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Abstract  

The work reports for the first time detailed experimental data about the flow field inside an 

advanced leading edge cooling channel for gas turbine blades. The geometry key features are 

multiple internal impinging jests and coolant extraction for blade film cooling protection. 

Measurements have been performed by means of 2D and Stereo PIV, in both static and rotating 

conditions, with Reynolds number of 30k and 10k and a Rotation number of 0.05, both defined 

with reference to the jet characteristics. Different crossflow conditions in the feeding channel 

have been used to simulate the three main blade regions (i.e. HUB, MID, and TIP). 

The flow inside the feeding channel is significantly affected by rotation, conversely, when moving 

inside the main impingement duct, the jet core has been found to be only marginal modified due 

to rotation. Finally, a substantial Reynolds number independence has been found. 

 

Keywords: Jet, impingement, blade cooling, rotational effect, PIV. 

Nomenclature 

C  velocity vector 

Dh  jet hole hydraulic diameter 

d  film cooling hole diameter 

L  distance between jet and target wall 

ṁfeed,in  feeding channel inlet mass flow rate 
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ṁfeed,out  feeding channel exhausted mass flow rate 

ṁSH  showerhead film cooling mass flow rate 

ṁSS  suction side film cooling mass flow rate 

ṁPS  pressure side film cooling mass flow rate 

|wall. Indeed, the accelerated stream of flow entering the jet hole, may act a blockage effect on 

the near web wall flow, so causing its deviation towards the channel lateral walls and the growth 

of secondary vorticity responsible for the onset of the commented vortex cells. These latter, are 

then convected downstream by the mean flow. This explanation need to be verified by additional 

dedicated test. 

When Roj=0.05 cases are analysed (Figs. 7 (d-f, j-l) and Figs. 8(d-f)), an even more evident flow 

unbalancing is observed, but this time the velocity peak is found on the duct trailing side (y<0, PS). 

Indeed, rotational effects prevail over every possible source of flow non symmetry found for 
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Figure 7: Feeding channel - velocity contours on planes yz1 (a-f) and yz2 (g-l), for static (odd 

columns) and rotating (even columns) conditions and for HUB (top line), MID (central line) and 

TIP (bottom line) cross flow cases.  

 
 

Figure 8: Feeding channel - velocity contours on plane xy for static (top line) and rotating 

conditions (bottom line), and at variable cross flow conditions (HUB, MID, TIP respectively in 

the first, second, and third column. 
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Roj=0. Again, the cross-wise velocity gradient is much stronger at the TIP where its amplitude is so 

high to cause velocity reversal at the duct leading side (see the blue/negative areas at y>0 in Fig. 

7(f) and Fig. 8(f) for x>750). The origin of this unbalancing is strictly linked to the rotational effects 

that are commonly expected inside a radial flow duct in orthogonal rotation [17] and that, as 

previously explained, are made stronger at the TIP since the local Ro is much higher than for the 

HUB case. Coriolis forces are also responsible for the secondary vortical structures found in the yz 

planes (both 1 and 2) for Roj=0.05 (Figs. 7(d-f, j-l)). In particular a wide counter clockwise vortex is 

always found close to the bottom wall, while the opposite clockwise structure is observed close to 

the web-wall (z=0) only for the TIP case and in between the jet holes (Fig 7(l)). With specific 

reference to this position, it is also found that rotation causes the disappearance of the 

horseshoes vortices produced on the sides of the jet-hole for Roj=0 (see z>-20 for Figs. 7(g-i)). 

Evidently, the appearing of the secondary vorticity associated to the Coriolis vortical structures 

determines a different behaviour of the near web wall flow with respect to the static case. Again, 

the available data does not allow to draw a definitive explanation of this behaviour. However, it 

has to be pointed out that this local flow features does not affect the jet behaviour (as it will be 

seen in the next section) which is the main focus of this contribution and the more important 

aspect for the cooling effectiveness of the device. 

In order to better visualize the 3-D flow structures that develop inside the feeding channel, a 

schematization is proposed in Fig. 9, representing the TIP crossflow condition in both static (a) and 

rotating (b) conditions.  
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3.2 Jet Flow 

Figure 10 reports in plane streamtracers path and contour levels of the W velocity component for 

the measurements conducted inside the jet core on planes xz (frames a-f) and yz (frames g-l). The 

results at Ro,j=0 for HUB, MID and TIP crossflow conditions are presented in the first and third 

columns. The first main feature of the jet core flow is the remarkable bending towards the tip that 

can be appreciated by the data in the xz plane (frames a-c). As the crossflow condition is changed 

from HUB to TIP the bending is reduced and the jet core widens, hence lowering its velocity peak. 

The velocity profiles extracted at z=40.1, namely 10mm from the web wall, (solid lines in Fig. 11(a)) 

allow a more quantitative analysis that confirms this observation. As it can be seen, as the 

crossflow increases, the jet peak velocity increment is amplified. The maximum velocity in MID 

conditions is 10% higher than the velocity for the TIP case. A further increase in the jet velocity 

peak of about 20% is found if the cross flow is augmented from MID to HUB condition. 

Consistently with a constant flow rate through the jets imposed for every cross flow condition, the 

jet core reduced accordingly. These features could result in different heat transfer on the jet 

 

 

Figure 9: Feeding channel – schematization of the 3-dimensional flow structures development 

for the cross-flow condition TIP 
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target surface (i.e. the blade leading edge) as the cross flow increases, generating smaller spots of 

higher heat transfer. 

The data on the other perpendicular plane, yz in Figs. 10(g-i) and Fig. 11(b), show a rather good 

flow symmetry, with lower velocity peaks found in the jet core for the TIP case in agreement with 

the previous discussion. If the data at Roj=0.05 are considered (Figs. 10(d-f, j-l)), only marginal 

differences can be appreciated with respect to the static case. Indeed both the velocity 

distribution and the time averaged flow path depicted by the streamtracers are rather similar.  

 

Figure 10: Impingement channel - velocity contours on planes xz (a-f) and yz (g-l), for static 

(odd columns) and rotating (even columns) conditions and for HUB (top line), MID (central 

line) and TIP (bottom line) cross flow cases. 

 



7 
 

The data for Roj=0.05 are presented with dashed lines. All the main features of the jet, i.e. bending 

toward radial (x) direction that deceases from HUB to TIP and symmetrical distribution along 

circumferential (y) direction, are almost identical to what is observed for Roj=0. Therefore, it can 

be concluded that no significant rotation effects are able to alter the jet core velocity distribution. 

From a physical point of view, the main reason of this observation is that the jet is mainly aligned 

with the rotation axis, hence only a minor velocity component contributes to the generation of the 

Coriolis acceleration (ac=-2ΩxC). Moreover, as well as discussed in the open literature [18], even if 

small Coriolis effects are produced, their main effect is found in the low velocity areas, such as 

boundary layer flows or recirculating flow regions. Therefore, in the present case if remarkable 

rotational effects occur, they might be found far from the jet core, i.e. inside the flow volume that 

has not yet been investigated. 

 

Figure 11: Jet velocity profiles extracted from plane xz at 

z=40.1mm (a) and yz at z= 34.1 (b). 
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3.3 Reynolds dependence 

Reynolds number dependence has been investigated repeating every measurement for the MID 

zone with Rej=10k (i.e. on every plane and both for static and rotating conditions). 

In this particular geometry, the most important feature to be characterized is the jet, indeed the 

thermal performances mainly depend on its aerodynamics. In order to quantitatively evaluate the 

jet’s Reynolds number dependence, in Fig. 12 the comparison between the velocity profiles from 

 

Figure 12: Jet velocity profiles extracted from plane xz at z=40.1mm (a) and yz at z= 34.1 (b) 

for Reynolds numbers of 30000 and 10000. 

 

Figure 13: Feeding channel velocity profiles extracted from plane yz1 at z =-32.9 mm for 

Reynolds numbers of 30000 and 10000: (a) static, (b) rotating condition. 
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tests at Re = 30k and Re = 10k are shown. The reported data clearly show the Reynolds number 

variation has almost no effect on the jet flow structure, both in static and rotating conditions, at 

least in the investigated range.   

In order to extend these conclusions (i.e. jet Re-independency in both static and rotating 

conditions) to the overall channel aerodynamics, the flow field in the feeding channel can be 

analysed with this perspective. Velocity components profiles extracted from plane yz1 are shown 

in Fig. 13. For both static and rotating conditions, the three velocity components (i.e. V, W in plane 

while U out of plane) perfectly match, showing that also in the feeding channel the flow field is 

Reynolds independent.  

4 Conclusion 

The main conclusions that can be drawn are listed in the following. 

• In static conditions, the flow field inside the feeding channel is unbalanced towards the 

suction side. The feature is emphasized in correspondence of the jet intake. 

• In rotating conditions, the behaviour is the opposite. Coriolis forces are responsible for a 

strong crossflow deflection toward the duct trailing side (blade pressure side) that 

increases in magnitude from HUB to TIP conditions. For the latter case, the unbalancing is 

so strong to sustain a recirculating region (negative streamwise velocity) found 

downstream of the central jet-hole.  

Concerning the jet aerodynamic, the main features are as follows.  

• The jet core is substantially bended towards the blade tip. The effect is reduced when 

moving from HUB to TIP conditions. In the crosswise direction, a substantial flow symmetry 

is found inside the jet core. 

• Rotational effects do not produce any significant modification of the jet structure.  
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• Finally, a substantial Re independence has been found for the analysed range of flow 

conditions.  

Further investigation will be aimed at deepening the understanding of the flow field inside the jet 

channel, with particular attention for the region close to the extraction holes. 
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