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ABSTRACT 

Five-hole probes are widely used in turbomachinery applications. However, the Reynolds number dependence of the 
probe calibration has not received enough attention. The experimental uncertainty remains unclear when a probe is applied 
to wind tunnel measurement with a Reynolds number range different from its calibration condition. This numerical study 
investigated the sensitivity of five-hole probe calibration for a range of Reynolds numbers (4500-138000). The detailed 
flow physics around five-hole probe tip at various flow regimes (incompressible flow and high subsonic flow) were 
analyzed. The deviation of surface pressure distribution and calibration coefficients at different Reynolds numbers were 
quantitatively evaluated. The results reveal that, two counter-rotating vortices are generated at probe tip at large flow angles, 
and regions affected by vortices vary much in pressure coefficient at different Reynolds numbers. A recommended region 
of hole positioning is found according to flow structure and calibration results. At lower Mach number, the calibration 
becomes more sensitive to Reynolds number, while at high Reynolds number range this sensitivity becomes lower. Also, 
a rounded front edge design of a five-hole probe is found to have higher Reynolds number sensitivity than a sharp front 
edge design. The present study provides a useful guidance to five-hole probe calibration strategy and probe geometry 
design, and also highlights the need for in-situ calibration rig development, particularly in turbomachinery experimental 
studies.  

INTRODUCTION 
In turbomachinery experimental research, five hole probe has been widely used in various wind tunnel measurements. 

For a three dimensional flow field, the static pressure, total pressure and the flow direction (pitch angle and yaw angle) can 
be measured after a comprehensive pre-calibration process which relates the true flow conditions to the five pressure 
readings of the probe. Reliable probe calibration plays an important role to ensure the accuracy of aerodynamic 
measurement.  

There have been some research efforts on the calibration coefficient definition and data processing to improve the 
accuracy and the effective range of the probe calibration. Pisasale and Ahmed (2002) proposed a novel way of non-
dimensionalising calibration coefficients, which extended the angle range of calibration to ±75°. Hall and Povey (2017) 
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investigated the choice of the denominator and average pressure applied in calibration coefficients. Both studies 
successfully avoided zero value in the coefficient denominator (singularity) when processing pressure data.  

Numerical simulations have also been applied in probe calibration to improve efficiency. A numerical calibration for 
a probe at supersonic condition was carried out by Milanovic and Kalkhoran (2000). The results demonstrated that 
Computational fluid dynamics (CFD) methods are able to offer satisfactory calibration performance within the uncertainty 
limit of corresponding experimental results. Very recently, Passmann et al. (2021) presented a novel method which applied 
numerical calibration based on 3D-scanned geometry model of a five-hole probe. Their results were validated by 
experiments in both imcompressible and compressible flow regimes, and suggested that the k-�-SST turbulent model could 
offer reasonable consistency with experimental data.  

For a typical three-dimensional flow field in turbomachinery, the pressure losses and redistribution of momentum exist 
(Adamczyk 1999). These phenomena lead to the existence of great variations of local Reynolds number within the flow 
field. It has been a common practice to have a five hole probe exposed to flows at various Reynolds number in a single 
trial of measurement. In these cases, the Reynolds number effects on the probe calibration needs attention.  

There were a limited number of studies which addressed the effect of Reynolds number on five-hole probe calibration. 
In the early 1990s, it was found by Dominy and Hodson (1993) that, below a certain Reynolds number limit, the probe 
calibration coefficients act more sensitive to Reynolds number due to the effect of separation on the probe tip, and there is 
a noticeable Reynolds number effect at small flow angles (less than around 4°) . The Reynolds number range covered in 
their work is 7000-80000. Pisasale and Ahmed (2004) found that the port pressures showed clear dependence on Re at 
large yaw angles (larger than around 40°). Lee and Jun (2005) reported that different calibration coefficients showed 
different Re sensitivities: the angle coefficients are more sensitive at angles less than 20°, the total pressure coefficient is 
sensitive at angles larger than 20°, and the static pressure coefficient is sensitive at nearly all angles. Their study also 
presented errors between calibration and measurement at different Reynolds numbers. Passmann et al., (2020) revealed 
that, below a Reynolds number limit, subtle changes in the flow structure exist and can cause changes in the calibration 
map of the Oxford Probe for a Reynolds number range between 2000 and 5000. 

The effect of Mach number on five-hole calibration performance has also been recognized. Due to the compressibility 
of the air, probe calibration maps vary at different Mach numbers, and the Mach number coefficient (or compressibility 
coefficient) must be included when conducting calibration at different Mach numbers. In the early study by Dominy and 
Hodson (1993), it was pointed out that the total (or dynamic) pressure coefficient has dependence on variation of Mach 
number. The different flow physics behind the variation of calibration maps at different Mach number ranges has not been 
fully addressed in the open literature.  

It would be of great interest of the experimentalists in turbomachinery to understand the flow physics behind probe 
calibration at different Reynolds and Mach numbers, and to be aware of the experimental uncertainty levels when a probe 
is applied to the flow field with Reynolds number range different from its calibration condition. For example, a five hole 
probe is often calibrated at a open-jet calibration tunnel with ambient pressure at the exit. On the other hand, the magnitude 
of Reynolds number within HP turine blade wake region in many high-speed wind tunnel condition could be easily doubled.  

This study numerically investigated the sensitivity of five-hole probe calibration over a range of Reynolds numbers 
(4500-138000) at two typical Mach numbers (0.1 and 0.9). For each Mach number condition, the Reynolds number was 
varied to match flow conditions at high altitude, ambient, and the outlet of HP turbine in wind tunnel measurement. Detailed 
flow physics around the probe tip was reported and recommendations on probe design were made based on the analysis.  

NUMERICAL METHODOLOGY 
A typical conical five-hole probe design was used for the present study. Figure 1 shows the key probe dimensions. The 

diameter of the probe (D) is 4 mm. The diameter of the probe tip is D/4. The tip angle of the probe is �=30°, which is a 
typical design offering less Reynolds number sensitivity (Dominy and Hodson, 1993). The pressure holes were designed 
to be perpendicular to the probe wall surface, each with a diameter d of 0.4 mm.  

             

Figure 1. (a) Schematic view of probe, and (b) probe dimensions. 
The probe is located at the central region of a far field domain with a diameter of 75D and a length of 92.5D. The size 

of the whole computational domain is sufficiently large to ensure a stable far field boundary condition with minimal wake 

D D/4 
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effect. Non-slip wall boundary conditions were set for all the probe surfaces. The freestream turbulence intensity was set 
to be 1% as this can be regarded as the typical flow condition for probe calibration and wind tunnel measurement in 
turbomachinery. The turbulence model used is the k-�-SST model, which was tested to have good consistency with 
previous experiments (Passmann et al., 2021). 

Figure 2 presents the mesh details. All meshes were generated by Pointwise software. Two fully structured grids were 
employed in the present study, 21×106 grids with all pressure holes and 7×106 grids without holes. The maximum included 
angle of the grids was controlled within 135°. Smooth transitioning was guaranteed at the interface between different mesh 
blocks. 

  

Figure 2 Mesh employed in the present study 
To study the pressure distribution on the probe cone surface, a non-dimensional pressure coefficient (Cp) is defined as 

�� =
� − ��

1
2

���
�

 

where P is the local static pressure, Ps is the static pressure at far field, and � and �� are the density and velocity of the 
freestream. Figure 3 demonstrates the surface distribution of Cp for probes with and without holes. Evidently, the pressure 
holes do not have significant influence on the surface pressure distribution nearby. To save computing resource and time, 
the grid without holes was employed for most of the analysis to study the underlined flow physics.  

Grid-independence study was performed, and special attention was paid on the grids density (near-wall grid size and 
expansion ratio) of the probe cone surface. For all the cases, average y+ value of probe surfaces is less than 1 to resolve 
the near wall boundary layer. Figure 4 shows the distribution of local Cp difference obtained with three density levels of 
grids (3×106, 7×106 and 11×106) at probe head surfaces for Ma=0.1. The local Cp differences for most probe tip cone 
region are less than 0.01 between 7×106 and 11×106 grids, while the difference between 3×106 and 7×106 grids are 
relatively large. Therefore, the 7×106 grids was chosen for all the CFD simulations in this numerical study. 

A 30° flow angle was chosen as a maximum angle for probe calibration in this work. 
 

 

Figure 3 Comparison of pressure coefficient of cases with and without holes 
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Figure 4 Grid independence study: difference of local Cp distribution over the probe surface 
 

RESULTS AND DISCUSSION 

Low Speed Condition (Ma=0.1) 
At a Mach number of 0.1 condition, CFD simulations were carried out at three inlet stagnation pressure conditions (50 

kPa, 101 kPa and 170 kPa). The corresponding Reynolds numbers are 4500, 9000, and 15300. An additional case is 
simulated at 450 kPa, leading to a Reynolds number of 40000 which is consistent with the oil film experiment. 

Oil Film Visualization  
Oil film visualization experiments were carried out to observe the streamlines near the probe tip cone surface, and the 

results were used to confirm the qualitative trend of the numerical simulations. The experiment was conducted in a 0.4 m 
x 0.4 m wind tunnel at the UM-SJTU Joint Institute Aero-Thermal Lab. The inlet turbulence intensity is less than 0.2%, 
and the maximum wind speed is 30 m/s. The test probe employed is an enlarged model with a 30 mm diameter, and has no 
hole around its cone surface. Before each wind-tunnel test, a mixture of black carbon powder and kerosene was evenly 
spread on the probe tip cone surface. The probe was instrumented 30 degrees to the incoming flow direction to ensure same 
flow condition as CFD simulation. With the flow passing the probe, the oil film gradually developed along the probe tip 
cone surface. After the complete evaporation of kerosene, the final impingement path of the counter rotating vortex can 
then be clearly identified on the probe surface. The oil film visualization tests were conducted at two Reynolds numbers 
9000 and 40000, calculated from main stream velocities 4.5 m/s and 20 m/s. 

Figure 5 shows the surface streamlines of CFD simulation and oil film experiment. The signatures of flow separation 
near the probe tip can be observed from all cases. The oil film experiments revealed two distinct symmetric recirculation 
zones near the edge of the probe tip. As the Reynolds number increases, these two recirculation zones shrink and move 
towards the probe tip frontal edge. Larger distance between the two recirculation zones can also be observed at higher 
Reynolds number condition. The CFD results show similar patterns in surface streamlines. The probe surface is colored by 
pressure coefficient Cp. The overall trend of Reynolds number effect is consistent from both experiments and CFD.  
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    (a) Re=9000 

 

    (b) Re=40000 

Figure 5 Countours of Cp and surface streamlines (CFD) and oil film flow visualization results 

Near Probe Tip Flow structure 
Figure 6 presents the incoming flow streamlines at Reynolds numbers 4500, 9000 and 15300, colored by Mach number. 

Similar to the surface streamlines shown in Figure 5, the separated flow accumulates from both sides of the probe tip edge. 
As indicated by the red and purple arrows in Figure 6, the fluid at the side of the probe shows different flow regime at 
different Reynolds numbers. As the Reynolds number increases, this part of fluid has higher kinetic energy which makes 
the fluid harder to be separated, so the side fluid contributes less to the size of the separation region at higher Reynolds 
numbers. Also, the higher turbulent shear stress at high Reynolds numbers reenergizes the separated flow, leading to an 
early reattachment location. Therefore, the separation region at the probe tip will become smaller as the Reynolds number 
increases. 

Figure 7 illustrates the vorticity distributions on a cutplane perpendicular to the incoming flow (30° inclined with 
respect to the vertical plane), near the tip edge region. The plane is chosen to better reveal the inner structure of the vortices. 
Two counter-rotating vortices are evident from both Reynolds number cases. The vortices at higher Reynolds number have 
higher vorticity but stay more confined within the central region, while at lower Reynolds number, the vortices spread out 
more near the surface. Figure 7 also illustrates a thiner boundary layer for the high Reynolds number case. Inevitably, the 
effect of Reynolds number on near probe tip flow separation also indicates the sensitivity of pressure measurement if a 
pressure hole is located near the separation region. 

  

Figure 6 Streamlines colored by Mach number 
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Figure 7 Velocity vectors and vorticity contours on a cutplane 

Surface pressure coefficient Cp distribution 
Since the flow physics was found to have a monotonic changing trend with Reynolds number, further discussion and 

comparisons focus on cases with the lowest and the highest Reynolds numbers. Figure 8 presents the distributions of surface 
pressure coefficient Cp on the probe surface at Re=4500 and 15300, along with the difference between results at these two 
Reynolds nubmers. The incoming flow has an pitch angle of 30°. The difference in Cp values on the upper flow separation 
region deserves careful examination and has direct implication to the sensitivity of pressure measurement. If a pressure 
hole is located within the separation region, the difference in Cp between two Reynolds numbers investigated could be as 
large as 0.08. Potentially, this would lead to errors in both pressure and flow angle calibration. It is recommended that the 
side pressure holes (1,2,3,4) should be located at the “Reynolds number insensitive region” which is further away from the 
tip edge (labled by the dashed line in Figure 8).  

  Figure 9 presents Cp distribution for the same Reynolds number cases with an incoming flow of pitch angle 5°. The 
flow separation near the probe tip influences a smaller range compared to 30° cases. This implies the probe calibration is 
less sensitive to Reynolds number at a smaller pitch angel.  

 

Figure 8 Contours of pressure coefficient and its difference at 30° pitch angle 
 

 

Figure 9 Contours of pressure coefficient and its difference at 5° pitch angle 

Sensitivity of Calibration Coefficient  
The calibration coefficients (pitch angle, yaw angle, static pressure, total pressure) applied in this study are defined as 
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where P1-P5 are the pressure reading obtained from corresponding pressure holes, ��  and ��  are the total and static 
pressure at the far field, and the average pressure is 

���� =
�� + �� + �� + ��

4
 

To obtain the pressure data from the case of probe without holes, area average pressure values of small circular regions 
on the cone surface were considered as approximate hole pressure values. Calibration coefficients of different Re cases 
were compared quatitatively. When evaluating flow variable deviation of calibration maps, cases at Reynolds number 
15300 were used to generate the “reference” calibration map. Referring to the map, the flow angles and pressure of 
Re=4500 and 9000 cases can be reduced, and the reduced value were compared with the actual pressure data from the CFD 
results. Since the probe geometry is 90° rotational symmetry and axial symmetry about the y axis, an Azimuth angle range 
of 0-45° was enough to present all possible pitch and yaw angle combinations.  

Figure 10 presents the errors of all calibration coefficients and flow variables at 30° incoming flow. Data from the 
three Re are indicated by corner marks “l” (low Re), “m” (middle Re) and “h” (high Re). The distance r is normalized with 
the radius of the probe tip Rt. At a given r, the Azimuth angle varies from 0° to 45° and the maximum errors of each 
coefficient and physical quantity are found. The errors of calibration coefficients are defined as the absolute value of the 
difference between coefficients from two Re cases. The errors of flow angles, static pressure and total pressure are defined 
as 

�� = |������� − �|, �� = |������� − �|, ��� = �
��,������ − ��

1
2

��∞
�

� , ��� = �
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2

��∞
�
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When r/Rt is less than 2, the angle coefficients and reduced angle values show very large errors, and the errors decrease 
with increasing r. The pressure coefficients and values show similar trend. Overall, the values of the errors are consistent 
with the difference shown by Cp contours. The recommended range of hole location is r/Rt>2.4, consistent with the Cp 
contours shown in Figure 8. When compared with the Re=15300 case, the Re=9000 case showed less error than the 
Re=4500 case.  

Figure 11 presents the maximum errors obtained from simulation results for a typical five hole probe with side pressure 
hole located at r/Rt=2.5 (21 million grid size). 

  

(a) Errors of calibration coefficients 

 

(b) Errors of flow angles and pressure 

Figure 10 Maximum errors at 0.1 Ma cases 
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Figure 11 Maximum errors at 0.1 Ma 

High Speed Condition (Ma=0.9) 
At a freestream Mach number of 0.9, CFD simulations were carried out for probe calibration at pressure conditions 50 

kPa, 101 kPa and 170 kPa. The corresponding Reynolds numbers are 40500, 82000 and 138000. 
Figure 12 indicates the near surface flow structure of high speed cases, with incoming flow of pitch angle 30°. A mid-

plane is shown for each case, colored by non-dimensional density gradient, and shock waves can be observed from this 
plane. The shock wave structures are more evident at the low Re case (Re=40500), and become weak as Re increases. As 
discussed in the low speed condition, a lower Reynolds number will lead to a larger separation region, which has a stronger 
blocking effect to the main stream, resulting in a stronger shock wave structure. The presence of shock waves would have 
large effect on the pressure measurement. The incoming flow also suffers from a sudden drop of total pressure as it passes 
through the shock wave. If the pressure holes measure the pressure of fluid influenced by the shock wave, the accuracy of 
calibration can be affected. The strength of the shock waves is different at different Re cases: the flow field region affected 
is smaller at higher Reynolds number.  

 

Figure 12 Position of shockwaves at high speed condition (Ma=0.9) 
 
Figure 13 presents the Cp contour of different Re at Mach number 0.9. As expected, the main difference is also 

concentrated near the tip edge. According to this figure, the suggested region of pressure holes at high speed condition are 
same as the low speed condition, since the regions with large Cp difference are similar. The overall level of difference is 
smaller than the low-Mach cases, indicating the near probe flow has a less sensitivity to Re at high speed condition. 

 

Figure 13 Contours of Pressure coefficient and its difference at 30° pitch angle 
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Figure 14 presents the error of all calibration coefficients and flow variables at high speed flow. The errors have similar 
trend comparing with low speed cases, but have lower values. The errors of the middle Re case are less than those of the 
low Re case when compared with the high Re one. Overall, the values of the errors are consistent with the difference shown 
by Cp contours. Figure 15 presents the maximum errors from simulation results for a five hole probe with side pressure 
hole located at r/Rt=2.5 (21 million grid size). 

  

(a) Errors of calibration coefficients 

 

(b) Errors of flow angles and pressure 

Figure 14 Maximum errors at 0.9 Ma cases 
 

 

Figure 15 Maximum errors at presupposed hole position at 0.9 Ma 

Sharp Edge versus Rounded Edge 
Figure 16 presents the velocity distributions at a mid-plane for sharp and rounded frontal edge designs at Reynolds 

numberf of 4500 and 15300 (Ma=0.1). Compared to the sharp edge results, The rounded edge delays the flow reattatchment 
and the separation bubble extends further downstream. In terms of the Reynolds number sensitivity, the flow separation 
from the rounded edge probe becomes much more sensitive. Relative to the separated flow field around a sharp edge, the 
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boundary layer development near the rounded edge surface is the dominant flow behaviour, which is more dependent upon 
Reynolds number.  

 

Figure 16 Contours of tangential velocity distribution at x=0 plane at 0.1 Ma, 30° pitch angle at 
Re=4500 and Re=15300, for sharp and rounded front edge designs 

Figure 17 presents the distribution of Cp difference on cone surface and probe tip for both sharp and rounded front 
edge designs. The overall values of the error of the rounded edge case is larger than that of the sharp edge case. Clearly,  
compared with the sharp edge design, probe with the rounded edge design is more sensitive to Reynolds number.  

Therefore, a sharp edge probe tip design would be preferred in practice to minimize the Reynolds number effect on 
calibration. 

   

Figure 17 Contours of Pressure coefficient difference at 0.1 Ma, 30° pitch angle, for sharp and 
rounded front edge designs 

CONCLUSIONS 
This study numerically investigated the sensitivity of five-hole probe calibration for a range of Reynolds numbers 

(4500-138000). A typical five hole probe design was adopted. Detailed flow physics around five-hole probe tip at various 
flow regimes (incompressible flow and high subsonic flow) were analyzed with CFD simulation. The numerical results 
show consistent trends with oil film flow visualization data. The deviation of surface pressure distribution and calibration 
coefficients at different Reynolds numbers were quantitatively evaluated. 

At a low Mach number, the probe calibration is more sensitive to Reynolds number. Due to thinner turbulent boundary 
layer and higher near wall kinetic energy, the flow separation region near the frontal edge of the probe tip is smaller at high 
Reynolds number, especially at higher angle of attack. If a probe calibrated at a higher Reynolds number (15300) is used 
for flow measurement at a lower Reynolds number (4500), the maximum error of flow angle can reach nearly 2°. The errors 
of angles and pressure decreases as the holes move away from the front edge of the probe tip. 

At high Mach number, it was observed that the probe calibration is less sensitive to Re variations. Stronger local shock 
wave structure is found near the front edge of the probe tip at lower Re number. The errors at high speed mainly come from 
the shock wave structure. 

In terms of probe design, the numerical results show that the side pressure holes should be located farther than 2.4Rt 
away from the tip edge. Sharp edge probe tip is also recommended to minimize the sensitivity of calibration to Reynolds 
number. 

The present study highlights the need for in-situ probe calibration with closely matched Reynolds numbers, particularly 
in turbomachinery experimental studies. 
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NOMENCLATURE 
�  Pitch angle 
�������  Reduced pitch angle 
�  Yaw angle 
�������  Reduced yaw angle 
��  Pitch angle calibration coefficient 
��  Yaw angle calibration coefficient 
Cp  Pressure coefficient 
Cps  Static pressure calibration coefficient 
Cpt  Total pressure calibration coefficient 
D  Probe diameter 
d  Pressure hole diameter 
��  Error of pitch angle 
��  Error of yaw angle 
���  Error of static pressure 
���  Error of total pressure 
Ma  Mach number 
�  Viscosity 
�  Tip angle 
Pavg  Average pressure 
Ps  Static pressure 
Ps,reduce Reduced static pressure 
Pt  Total pressure 
Pt,reduce Reduced total pressure 
P1-P5 Pressure data obtained from corresponding pressure holes 
�  Density 
R  Radius of probe body 
Rt  Radius of probe tip 
r  Radial distance of hole  

Re  Reynolds number, �� =
����

�
 

��  Far field velocity 
y+  Non-dimensional first layer mesh thickness 
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