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ABSTRACT 

This study describes the effect of casing coolant injection on aerodynamic loss in a linear turbine cascade with tip 

clearance. Four test cases with and without tip clearance and casing coolant injection are compared for this study. The 

mass flow rate and the non-dimensional swirl of the coolant are 0.5% of the main flow and 100% of the blade tip velocity 

respectively. Regardless of the presence of the tip clearance, casing coolant injection increases losses associated with the 

passage vortex and the trailing shed vortex and move their spanwise locations toward midspan. The loss near the casing 

without tip clearance increases significantly with casing coolant injection. However, in the casing with tip clearance, the 

loss near the casing is slightly decreased by the casing coolant injection. With casing coolant injection, tip clearance flow 

is reduced, and the loss associated with the tip clearance vortex decreases. Without tip clearance, the mass-averaged loss 

increases by 53.9% with casing coolant injection. However, with tip clearance, the loss increases by 15.9%. 

INTRODUCTION 

The secondary air (e.g., coolant, purge flow) mixing with the main flow in a high-pressure turbine induces 

aerodynamic loss, decreasing the overall efficiency of a turbofan engine. The effects of secondary air from the hub 

upstream of the turbine blades on loss have been studied in several studies. The effect of mass flow rate ratio (MFR) on 

efficiency was studied by McLean et al. (2001), Regina et al. (2015), Ong et al. (2012), and Dahlqvist and Fridh (2017). 

With increasing MFR, the passage vortex (PV) caused more overturning and underturning (McLean et al. (2001), Regina 

et al. (2015)). The higher secondary flow increased mixing loss, reducing efficiency. The horseshoe vortex (HV) at the 

blade leading edge grew larger, resulting in stronger PV at the blade row exit. Increasing coolant swirl in the blade 

rotating direction increased efficiency by reducing loss in the shear layer between the secondary air and mainstream (Ong 

et al. (2012), Reid et al. (2006), Girgis et al. (2002)). With secondary air from the hub, Ong et al. (2012) numerically 

calculated a decrease in incidence. With a higher swirl ratio, a negative incidence decreased, resulting in the reduction of 

the secondary flow. In comparison to secondary air with 0 deg swirl, secondary air with 70 deg swirl increased stage 

efficiency by 0.75%. 

The effects of secondary air from the hub and casing on loss in a high-speed single-stage turbine with unshrouded 

blades were studied numerically by (Zlatinov et al., 2012). He validated his results with the experimental results of Reid 

et al. (2006). The influence of secondary air from the hub on PV near the hub endwall was similar to earlier studies. In 

addition, they argued that the swirl of the casing secondary air hindered tip clearance flow. 

In linear turbine cascades, the influence of secondary air MFR and swirl ratio (SR) was explored by de la Rosa 

Blanco et al. (2006), Popovic et al., (2010), and Lynch et al., (2013). de la Rosa Blanco et al. (2006) noticed that, as MFR 

and SR increased, the passage vortex became stronger as the vortices formed at the exit of the secondary air injection slot 

rolled up into the mainstream, merging with the PV. The merging of the PV and the vortices has also been reported by 
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Popovic et al., (2010). Lynch et al., (2013) investigated the impact of secondary air on both profile and secondary loss. 

While the profile loss remained relatively constant, the loss due to secondary flow increased with secondary air swirl. 

The turbine tip clearance flow and associated loss have also been widely investigated over decades, and only a few 

are cited here. A large pressure drop at the pressure side entrance region where the flow enters the tip clearance was 

observed by Wadia and Booth (1982). Booth et al. (1982) assumed that the pressure gradient in the chordwise direction 

was smaller than that in the pitchwise direction to predict the tip clearance flow trajectory. The velocity normal to the 

pressure side was calculated with the velocity parallel to the pressure side remaining constant. Tip clearance flow within 

the clearance was measured by Bindon (1989) in a linear turbine cascade. He experimentally observed pressure drop at 

the pressure side edge of the tip. Bindon (1987) showed that the loss due to the mixing of the tip clearance flow and 

mainstream flow is approximately equal to the loss generated in the tip clearance. Ainley and Mathieson (1951) 

presented correlations for loss associated with tip clearance. Dunham and Came (1970) refined the loss model of (Ainley 

and Mathieson, 1957) using experimental cascade results.  

Thus, the individual effects of secondary air injection and tip clearance flow on loss have been separately 

investigated. However, the compound effect of the tip clearance and the secondary air on loss has not been measured. 

Therefore, this paper aims to answer how the effect of casing coolant injection on loss changes with the presence of the 

tip clearance. 

 

EXPERIMENTAL METHOD 

This study has been carried out at Seoul National University in a low-speed linear turbine cascade. The mainstream 

flow is driven by a 15-kW blower and flows through a settling chamber before entering the blade row. The secondary air 

supplied by a 4-kW secondary blower, passes through its own settling chamber, test section cavity with a variable floor 

and a downstream valve. Coolant mass flow and velocity can be controlled separately by the coolant injection system. 

The slot width is 0.17𝐶𝑥, and the slot's upstream edge is placed at 𝑥/𝐶𝑥=-0.28. The blade geometry in this study has 

been adopted from the turbine rotor tip profile of Behr (2007). Table 1 summarizes the blade characteristics and flow 

conditions. Plates with blade profile with the thickness of tip clearance are put into the gap for the cases without tip 

clearance 

 

Table 1 Cascade Parameters and Flow Condition 

Parameters Numbers 

Inlet blade angle, 𝛽1 -40.7 ° 

Outlet blade angle, 𝛽2 67.4 ° 

Turning angle 108.1 ° 

Chord length, 𝐶 143.5 mm 

Axial chord length, 𝐶𝑥 112.9 mm 

𝑆/𝐶 0.84 

𝐻/𝐶 1.40 

𝜏/𝐶 0.98 % 

Re 326,200 

𝛿𝐵𝐿/𝐻 3.1 % 

Instrumentation 

The mainstream layout and instrumentation locations are schematically represented in Fig. 1(a). A pitot probe and an 

RTD sensor placed at 𝑥/𝐶𝑥 = −0.5 are used to measure the upstream total pressure, static pressure, and temperature. 

The inlet boundary layer is measured with the hot-wire at the middle of the leading edge and downstream lip of the 

coolant injection slot. To avoid the disturbance of the hot-wire stem, the boundary layer is measured at the adjacent 

passage of the central one. The inlet turbulence intensity is 0.5%. The mainstream pitchwise static pressure distribution is 

measured using 34 static pressure taps at 𝑥/𝐶𝑥=1.1. A 5-hole probe with a diameter of 3 mm has been traversed at 𝑥/
𝐶𝑥=1.5 over a grid covering 50~98% span and 1 pitch. The blade loadings at 50% and 96% span are measured. 

The coolant injection system layout and instrumentation locations are shown in Figure 1(b). Static pressure taps are 

used to measure the pitchwise static pressure distribution in the coolant duct at z/H=1.25. A Pitot probe is used to 

measure the coolant total pressure and static pressure at the cavity inlet. Upstream and downstream, two thermal mass 
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flowmeters monitor flow rates at their respective positions. The difference between the two flow rates is the coolant mass 

flow rate, �̇�𝑐. 

Coolant mass flow rate and total pressure change uncertainties (with 95 percent confidence intervals) are calculated 

to be 2.3 percent of the observed value and 0.85 percent of inlet dynamic head, respectively. Table 2 provides more 

information on instrumentation. The numbers in the first column of Table 2 correspond to the station numbers in Fig. 2. 

 
(a) 

 
(b) 

Figure 1 The Layout and Instrumentation of the (a) Mainstream and the (b) Coolant Injection System 

 

Table 2 Measured Parameters and Instrumentation Locations 

No. Section Parameters Location 

① 

Mainstream 

𝑷𝒕𝟏,   𝑷𝒔𝟏 𝒙/𝑪𝒙 =  −𝟏. 𝟎 

② Blade loading 𝒛/𝑯 = 0.5 & 0.96 

③ Static pressure Periodicity 𝒙/𝑪𝒙 =  𝟏. 𝟏 

④ 𝑷𝒕𝟐, 𝑷𝒔𝟐 𝒙/𝑪𝒙 =  𝟏. 𝟓 

⑤ 

Coolant 

Cavity inlet 𝑷𝒕𝒄,   𝑷𝒔𝒄 𝒚/𝑺 = −1.0 

⑥ Periodicity 𝒛/𝑯 = 1.25 

⑦ Mass flow rate, �̇�𝒄 Inlet and outlet of the cavity 
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RESULTS AND DISCUSSION 

The test MFR and SR values are 0.5% and 100% respectively. Table 3 shows the test matrix. The NT and T 

represent the cases without tip clearance and with tip clearance, respectively. The subscript ‘coolant’ represents the cases 

with coolant. 

Table 3 Test Matrix 

 Without coolant With coolant 

Without tip clearance 𝑁𝑇 𝑁𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 

With tip clearance 𝑇 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡  

Effect of Coolant Injection on Loss without Tip Clearance 

Figure 2 shows the measured loss distribution looking upstream from 𝑥/𝐶𝑥=1.5 for the cases without tip clearance. 

In Fig. 2(a), without coolant injection, the wake is located at 60% pitch, stretching from 50% to 70% span. Three loss 

cores at 96%, 85%, and 75% span are evident. They are the suction side corner vortex, passage vortex, and trailing shed 

vortex. The suction side corner vortex and trailing shed vortex rotates in the counterclockwise direction, and the passage 

vortex rotates in a clockwise direction. These well known features are consistent with the previous findings, including 

those of de la Rosa Blanco et al. (2006) and Lynch et al. (2013). With coolant, (Fig. 2(b)), the lossy areas increase 

significantly. While the loss peaks of suction side corner vortex and passage vortex increase, that of trailing shed vortex 

decreases. The spanwise locations of the passage vortex and the trailing shed vortex move toward the midspan due to the 

blockage effect of the coolant - Gallier et al. (2000) and Schrewe et al. (2013). 

 
(a)                                  (b) 

Figure 2 Measured Loss and Secondary Velocity Vector at 𝒙/𝑪𝒙=1.5 for the Cases Without Tip 
Clearance, (a) 𝑵𝑻 𝒄𝒂𝒔𝒆, (b) 𝑵𝑻𝒄𝒐𝒐𝒍𝒂𝒏𝒕 𝒄𝒂𝒔𝒆 

 

Figure 3(a) shows the measured pitchwise mass-averaged deviation at 𝑥/𝐶𝑥=1.5. The positive value of the deviation 

represents the underturning of the main flow. Is this not what you meant to say? For the 𝑁𝑇  case, a typical 

overturlocatednd underturning flow features are shown and the peak of the overturning and underturning locate at 94% 

and 81% span respectively. ????? Compared to the 𝑁𝑇 case, the peak values of the overturning and the underturning of 

the 𝑁𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 case significantly increase. The spanwise locations of the peaks of the overturning and the underturning 

move toward the midspan by 3% and 6% of the span, respectively, due to the migration of the passage vortex and trailing 

shed vortex (as shown in Fig. 2). The pitchwise mass-averaged deviation of the 𝑁𝑇 and 𝑁𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡  cases are 0.10 too 

small? and 1.88 too small? Or ok? Degrees, respectively. 

Figure 3(b) shows the measured spanwise distribution of the pitchwise mass-averaged loss. For the 𝑁𝑇 case, 3 loss 

peaks are evident. The loss peaks associated with the suction side corner vortex, the passage vortex, and the trailing shed 

vortex are located at 98%, 88%, and 77% span, respectively. With coolant injection (𝑁𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 case), the peak values 

increase significantly. The loss in the shear layer between the main flow and the coolant is entrained into the suction side 
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corner vortex, resulting in the increase of loss near the casing. The increase of the loss associated with passage vortex is 

due to the merging of the multiple vortices generated at the exit of the coolant exit slot with the passage vortex (de la 

Rosa Blanco et al. (year?)). With coolant injection, the blade loading at 96% span decreases as shown in Fig. 4. Though 

not shown here, the loading at the midspan is not affected by the injection of the coolant. The tip unloading results in 

increased loading difference between the midspan and tip. Hence, the the trailing shed vortex increases, and loss 

associated with the trailing shed vortex increases. 

 
(a)                                          (b) 

Figure 3 Pitchwise Mass-averaged Deviation and Loss Distribution at 𝒙/𝑪𝒙=1.5 for the Cases Without 
Tip Clearance, (a) Spanwise Deviation, (b) Spanwise Loss 

 

 

Figure 4 Blade Loading at 96% Span for the Cases Without Tip Clearance 

Effect of Coolant Injection on Loss with Tip Clearance 

Figure 5 shows the loss and secondary velocity vector distribution looking upstream from 𝑥/𝐶𝑥=1.5. With tip 

clearance, the tip clearance vortex is located closer to the casing instead of the suction side corner vortex. The centers of 

the passage vortex and the trailing shed vortex loss cores are located at 80% and 72%, span respectively. The wake is 

located at the same pitchwise location as that for the 𝑁𝑇 case; however, wake stretches only from 50% to 63% span due 

to the enlarged passage vortex and trailing shed vortex. Compared to cases without tip clearance, those associated with 

the tip clearance vortex of the 𝑇 case are significantly larger.??? Cannot understand. The effects of coolant injection on 

the passage vortex and trailing shed vortex are similar to those for the cases without tip clearance. The loss region 

associated with tip clearance vortex is little affected by the coolant injection. 
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(a)                                  (b) 

Figure 5 Total Pressure Loss at 𝒙/𝑪𝒙=1.5 for the Cases with Tip Clearance, 

(a) 𝑻 𝒄𝒂𝒔𝒆, (b) 𝑻𝒄𝒐𝒐𝒍𝒂𝒏𝒕 𝒄𝒂𝒔𝒆 

 

Figure 6(a) shows the spanwise distributions of the pitchwise mass-averaged deviation with tip clearance. Without 

coolant injection, compared to the 𝑁𝑇 case, an underturning near the casing occurs due to tip clearance vortex. Below 

92% span, overturning and the underturning are increased, signifying stronger secondary flow. The spanwise locations of 

maximum overturning and the underturning (relative to midpan) migrates toward midspan by 2% and 4% of span, 

respectively. The effect of the coolant injection on deviation below 92% span is similar to the cases without tip clearance. 

The underturning near the casing due to tip clearance vortex decreases with coolant injection. The pitchwise mass-

averaged deviation of the 𝑇 and 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 cases are 1.43 and 2.43 degrees, respectively. 

The spanwise distributions of the pitchwise mass-averaged loss is shown in Fig. 6(b). Similar to the cases without tip 

clearance, with the coolant injection, the losses associated with passage vortex and trailing shed vortex increase. 

However, the loss near the casing is hardly affected by the coolant injection. The loss due to the shear between the main 

flow and coolant flow increase. However, as the tip is unloaded with coolant injection (Fig. 7), the tip clearance flow 

decreases and resulted in a decrease of tip clearance vortex loss.  

 
(a)                                      (b) 

Figure 6 Pitchwise Mass-averaged Deviation and Loss Distribution at 𝒙/𝑪𝒙=1.5 for the Cases with Tip 
Clearance, (a) Spanwise Deviation, (b) Spanwise Loss 
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Figure 7 Blade Loading at 96% Span for the Cases with Tip Clearance 

 

Table 4 shows the spanwise and pitchwise mass-averaged loss for 50~98% span. The coolant injection effect on loss 

can be assumed to be the difference between 𝑁𝑇  and 𝑁𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 (Eq. 3). Similarly, the loss difference between 𝑁𝑇  
and 𝑇  (Eq. 4), and between 𝑁𝑇  and 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡   (Eq. 5) can be assumed to quantify, respectively, the effects of the 

presence of the tip clearance and the compound effects of the tip clearance and the coolant injection. The individual 

effects of the coolant injection and the presence of the tip clearance on loss are 0.0201 and 0.0324, respectively. The 

compound effect on loss is 0.0435 which is 17.1% smaller than the sum of the individual effects (Eq. 6). This difference 

is caused by the loss reduction due to tip unloading. 

𝑌𝑝,𝑁𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡
− 𝑌𝑝,𝑁𝑇 = ∆𝑌𝑝,coolant = 0.0201. (3) 

𝑌𝑝,T − 𝑌𝑝,𝑁𝑇 = ∆𝑌𝑝,tip clearance = 0.0324. (4) 

𝑌𝑝,𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡
− 𝑌𝑝,𝑁𝑇 = ∆𝑌𝑝,compound = 0.0435. (5) 

∆𝑌𝑝,coolant + ∆𝑌𝑝,tip clearance > ∆𝑌𝑝,compound  (6) 

 

Table 4 Spanwise and Pitchwise mass-averaged loss in 50~98% Span 

50~98% span Without coolant With coolant 

Without tip clearance 0.0373 0.0574 

With tip clearance 0.0697 0.0808 

 

CONCLUSIONS 

The flow field and loss have been measured in a low-speed linear turbine cascade with and without casing coolant 

injection and tip clearance. The test mass flow rate ratio and the non-dimensional swirl of the coolant are 0.5% and 100% 

respectively. The tip clearance is 0.98% of the true chord length.  

Without tip clearance,  

1. The peak values of the overturning and underturning due to passage vortex and trailing shed vortex significantly 

increase with coolant injection. The mass-averaged deviation increases by 1.8 degree.  

2. The loss near the casing increases due to the shear between the main flow and the coolant. In addition, the losses 

associated with the passage vortex and the trailing shed vortex increase due to the multiple vortices generated at 

the coolant injection slot exit and tip unloading. The mass averaged loss increases by 53.9%. The increased loss 

is due to the increase of loss associated with the passage vortex, trailing shed vortex, and the additional loss in 

the shear between the main flow and the coolant flow. 

With tip clearance, 

1. The effects of the casing coolant injection on the deviation and the loss associated with passage vortex and 

trailing shed vortex are qualitatively similar. The mass-averaged deviation and loss increase by 1.0 degree and 

0.0111, respectively. 
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2. The loss near the casing is little affected by the casing coolant injection. Though the shear loss occurs with 

casing coolant injection, the loss reduced by the tip unloading has a little difference from it, resulting in a 

negligible change in loss near the casing. An increase of loss due to casing coolant injection with tip clearance is 

mostly due to the increases in losses associated with the passage vortex and trailing shed vortex. 

NOMENCLATURE 

𝐶   True chord length [ mm ] 

𝐶𝑝  Pressure coefficient [ - ] ( 𝑃𝑠/0.5𝜌𝑉1
2 ) 

𝐶𝑥  Axial chord length [ mm ] 

𝐻   Span [ mm ] 

�̇�  Mass flow rate [ kg/s ] 

NT  Cases without tip clearance [ - ] 

𝑃0   Upstream total pressure [ Pa ] ( (�̇�1𝑃𝑡1 + �̇�𝑐𝑃𝑡𝑐)/(�̇�1 + �̇�𝑐) ) 
𝑃𝑠  Static pressure [ Pa ] 

𝑃𝑡  Total pressure [ Pa ] 

𝑅𝑒  Reynolds number ( 𝑉1𝐶/𝜈 ) 

𝑆  Pitch [ mm ] 

T  Case with tip clearance [ - ] 

U  Blade tip tangential velocity [ m/s ] 

V  Absolute flow velocity [ m/s ] 

x  Axial position from the LE [ mm ] 

y  Tangential position form the LE [ mm ] 

𝑌𝑝   Loss coefficient [ - ] ( (𝑃0 − 𝑃𝑡2)/(𝑃0 − 𝑃𝑠2) ) 
𝑧   Spanwise position from the hub [ mm ] 

𝛼  Absolute flow angle [ deg ] 

𝛽  Blade angle [ deg ] 

𝛿  Deviation [ deg ] (𝛼2 − 𝛽2) 

𝛿𝐵𝐿  Boundary layer thickness [ mm ] 

𝜈  Kinematic viscosity [ m2/s ] 

𝜌  Density [ kg/𝑚3 ] 

𝜏  Tip clearance [ mm ] 

 

Subscripts 

c   Associated with coolant 

coolant Cases with coolant injection 

1      Inlet 

2  Exit 

x  Axial component 

y  Tangential component 
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