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Abstract. Vortical and shear flows are common in turbomachinery. Multi-hole pressure probes are used in 

turbomachinery flows in order to provide robust and accurate measurements of both pressure and velocity 

components. In this study, two different miniature five-hole probes are designed and fabricated, both with a 

cobra shape.  The probe tip was 1.45 mm and it was maintained in that size for the length of the cobra shape 

formation, providing very close proximity to the solid boundaries and reduced flow blockage. The difference 

among the probes corresponded to the head geometry, as the one probe was formed with a pyramid tip shape, 

while the other was maintained with a flat shape. The calibration process was carried out in an open-circuit 

suction wind tunnel for the range of ±32⁰ in yaw and pitch direction. The results showed that the pyramid 

probe exhibits a high flow angle spatial sensitivity and a reliable measurement range of ±28⁰ in yaw and 

pitch direction. The flat probe provided unexpected well angle sensitivity and reliable measurements data 

despite the fact that it is of a very simple form. The pyramid probe showed superior performance. In 

particular, the pyramid probe offers 12.5% wider operating range. In order to prove the effectiveness of the 

pyramid probe, measurements were obtained in a jet in cross flow. In order to evaluate the performance of 

the probe, further, a surface fit model was employed to produce ideal calibration coefficients. These were 

used to redefine the magnitude of the velocities in the measured flow domain. The accuracy in measurements 

was assessed, comparing the velocities produced by the two variants of pressure coefficients. The results 

indicate that the pyramid probe operates reliably in a very large range of constantly changing velocity vector, 

which occurs in jet in cross flow. 

Nomenclature  

Symbols  

𝐶𝑝 non-dimensional pressure coefficient  

OD outer stainless steel tube diameter  

ID inner stainless steel tube diameter  

𝐷𝑘probe’s tip diameter  

𝐾𝑦𝑎𝑤    yaw angle calibration coefficient  

𝐾𝑝𝑖𝑡𝑐ℎ  pitch angle calibration coefficient  

𝐾𝑡 total pressure calibration coefficient  

𝐾𝑠  static pressure calibration coefficient  

𝑆𝜑  yaw sensitivity coefficient  

𝑆𝛾  pitch sensitivity coefficient  

𝑉𝑗𝑒𝑡  injected jet velocity  

𝑉∞  freestream velocity  

R velocity ratio (𝑉𝑗𝑒𝑡/𝑉∞)  

𝑅2  coefficient of determination  
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Greek   

φ yaw angle  

γ pitch angle  

1 Introduction  

The multi-hole pressure probes are robust and reliable 

measurement tools that can obtain simultaneously the 

magnitude of all three components of the velocity vector, 

as well as both total and static pressure distributions. 

Therefore, they are commonly used in turbomachinery 

and industrial applications when the three dimensional 

flow field is to be measured. Even though pressure probes 

with one [1] and seven or more holes are recently 

developed [2,3], five-hole probes are considered as the 

most useful means for research in such fields. They 
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provide sufficient 3Dmeasurements combined with small 

dimensions, appropriate for complex geometries and 

facilities with area limitations [4]. 

Significant efforts have been devoted in devoloping 

pneumatic pressure probes since their introduction in the 

1950s. Dominy and Hodson [5] studied the effects of 

Reynolds number, Mach number and turbulence intensity 

on the calibration of various sting probe geometries, for 

the Reynolds numbers in range between 7 x 103 and 8 x 

104. They found the existence of two distinct Reynolds 

number effects. One of them is a flow separation around 

the probe head at relatively low Reynolds numbers when 

the probe is at incidence. The other is related to changes 

in the detailed structure of the flow around the sensing 

holes even when the probe is nulled. These effects were 

also noticed in the work conducted by Lee and Jun [6], 

were both yaw and pitch angle altered to cover the full 

calibration range. Wall proximity and interaction of 

probe with passage flow are effects of specific interest for 

turbomachinery applications that have also been studied 

[7,8]. Chasoglou et al. [9], in a recent study investigated 

parametrically different geometrical factors that 

influence the performance of four- and five-hole stem 

probes.    

Although the published work regarding the 

performance of multi-hole pressure probes, as well as 

techniques of improving the calibration and data 

processing methods [10-12] is sufficient, the available 

studies concerning the fabrication of such probes are rare. 

Among the first researchers who obtained measurements 

with miniature five-hole pressure probes were Treaster 

and Houtz [13]. This study describes the fabrication, 

calibration and employment of 5-hole probes with tip 

diameters ranging from 1.07 mm to 1.68 mm. Afterwards, 

Richards and Johnson [14] in order to obtain 

measurements of the secondary flowfield developed 

downstream of the stator blades of a model turbine, 

employed a miniature five-hole probe with a tip diameter 

of 1.5 mm. Allen et al. [15] discuss the fabrication and 

calibration of a MEMSbased five-sensor probe, Georgiou 

and Milidonis [16] describe a sub-miniature 5-hole probe 

with embedded pressure sensors for use in extremely 

confined and complex flow areas in turbomachinery 

research facilities, while Telionis and Rediniotis [17] 

review extensively the developments in multihole probes 

technology as well as examples of their applications.  

Recently developed additive manufacturing methods 

have gained a lot of ground in widening the design space 

of probe head geometry. Jarallah and Kanjirakkad [18] 

and Vouros [19], applied multi-jet modelling prototyping 

methods with wax-based support  materials  and  

proposed a 

 

Fig. 1. a) Designed and b) Fabricated head prototypes of stem 

and sting pressure probes produced using additive 

manufacturing [19] 

viable   procedure   to   manufacture   geometrically 

accurate pneumatic probes (Fig. 1). A common difficulty 

associated with this manufacturing approach is the 

effective removal of the supporting material from the 

long holes, required for multi-hole probes. The problem 

naturally intensifies when a complex internal geometry 

design is to be manufactured. Furthermore, the fragile 

behaviour of materials used in additive manufacturing is 

a characteristic drawback of the technique compared to 

the proven fabrication process of the using stainless steel 

tubing, which can be bend to shape. A number of issues 

remain to be resolved which make additive 

manufacturing impractical, at the present time. It is 

foreseen however, that additive manufacturing may 

overcome these issues in the near future.  

In the current study the fabrication and calibration 

method of two miniature dimensions five-hole pressure 

probes are described. Both probes are of cobra shape with 

tip diameter of 1.45 mm and different head geometry, 

allowing the effects in probes’ performance to be assessed 

through calibration process. One of the constructed 

probes was employed in the measurements of jet in cross 

flow in order to illustrate the probe effectiveness and 

identify the feasibility of measuring flow fields that 

encounter strong secondary flows with five-hole 

pneumatic probes.   

2 Fabrication of five-hole probes  

The design and fabrication of five-hole pressure probes, 

in small dimensions, constitute considerably difficult and 

delicate tasks that require significant expertise. Studies 

concerning these issues are extremely limited in open 

literature, contributing further to the difficulties 

encountered in effective five-hole probe manufacturing. 

Care has to be taken when soldering the tubes and 

especially when forming the probe to the desirable shape, 

in order to avoid tube clogging. In this study,   
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Fig. 2. Cross shape maintenance and basic dimensions of 

stainless steel tubes that were used during construction of the 

probes 

the     probes      constructed    by    stainless     steel of 

reported custom made probes [13-16 and 19]. The basic 

dimensions of the tubes that were used during the 

construction are illustrated in Fig. 2. The first step made 

by stacking together 5 hypodermic tubes G27, each with 

250 mm length, forming a cross shape. The five tubes 

were positioned inside a G15 sleeve tube that had a length 

of 100 mm. Between sleeve tube and G27 tubes were 

formed gaps, where stainless steel tubes G30 were placed, 

in order to support and maintain the cross layout (Fig. 2). 

The combined assembly that left exposed upstream of the 

sleeve tube was silver soldered to form a solid structure, 

resulting in an outer tip diameter of Dk = 1.45 mm. Special 

care was taken to the length that was soldered to minimize 

the risk of tube clogging. In comparison with the most 

multi-hole probes, the constructed tip diameter was of 

sufficient small, though slightly larger than ideal, 

regarding the outer diameter of the tubes (ODid = 1.22 

mm).  

The five hypodermic tubes G27 were left exposed and 

non-soldered downstream of the sleeve tube for a length 

of 50 mm. Each of them was inserted into stainless steel 

tubes G22, with 125 mm length, for length extending 

purposes. Further  length  extension  of  the  probe  

reached  by  fitting 

 

Fig. 3. a) Basic dimensions, b) Head geometries of fabricated 

five-hole probes 

tubes G22 inside of tubes G18 that were 150mm long. All 

connections were silver soldered to avoid flow leakage. 

At this stage the flow path was constructed, however the 

stiffness of the probe was ineffective to resist the 

aerodynamic forces of the flow, while surface’s 

roughness was unacceptable. In order to handle these, 

around the tubes G22 and G18 were placed outer tubes 

G11 and G6 respectively, resulting into great stiffness 

and surface’s smoothness. Fig. 3a illustrates the most 

significant dimensions of the fabricated probes.  

Forming the desirable cobra shape and head geometry 

constitute the final steps of fabrication. For both probes, 

the cobra shaping took place in the soldered region and 

was based on small microdeformations using components 

of cylindrical surface with different dimensions. As a 

result, the tip and the cobra shape were of the same 

miniature diameter of 1.45 mm. In Fig. 3b the 

threedimensional view of the tip of both five-hole probes 

is depicted, to clarify the basic difference in head 

geometry. The tip of the pyramid probe was tapered to an 

angle of 45⁰ with respect to the longitudinal axis of the 

central tube, while the tip of the flat probe was non-

processed, forming zero angle with respect to the 

longitudinal axis of the central tube. The tip of the 
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pyramid probe was made by grinding under a 

microscope. The dimensions of the probe were extremely 

small to perform this process with naked eyes. During 

these final steps, pressurized air was supplied 

continuously through tubes in order to prevent any 

buckling or clogging of the tubes. 

The cobra shape was selected as it provides an exact 

known measuring location, given that the tip of the probe 

is located exactly at the extension of the stem's 

longitudinal axis. In addition, cobra shape minimizes the 

flow blockage effect on the local measuring location as 

the probe's stem is faraway and allows the probe to 

approach the walls, where boundary layer interactions 

take place and are of great importance in turbomachinery.  

3 Calibration of five-hole probes  

3.1 Calibration Setup  

The non-nulling calibration method was employed for 

both five-hole probes in the present study. This type of 

calibration is widely adopted and requires the pressure 

probe to be exposed to a steady, uniform flow field of 

known properties and fixed direction. Inserted in such 

flow field, the probe is rotated at a previously defined set 

of angle combinations (pitch [γ] and yaw [φ]) that cover 

the range of incidence angles that are expected for the 

probe to encounter during the actual tests. At every angle 

combination point the pressures of the five holes are 

measured, resulting into a pressure data matrix from 

which the calibration and pressure coefficients can be 

calculated aiming to data reduction. 

The calibration process of the pressure probes 

performed at a small open-type suction wind tunnel, 

operated with an axial fan installed at the inlet. The tunnel 

was fabricated by Plexiglas and the exit nozzle’s diameter 

was 80 mm. A honeycomb flow straightener combined 

with screens was mounted upstream of the exit nozzle, in 

order to remove any remaining swirl which was induced 

by the rotor. The test section was an opened working area, 

where the static pressure was thus atmospheric. The 

probes were mounted on a calibrated rotating mechanism 

of high accuracy. The latter mechanism allowed a 

rotating range of ±34⁰ in both pitch and yaw planes, while 

the measurement location was fixed. Pressure 

measurements carried out by using a 16-channel 

pneumatic pressure scanner that was controlled in proper 

sequence by a graphical programming environment. 

3.2 Calibration and Pressure Coefficients  

In open bibliography there are several researchers that 

have proposed data reduction algorithms, when the 

calibration is of the nonnulling type [10, 11, 12, and 17]. 

The major difference among them derives from the 

magnitude that is used to normalize the coefficients. The 

choice of this magnitude is of great importance, given the 

fact that it effects both the angular sensitivity and the 

range of reliable measurements of the probe. 

In this study the convention used to number the five-

hole probes is illustrated in Fig. 3b and the calibration 

coefficients are defined as follows:   

Pitch angle coefficient:   

                             𝐾𝑦𝑎𝑤 =
𝑃3 − 𝑃2

𝑃1 − 𝑃𝛼𝜈

                          (1) 

Yaw angle coefficient:  

                            𝐾𝑝𝑖𝑡𝑐ℎ =
𝑃5 − 𝑃4

𝑃1 − 𝑃𝛼𝜈

                         (2) 

Total pressure coefficient:  

                             𝐾𝑡 =
𝑃1 − 𝑃𝑡𝑜𝑡

𝑃1 − 𝑃𝛼𝜈

                              (3) 

Static pressure coefficient:  

                             𝐾𝑠 =
𝑃𝑡𝑜𝑡 − 𝑃𝑠𝑡

𝑃1 − 𝑃𝛼𝜈

                            (4) 

where 𝑃𝑎𝑣 is the mean value of the pressures measured 

by the side holes, that is:  

                      𝑃𝛼𝜈 =
𝑃2 + 𝑃3 + 𝑃4 + 𝑃5

4
                  (5) 

Except for the calibration coefficients, the pressures 

of each hole can be presented as nondimensional pressure 

coefficients, in order to allow the flow phenomena to be 

investigated irrespective of the chosen calibration 

coefficient definitions. The referred individual hole-based 

pressure coefficients are defined as:   

                               𝐶𝑝𝑖 =
𝑃𝑖 − 𝑃𝑟𝑒𝑓

𝑃1 − 𝑃𝛼𝜈

                         (6) 

where i represents the identifier of a specific hole 

between 1 and 5, while 𝑃𝑟𝑒𝑓 is the atmospheric pressure. 

3.3 Angular Sensitivity Coefficients  

Having the angle coefficients computed by using the 

equations presented above (1, 2), the evaluation of the 

probe’s ability to identify the variations of the flow angle 

is feasible. The orthogonal matrices that result from the 

calibration data can be plotted, as it is illustrated in Fig. 

4, in order to provide for each calibration coefficient a 

surface as a function of angles yaw and pitch. The 

inclination of the latter surface defines in each angle 

direction the sensitivity of the calibration coefficient, 

from which the surface has derived, to the variations of 

this particular angle.   

For each calibration coefficient two angular 

sensitivity coefficients are computed for each direction as 

follows:  

Yaw sensitivity coefficient:     
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𝑆𝜑 =
𝐾𝑟𝑒𝑓𝑖,𝑗+1

− 𝐾𝑟𝑒𝑓𝑖,𝑗

𝛥𝜑
 𝑓𝑜𝑟 𝑖 = 1: 𝑛, 𝑓𝑜𝑟 𝑗

= 1: 𝑚 − 1                   (7) 

Pitch sensitivity coefficient:   

𝑆𝛾 =
𝐾𝑟𝑒𝑓𝑖+1,𝑗

− 𝐾𝑟𝑒𝑓𝑖,𝑗

𝛥𝛾
 𝑓𝑜𝑟 𝑖 = 1: 𝑛 − 1, 𝑓𝑜𝑟 𝑗

= 1: 𝑚                              (8) 

where indicator ref corresponds to the derived surface, 

while Δφ and Δγ are the yaw and pitch angle increments 

respectively.  

The values of these coefficients are computed using 

a double “for” loop sequence. In essence, the uniform 

grid is scanned at both directions and for each grid point 

the local value of the surface slope is calculated. In the 

present study, both angle step increments Δφ and Δγ 

were equal to 2⁰ in the case of pyramid probe, while they 

were equal to 4⁰ in the case of flat probe.  

 

Fig. 4. Coefficient Kyaw from pyramid probe, with respect to 

yaw and pitch angles 

4 Calibration results  

In the current work, the ideal calibration range for the 

pyramid probe was about 45⁰, given the fact that the cone 

angle was 90⁰.  However, due to the limitations of the 

rotating mechanism, the calibration range for both the 

pyramid and the flat probe was set at ±32⁰ in yaw and 

pitch direction. The angle step increments were different 

among the two probes. In the case of pyramid probe, the 

step increments Δφ and Δγ were set at 2⁰, regarding the 

yaw (φ) and pitch (γ) angle respectively. As a result a 

calibration grid of 33x33=1089 points was formed. In the 

case of flat probe, the step increments were set at 4⁰, in 

both yaw and pitch direction, forming a calibration grid 

of 17x17=289 points. Data were recorded in relatively 

large time interval Δt of 10 s for each grid point 

measurement, in order to provide sufficient time to let the 

pressure waves inside the tubes to settle down, given the 

fact that the miniature size of the probes increases 

drastically the time  it  takes  the  fluid  to 

 

Fig. 5. Non-dimensional pressure coefficient iso-lines from the 

five ports with respect to yaw and pitch angle a) pyramid probe, 

b) flat probe 

transfer the pressure disturbances through the tubes.  

The coefficient equations (5-6) that described 

previously in this study, were calculated using a 

mathematical computing software. In Fig. 5 the 

relationship between the non-dimensional pressure 

coefficient for each probe port and yaw-pitch angles is 

illustrated, based on the data provided from the 

calibration process of each probe.  For both probes, the 

iso-line maps that came out lead to the conclusion that the 

non-dimensional coefficients for each port are in good 

agreement with those presented by Morrison et al. [11] 

and Georgiou and Milidonis [16]. As it was expected, for 

both pyramid and flat probe, by rotating the probe, the 

pressure magnitude of each of the four side holes 

increases as the corresponding port tends to be aligned to 

the flow direction. The maximum value of the pressure 

coefficient for the tapered ports, placed at yaw plane, 

appears at almost 0⁰ pitch angle, while for those placed at 

pitch plane appears at almost 0⁰ yaw angle. The same 

behaviour appears for the concentric port that reaches the 

maximum coefficient value at almost the point of γ=0⁰ 
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and φ=0⁰ and as the probe is rotated the magnitude of the 

pressure coefficient decreases. Among the two probes, 

the pyramid probe shows nearly perfect symmetry, 

indicating great accuracy in fabrication. The flat probe 

provides slight misalignment of ports 4 and 5 with respect 

to the 0⁰ yaw angle. In addition, the pressure coefficient 

regarding the port 4 of the flat probe, shows some 

disturbances that may indicate an imperfection of the 

orifice’s edge.  

Except for these imperfections, the flat probe is also 

considered well fabricated with acceptable symmetry, 

given the fact that a perfectly made custom five-hole 

probe is hard to obtain, considering a micro scale size. 

Although the calibration range was set at ±32⁰ for both 

probes, when analysing the results came out that pyramid 

probe has a reliable measurement range of ±28⁰ in yaw 

and pitch direction, while the flat probe has a reliable 

range of ±24⁰. For both probes, the measurement 

uncertainty reduces drastically when the measurement 

range is limited to ±20⁰. As a result, this range considered 

reliable.  

As five-hole probe with good performance is excepted 

to provide accurate measurement of pressure 

distributions, as well as having good sensitivity in the 

angular variations of the flow. The latter ability can be 

evaluated both from the threedimensional surface of the 

angle calibration coefficients and the angular sensitivity 

coefficients (7, 8) that described above (Fig. 6, Fig. 7, Fig. 

8).   

When the probe provides sufficient angular 

sensitivity, the three-dimensional surface has to be 

characterized of strong monotonic slope in the  direction  

that  the angle coefficient is referred and zero inclination 

in the opposite direction. Fluctuations on calibration 

surfaces indicate an inappropriate   for  measurements   

coefficient   that  

 

Fig. 6. a) Yaw angle coefficient surface, b) Pitch angle 

coefficient surface for pyramid probe, c) Yaw angle coefficient 

surface, d) Pitch angle coefficient surface for flat probe 

limits the reliable measurement range. The angular 

sensitivity coefficients denote monotonic behaviour 

when they provide explicit positive or negative values, 

while they denote no sensitivity when are of zero values. 

In the case of mixed values an inappropriate behaviour is 

indicated, denoting measurements with increased 

uncertainty.   

The surfaces of the calibration coefficients 𝐾𝑦𝑎𝑤 and 

𝐾𝒑𝒊𝒕𝒄𝒉, regarding the pyramid probe, are presented in Fig. 

6a and Fig. 6b, respectively. Both surfaces indicate 

monotonic behaviour and great smoothness, denoting 

almost perfect probe fabrication and measurements with 

high accuracy. In Fig. 6c and Fig. 6d are illustrated the 

corresponding surfaces regarding the flat probe. 

Although these  surfaces  show  similar  behaviour with 

those described for the pyramid probe, slight surface 

declination can  be  noticed  in  high  positive  pitch 

 

Fig. 7. a) Sφ of Kyaw, b) Sφ of Kpitch, c) Sγ of Kyaw, d) Sγ of Kpitch 

as a function of yaw and pitch angles for pyramid probe 

angles for both 𝐾𝑦𝑎𝑤 and 𝐾𝑝𝑖𝑡𝑐ℎ surfaces. As a result, the 

flat probe, even though it has non-tapered head geometry, 

can provide sufficiently accurate measurements in the 

reliable angle range of ±20⁰.The contour maps of the 

angular sensitivity coefficients provided for the pyramid 

probe are also depicted in Fig. 7.   

Regarding the calibration coefficient 𝐾𝑦𝑎𝑤, the 

coefficient Sφ (Fig. 7a) shows explicit positive values, 

while the coefficient S𝛾 (Fig. 7c) shows almost zero 

values all over the angle range. The described behaviour 

denotes that the magnitude of the yaw angle coefficient is 

strongly depended on the yaw angle and totally 

independent of pitch angle. On the other hand, regarding 

the calibration coefficient 𝐾𝑝𝑖𝑡𝑐ℎ, the coefficient Sφ (Fig. 

7b) is now of zero values,  while the coefficient S𝛾 (Fig. 

7d) provides explicit positive values. This behaviour 

denotes that the magnitude of the pitch angle coefficient 

is strongly depended on the pitch angle and totally 

independent of yaw angle. Considering these two 

behaviours together, it can be concluded that pyramid 

probe has the ability to provide accurate measurements of 

the flow angles, in the case of being into the reliable 

range. 

In Fig. 8 the contour maps of angular sensitivity 

coefficients, regarding the flat probe, are presented. The 

behaviour of each sensitivity coefficient is similar to the 
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one discussed for the pyramid probe. The only difference 

can be noticed for coefficient S𝛾 derived from 𝐾𝑝𝑖𝑡𝑐ℎ 

coefficient, where in high pitch angles the sensitivity 

values are highly increased. This phenomenon is in 

accordance with those  described     above     for     the    

three-dimensional  

 

Fig. 8. a) Sφ of Kyaw, b) Sφ of Kpitch, c) Sγ of Kyaw, d) Sγ of Kpitch 

as a function of yaw and pitch angles for flat probe 

 

Fig. 9. Experimental setup used for jet in cross flow measurements

surface of 𝐾𝑝𝑖𝑡𝑐ℎ coefficient. Nevertheless, the total 

angular sensitivity of flat probe is unexpectedly well, 

given the fact that its tip is totally flat, denoting sufficient 

accuracy in measuring flow angles. 

5 Pyramid probe performance and 

measurements in jet in crossflow  

Taking into account the overall calibration results  it  

can be  concluded  that pyramid  probe  is  better 

fabricated than flat probe, as it indicates almost 

perfect port symmetry, high sensitivity in both yaw 

and pitch angle variations, totally dissociation of the 

calibration coefficients and wide angular range of 

reliable measurements. 

As aforementioned, sufficient calibration results 

were demonstrated for the pyramid probe that 

indicated the ability to carry out accurate pressure 

measurements. In order to evaluate the performance 

of the probe, measurements were obtained in jet in 

crossflow. Such a flow field, as it is described in 

numerous studies [21, 22 and 23], encounters strong 

secondary flows that will demonstrate the proof of 

operation.  
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5.1 Experimental setup  

The experimental test rig (Fig. 9) is a large-scale model 

(10:1) of a cylindrical fuel injector, mounted in a two-axis 

traversing mechanism, which is positioned   in an  open-

type   suction  wind  tunnel calibrated by Vouros et 

al.[22]. The moving bed allows the rotation and 

translation of the injector, permitting unconstrained 

access to measurement planes defined by the researcher. 

The wind tunnel mass flow is established from a group of 

sixteen fans positioned parallel, while for the injector 

from a three stage axially positioned fans. The regulation 

of the mass flow rates is performed by altering the voltage 

supplied to the fans, while for the case of the tunnel a 

variable area nozzle at the exit could be used for the same 

purpose. Servomotors mounted onthe variable nozzle, 

control and automate the operation of the experimental 

rig. The probe was attached on traversing mechanism, 

able to guide the probe in r direction with high accuracy. 

 

Fig. 10. a) Total pressure iso-lines b) velocity vector 

distributions in the vertical centre-plane r-x for R=1.5 

5.2 Measurements Results  

The jet in cross flow measurements conducted for 

three different velocity ratios (R) in the vertical centre-

plane r-x. The ratios investigated were R=1.3, R=1.5 and 

R=2, while the measurement grid consisted of 

35x46=1.610 points. In addition, for the velocity ratio of 

1.5, measurements were carried out in three vertical 

planes r-θ with the distance from the center of the 

injection orifice to be different. Pressure data from each 

port were acquired at each grid point by using a 16-

channel pneumatic pressure scanner data acquisition 

system. As for the calibration the time interval Δt of 10 s 

was employed here too.   

Owing to the miniature size of the probe that was of 

1.45 mm diameter from the tip to the end of the cobra 

shape (Fig. 3a), the probe had the ability to approach the 

injector’s wall at a distance of 0.75 mm. This is of great 

importance when measuring jets in crossflow, as in this 

region the boundary layer interactions took place and alter 

the flow mixing. The majority of commercial five-hole 

probes do not allow very close proximity to the wall, 

indicating the superiority of the current probe. The 

measurement results are presented in Fig. 10 in terms of 

total pressure and velocity distribution, regarding the 

plane r-x when the velocity ratio is equal to 1.5. The rest 

of the conducted measurements are not illustrated for the 

sake of brevity. In Fig 10a, the intense pressure drop in 

the region above the injection orifice is obvious. In 

addition, pressure drop is illustrated in the wake region, 

while in the free stream the pressure losses are of zero 

values. In Fig. 10b, were the velocity distribution is 

depicted in terms of velocity vectors, the bend of the jet 

and the near-field entrainment of main flow fluid that  

results in the jet break  up are observed. The 

measurements that conducted in the same plane r-x for 

R=1.3 and R=2 demonstrated that as the velocity ratio 

increases, the jet penetration, the pressure drop in the 

region above the orifice and the wake region increase too, 

while the near-field entrainment of main flow field fluid 

is reduced. The depicted and described behaviour, is in 

good agreement with the results provided both with flow 

visualization [24] and numerical analysis [23], denoting 

the good performance of the probe, when it is employed 

in jets in crossflow.    

Although the behaviour, provided from the 

measurements performed with the five-hole probe, shows 

good agreement with the open literature, the 

measurements’ accuracy is not certain. The uncertainty 

comes out from the region above the injection orifice, 

close to the wall level, where the flow is almost 

perpendicular to the tip of the probe, denoting 

measurements out of the reliable range. In order to assess 

the measurements uncertainty, the ideal calibration 

coefficients were produced and the velocity distributions 

of the jet in crossflow redefined based on them. The 

surface fit application of a mathematical computing 

software was applied to produce the ideal calibration 

coefficients. As a result, 3𝑑 and 4𝑡ℎ order nonlinear 

polynomial functions produced, regarding the angle and 

pressure coefficients respectively. The coefficient of 

determination 𝑅2 was in all the cases greater than 0.99, 

denoting the good construction of the probe.   

The differences between the velocities provided from 

the ideal calibration map and the ones provided from the 

raw calibration map were calculated (Fig. 11). 

Considering that among the two calibration maps the 

differences are negligible, in the regions of high accuracy, 

the velocity differences should approach the zero values.   
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In Fig. 11, the calculated velocity magnitude 

divergences are presented in a contour plot, regarding the 

measurements conducted in the plane r-x. The significant 

divergence in the region above the injection orifice is 

obvious, denoting that the measurements carried out in 

this region are not reliable. This uncertainty is expected, 

given the fact that the flow angle is greater than the 

reliable range of the probe. In addition, in the wake 

region, where  

 
Fig. 11. Contour of Velocity magnitude divergence, among the 

velocities calculated from the row calibration coefficients and 

the ones calculated from the ideal coefficients 

the secondary flows are intense, some velocity 

differences of small magnitude are illustrated in the same 

figure. As a result, in the latter region, the measurements 

are slightly questionable. In the far field the velocities are 

of the same magnitude resulting in almost zero 

divergences that denote reliable measurements.   

In overall, although the measurements above the 

orifice cannot be obtained with extremely high accuracy 

as the incidence angle is way out of the reliable 

measurement range, the five-hole probe can provide 

sufficient measurements in jets in crossflow in order to 

understand the general behaviour.   

6 Conclusions  

In the current study, the fabrication and calibration of two 

different miniature, cobra shape five-hole probes is 

described. The two probes, provide the same tip diameter 

of 1.45mm, which is constant till the end of the cobra 

shape, allowing the probes to approach very close to the 

solid boundaries. The head geometry was different 

among the two probes, as the one probe was of pyramid 

tip that was 45⁰ tapered with respect to the longitudinal 

axis, while the other one was flat. The effect of this 

difference was investigated through the calibration 

results. Haven the calibration procedure completed, the 

pyramid probe was also implemented in a jet in 

crossflow, in order to prove the effectiveness of the probe 

and to evaluate the performance in measuring flowfields 

with strong secondary flows. The main findings can be 

summarized in the following section:   

• The 5-hole probe with pyramid tip geometry provides 

efficient calibration results, with reliable measurement 

range of ±28⁰ in yaw and pitch direction and great 

angular sensitivity. Uncertainty is reduced at the range 

of ±20⁰    

• The flat 5-hole probe provides efficient calibration 

results, justifying the ability to conduct flow 

measurements with reliable range of ±20⁰ in yaw and 

pitch direction.  

• The miniature dimensions of both probes, allow them 

to approach a neighbouring solid surface at a distance 

of just 0.75 mm.  

• Flat tip probe provides reliable measurements despite 

the fact that they are of a very simple form.  

• Current optical velocimetry methods compare well 

with detailed point measurement instruments 

commonly used in turbomachinery.  

• The pyramid 5-hole probe operates reliably in a very 

large range of constantly changing velocity vector 

flowfields, such the one appearing in jets in crossflow.   
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