial two-stage 

turbine was investigated by means of steady and unsteady RANS 

simulations with and without a meshed probe.  

The probe was first calibrated experimentally and by steady 

simulations in a free-jet calibration duct. Both calibrations agree 

very well for moderate pitch and yaw angles which shows the 

validity of this typical pneumatic probe calibration facility. How-

ever, for higher incidences, the RANS simulations are not able to 

reproduce the experimental values due to the wrong prediction of 

separations close to the probe’s pressure holes. An offset of the 

static pressure calibration coefficient seems to be due to deviations 

between the CFD and the experimental probe geometries. 

By using the numerical calibration data, probe measurements at 

two distinct circumferential positions between stator 2 and rotor 2 

of the two-stage turbine were conducted in the steady simulations 

with probe. The comparison with the flow field of the simulation 

without probe shows deviations depending on the probe’s position 

of about maximum 1.5% for all flow values besides the flow angles. 

The yaw angle as well as the pitch angle deviates up to 1.8° which 

would not be tolerable for experimental measurements.  

It could be shown that the deviations are caused by the dis-

placement effect of the probe on the flow. Hence, the calibration 

procedure in the free-jet duct is not able to capture these effects.  

In an unsteady computation with probe the tendencies of the 

steady results were confirmed although the deviations of the flow 

angles are even higher.  

In order to improve measurement accuracy, future investigations 

should put effort into the development of calibration procedures 

which are able to compensate the probe’s effects on the flow in 

turbomachinery flow passages. The current numerical setup and 

simulations offer a starting point for these improvements. For 

example, further circumferential and radial probe positions might 

be computed in order to find correlations between the relative probe 

position and the measurement uncertainty.  Furthermore, the further 

deterioration of the measurement accuracy by unsteady effects as 

well as the characteristics of different probe designs (e.g. cylin-

drical probes), sizes, and shaft shapes should be analyzed. 
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