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ABSTRACT 

An experimental study was conducted to investigate the influence of the slot jet on the cooling performance of a slot-
effusion combined cooling scheme with a simulated swirling flow of the lean-burn combustor. PIV (particle image 
velocimetry) results show the slot jet reshapes the large-scale vortex structure and changes the lift-up effect of effusion 
jets. PSP (pressure-sensitive paint) results show there is still a region lacking the coverage of the slot coolant with an active 
slot, and here adiabatic cooling effectiveness ηad decreases downstream of holes. This phenomenon is enhanced by the 
lower effusion pressure drop. Consequently, the laterally averaged ηad shows an increase of 27% in the downstream of 
effusion plate when ΔP= 3%. While for ΔP=1% and 2%, the introduction of slot jet leads to an unchanged or slightly 
declined laterally averaged ηad in the region of 40<x / D<60. Moreover, the slot jet inhibits the lift-up effect of effusion jets 
when ΔP=3% resulting in a maximum rise of 180.0% for the area-averaged ηad. PIV and PSP results indicate the importance 
of the match for the pressure drops of the slot jet ΔW and effusion jetsΔP. From the present study, the same pressure drop 
(3%) for slot and effusion jet shows better cooling performance. 

INTRODUCTION 
The lean-burn combustor system is one of the most important approaches to low-emission aviation. In the lean-burn 

combustor system, the coolant for the combustor decreases from 70% of the total amount of air to 30% compared to the 
conventional system (Wurm et al., 2013) and the consumption of cooling air is expected to be reduced by about 50% 
(Behrendt et al., 2008). At the same time, the main flow in the lean-burn combustor is characterized by the high swirling 
number(Sn>0.6) (Lilley, 1977)and the spatiotemporal instability of the swirling main flow deeply influences the ejection 
behavior of coolant. Cooling design and prediction of the lean-burn combustor become more challenging.    

Effusion cooling is a type of perspective cooling technology and has been widely applied to the combustor liner. For 
effusion cooling, the coolant is injected into the mainstream through a large number of discrete small holes to protect the 
wall(Gustafsson, 2001). But on the first part of the liner, the coolant superposition effect is so weak that additional cooling 
air is needed. A common practice is to add a slender slot at the head of the liner to provide additional cooling gas leading 
to a slot-effusion combined cooling scheme.  

The coolant consumption of the slot can reach 30% of the total amount of the coolant (Gerendas, 2014) in such a 
combined scheme to realize an overcooled design because of the lacking knowledge of the flow and the heat transfer. A 
better understanding of the slot coolant behavior and its effect on effusion jets under the swirling condition is highly 
necessary to reduce coolant consumption. The slot-effusion combined cooling scheme with a dilution hole was studied by 

http://www.gpps.global/
mailto:ShaoHongyi@sjtu.edu.cn
mailto:kcwang@sjtu.edu.cn
mailto:zhouww@sjtu.edu.cn
mailto:idgnep8651@sjtu.edu.cn
mailto:yzliu@sjtu.edu.cn
https://cn.bing.com/dict/search?q=decline&FORM=BDVSP6&cc=cn
https://dict.youdao.com/w/practice/#keyfrom=E2Ctranslation


2 

Ceccherini et al. (Ceccherini et al., 2009) under the uniform incoming flow. Qu’s work(Qu, Zhang, and Tan, 2017; Qu, 
Zhang, and Tan, 2018)  showed the slot-effusion combined scheme had better cooling effectiveness compared to the single 
scheme with the same coolant consumption and the blowing ratio combination of Msl= 0.5 and Meff= 0.4 showed a more 
obvious improvement in overall cooling effectiveness. More recently, Austin Click et al. (Click et al., 2021) studied the 
cooling performance of slot and double-wall effusion cooling combined scheme. The convective heat transfer coefficient 
and adiabatic cooling effectiveness on the hot side were measured. Results showed that the introduction of the slot greatly 
improved the cooling effectiveness upstream of the test plate and reduced the convective heat transfer coefficient 
downstream of the experimental plate. These work showed the excellent cooling performance of the combined scheme, but 
the acquired knowledge is hard to applied under swirling condition.   

Wurm (Wurm, Schulz, and Bauer, 2009; Wurm et al., 2013) designed the test facility according to the real engine 
dimensions and operating conditions and then studies the cooling performance and the penetration behavior of the slot jet 
under swirling conditions. It was found that the cooling effectiveness and the penetration of the slot jet decreased in the 
swirling stagnation area. Andreini (Andreini et al., 2016) studied the slot effect on the corner vortex under swirling 
conditions by PIV measurement, while the effusion jets' behavior was not captured because of the resolution of PIV 
measurement and the discussion of the slot jet effect on the effusion jets was hence limited. But in the PSP measurement, 
the contributions of slot jet and effusion jets were decoupled by feeding the slot with air, not foreign gas. In Andreini’s 
following work (Andreini et al., 2017), experiments for effusion cooling with and without slot jet were performed under 
different effusion pressure drop with different inclined effusion hole angle were performed, the slot effect was only 
discussed in the region of 0< x / Sx<2.  

To authors’ knowledge, the comparative studies for the single scheme and the combined scheme under swirling 
conditions are still very limited in the open literature, which are beneficial for a better understanding of the slot jet cooling 
behavior and its impact on the effusion cooling. In this paper, three axial swirlers are designed to generate the simulated 
swirling flow. The influence of slot coolant on the flow field and the adiabatic cooling effectiveness is studied compared 
with the blocked slot under the simulated swirling flow. The comparative studies show the importance of the match for the 
slot pressure drop and effusion pressure drop. 

EXPERIMENT SETUP AND METHODOLOGY 
Experiments setup. Figure 1 shows a schematic of the test rig. It consists of a scaled combustor chamber working at 

the ambient and non-reacting conditions. Three axial swirlers are installed to reproduce the simulated flow condition in the 
low-emission combustor. The main geometric dimensions of the combustor chamber are X = 162.2mm, Y = 140mm, and 
Z = 303mm. The outlet of the chamber is convergent. The mainstream is powered by a centrifugal blower which can 
provide a total pressure rise of 9430 Pa for 1023m3 air per hour at the full power of 45kw. A frequency converter (Danfoss 
FC302P45KT5) is equipped to ensure the blower provides the required pressure drop through the swirlers. Three axial 
swirlers designed with a swirl number of 1.0 are mounted at the head of the chamber to generate simulated swirling 
incoming flow. The swirling direction is counterclockwise when looking from downstream to upstream. Figure 2 (a) depicts 
the detailed geometry of the swirler, it consists of 12 vanes with a vane angle of 51.22⁰. The external diameter D1 and 
internal diameter D2 are 81mm and 46mm. The axial length of vanes H is 23mm. The swirl number is determined by the 
vane angle 𝜃, D1, and D2 according to Equation (1): 

( )

( )

3

2 1

2

2 1

1 /2
tan

3 1 /

D D
Sn

D D


−
=

−
  (1) 

The cooling scheme consists of a slot and an effusion plate. The slot is fixed under the heat shield with 2mm in high and 
206mm in wide to provide a starter film. The center of the slot outlet is at the origin of the coordinates. Fig 2 (b) shows the 
geometry of the effusion liner plate manufactured by the rapid prototype. It consists of 7 staggered rows of effusion holes 
and the first row of holes is located at 14.8mm downstream of the slot outlet. The hole diameter D is 2mm inclined with 
an angle of 30°. The pitch of the hole in the streamwise is Sx = 8.0 and Sz = 7.8 for the spanwise. The dimensionless wall 
thickness is ℎ / 𝐷 = 2.5. The coolant supplied to the slot and the effusion liner plate can be controlled separately. An 8-
channel pressure scanner was used to monitor the pressure in each part of the experimental setup with the precision of 
±0.1% at full scale. Pressure taps mounted at the centerline of the sidewall upstream and downstream 40 D from swirlers 
are connected to the scanner monitoring the pressure drop through the swirlers. The pressure taps for the slot plenum and 
the effusion plenum are both mounted at the sidewall of the second path channel to monitor their pressure drops. 
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Figure 1 The schematic of the test rig 

 

  
(a) （b） 

Figure 2 (a) Detailed swirler geometry, (b)  Detailed effusion plate geometry 
 

PIV measurement. In the PIV measurements, the measured plane is perpendicular to the effusion plate passing 
through the center of the central swirler and the middlemost effusion holes(Figure 3 (a)). Experiments were conducted 
using a 2-D PIV system. A pulsed neodymium-doped yttrium aluminum garnet laser (430 mJ/pulse, 532 nm, 8 ns, Vlite, 
China) was employed to generate a 1-mm-thick laser sheet. PIV particles (diethylhexyl sebacate oil droplets) were seeded 
from the mainstream, the slot plenum, and the effusion plenum. Moreover, a high-resolution charge-coupled device camera 
(4872*3248 pixels, IMPERX, USA) recorded 800 pairs of images at a frequency of 1 Hz to acquire the time-averaged 
velocity fields. The camera and laser were triggered by the PIV synchronizer. To capture the effusion jets as detailed as 
possible, the region of interest is 106mm*60mm covering the slot, three effusion holes, and half of the swirler. To reduce 
the reflection of the laser sheet, a matte coating (MUSOU BLACK, Japan) was sprayed on the surface of the effusion plate 
and swirlers. Consequently, the flow fields 1mm from the wall can be measured. The size of the interrogation window was 
16*16 pixels with a 50% overlap, which yielded a measurement grid with a spacing of 0.37*0.37mm2. 

PSP measurement. Fast-response pressure-sensitive paint (PSP) is used to determine the adiabatic cooling 
effectiveness 𝜂𝑎𝑑, which is defined as follows: 

aw
ad

c

T T

T T
 



−
=

−
.  (2) 

where 𝑇∞  is the temperature of the mainstream flow, 𝑇𝑎𝑤  represents the adiabatic wall temperature and 𝑇𝑐  is coolant 
temperature. The thermal and concentration boundary layers are of the same order when the turbulence Lewis number is 
close to 1. Consequently, the analogy between mass and heat transfer is reasonable, equation (2) can be written with oxygen 
partial pressure(Han and Rallabandi, 2010): 
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As is shown in Fig 3 (b), when excited by ultraviolet light (450nm), the luminous molecules in PSP will emit longer-wave 
light (625nm), and its intensity is related to the partial pressure of the local oxygen on the measured surface. A 12-bit 
PCO.dimax HS4 camera was used to capture the emitted light providing a high spatio-temporal resolution of 0.0925 
mm/pix and 1800 fps. A filter was mounted in front of the lens to filter light of other wavelengths. The partial pressure of 
oxygen in Equation (3) can be acquired by the calibrated curve of partial pressure of oxygen about intensity ratio. For more 
details, it can be referred to (Han and Rallabandi, 2010). To reduce the wall effect, the region of interest in adiabatic cooling 
effectiveness measurement only covers the middle swirler in the z span (−25.3 < 𝑧 / 𝐷 < 25.3).  

      
(a)                                                                          (b) 

Figure 3 (a). Experimental test rig for PIV measurements, (b). Experimental test rig for PSP 
measurements 

 
To minimize measurement uncertainty, an interrogation window of 5 × 5 pixels and a spatial averaging with a 50% 

overlap rate were conducted during data processing. According to Johnson and Hu (Johnson and Hu, 2016), the relative 
uncertainty in time-averaged effectiveness was estimated to be within 0.90% for 𝜂ad = 0.4 and 2.1% for 𝜂ad = 0.2. The 
relative uncertainty for the root-mean-square (RMS) of  cooling effectiveness was estimated to be within 5.9% for 𝜂ad = 
0.4 and 7.0% for 𝜂ad = 0.2. 

Test conditions. The experiments were conducted under the typical flow parameters in the actual combustor. The 
mass flow rate of the mainstream is controlled by the mainstream pressure drop 𝛥𝑃𝑚𝑎𝑖𝑛 through swirlers. It is defined as 
follows: 
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Where 𝑃𝑢𝑝  is the averaged static wall pressure upstream swirlers and 𝑃𝑑𝑜𝑤𝑚  is the averaged static wall pressure 
downstream swirlers. For mainstream, in both PIV and PSP experiments 𝛥𝑃𝑚𝑎𝑖𝑛 was kept as 3%, and Sn = 1.0. The pressure 
drop of the effusion plate is defined as follows: 
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Where the 𝑃𝑒𝑓𝑓  is the static pressure in the effusion plenum. The values of ΔP were set as 0%, 1%, 2%, and 3%. The value 
of 3% is referred to the combustor condition with a normal cooling scheme. The decreased coolant supply (1% and 2%) 
can represent the coolant arrangement when the convection at the cool side of the liner is enhanced by some means. 0% 
means the effusion holes are blocked. The pressure drop through the slot is defined as follows: 
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Where the 𝑃𝑠𝑙𝑜𝑡  is the static pressure in the slot plenum. ΔW was set as 0% and 3%. 0% means the slot is blocked and 3% 
is the representative value in the combustor. The mass flow rate information for the mainstream and the coolant is given in 
Table 1. The temperature for the three jets is kept at room temperature 300K. The PIV and PSP test matrix is given in Table 
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2. When the slot is active, the pressure was kept constant at 3% in Case 1， Case3, Case 5, and Case 7. Table 2 shows the 
PIV and PSP test matrix.  

Table 1: mass flow rate 

Pressure drop Mass flow rate(g/s) 
Mainstream Slot coolant Effusion  coolant 

1% \ \ 13.0 
2% \ \ 18.9 
3% 182.4 15.0 23.5 

Table 2: Test matrix 
 Slot flow Effusion flow Experiment 

Case 1 On Off PSP 
Case 2 Off ΔP = 1% PSP 
Case 3 On ΔP = 1% PSP 
Case 4 Off ΔP = 2% PSP 
Case 5 On ΔP = 2% PSP 
Case 6 Off ΔP = 3% PSP and PIV 
Case 7 On ΔP = 3% PSP and PIV 

 

RESULT AND DISCUSSION   
PIV result. To underpin the analysis of the effect of the slot jet behavior on the cooling performance, Figure 4 shows 

the measured flow field on the X-Y plane of Case 6 and Case  7. The velocity magnitude of both the full measured field 
and detailed near-hole regions are given with different legends. 

When the slot is blocked, the mainstream flow is ejected from the swirler at a high velocity. A central recirculation 
zone (CRZ) centred downstream at x / D = 26 and a corner recirculation zone centred at x / D = 3.5, y / D = 8.5 are formed. 
The velocity of the mainstream jet decreases rapidly in the region of -5 < x / D <30. Then the mainstream jet impinges on 
the effusion plate at a moderate velocity in the region of x / D = 10~20, dispersing upstream and downstream. Due to the 
corner recirculation vortex, the coolant discharged from the 1st hole is lifted and flows toward the outlet of the blocked 
slot. For the 3rd hole, the upstream flow is almost parallel to the wall, the effusion jet velocity from the hole is comparable 
to the velocity of the mainstream. For the 5th hole, the angle of the effusion jet is slightly smaller than that of the 3rd hole, 
but the velocity is significantly larger than that of the 3rd hole.  

The flow structure is significantly changed for the active slot. Compared with the blocked condition, the corner 
recirculation zone noticeably shrinks and its center is closer to the heat shield at x / D= -1. For the central recirculation 
zone, streamlines and the effusion surface are at an angle of 30°~60° rather than 90° in the region of x / D = 45, compared 
to the disabled slot condition. It means the central recirculation vortex is stretched in the y = x direction by the introduction 
of the slot jet. In the near-wall region, the slot coolant is discharged with a high velocity and then slows down. Due to the 
reduction of the corner recirculation zone and the appearance of the slot jet, the coolant from the 1st hole can be discharged 
directly along with the hole inclination with a higher velocity compared to the case with the blocked slot. Then the jet from 
the 1st hole is forced to change the flow direction by the impingement of the mainstream at the height of y / D=2.2. Coolant 
from the 3rd hole discharges at a smaller angle to the wall and at a slower speed compared to the 1st hole. While coolant 
from the 5th hole discharges at the smallest angle, its velocity downstream near the wall is greater than that of the 3rd hole. 
From 1th hole to the 5th hole, the ejection angles of the effusion jets decrease, which means enhanced attachment to the 
wall. 

 

  
          (a). Measured full field for Case 6           (e). Measured full field for Case 7 
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          (b). 1st hole for Case 6 

 
          (f). 1st hole for Case 7 

  
          (c). 3rd hole for Case 6 

 
          (g). 3rd hole for Case 7 

  
          (d). 5th hole for Case 6           (h). 5th hole for Case 7 

 
          Figure 4 Measured  flow field on X-Y plane for  Case 6 and Case 7 

 
From the comparison of the left column and the right column of Figure 4, the effects of the slot jet can be concluded 

as follows: (a). the slot jet reshapes the large-scale vortex structures, shrinking the corner vortex and stretching the central 
recirculation vortex. (b). the slot jet changes the ejection performance of effusion coolant: for the 1st hole, it increases the 
velocity and enhances attachment to the wall; for the 3rd and 5th holes, it damages the attachment to the wall. 

PSP result. Figure 5 (a) depicts the adiabatic cooling effectiveness distribution when the slot is active and the effusion 
plate is blocked (black ellipses represent blocked holes). The swirling mainstream leads to a non-uniformity of the slot 
coolant coverage in the lateral direction. It can be considered uniform in the region of -25.3 < z / D <14, while it decreases 
significantly in the region z / D > 14. A similar phenomenon was observed in Gerendas’ work (Gerendas, 2014). This is 
because the swirling mainstream partially blocks the slot jet and it introduces cross flow under the heat shield. The laterally-
averaged adiabatic cooling effectiveness of the slots rapidly decreases from 0.95 to 0.05 in the region of 0 < x / D < 30, 
while there is almost no coolant appearing in the lower right area. 

The adiabatic cooling effectiveness distribution of Case 6 where the slot is blocked and the effusion plate is active is 
pictured in Figure 5 (b). The distribution is characterized by the different coolant superpositions on two sides of z / D = 22. 
The effusion jets from the first two rows of holes are deflected to the spanwise due to the swirling mainstream, resulting in 
the superposition of coolant film in the spanwise. The length of the coolant films of the first row of holes is shorter than 
that of the rest rows of the holes. According to the results of PIV, it is partially due to the lifted coolant by the corner vortex. 
In the region of z / D<-12 between the first and second row of holes, part of the region is hardly covered by coolant because 
it is at the beginning of the lateral overlap of the coolant, leading to a triangular region with a low ηad closed to 0. The film 
superposition in the x-direction can be observed from the third row of holes. The curve of the laterally averaged adiabatic 
cooling effectiveness in Figure 5 (d) shows the result of the superposition: the effectiveness rises from 0.05 to 0.17 with 
some peaks in the region of 22 < x / D < 61. As mentioned in the discussion of the PIV results, the magnitude velocity of 
the coolant jet from the 5th hole is higher than that of the 3rd hole, which means that the effusion jets are more robust with 
a higher mass flow rate. Consequently, the effusion jets from the fifth row of holes are slightly deflected by the swirling 
mainstream compared to the third row of holes. 

The cooling effectiveness distribution of the case where the slot and effusion plate are both active is shown in Figure 
5 (c). The slot film keeps the same pattern but slightly extends downstream compared to that in Figure 5 (a). The cooling 
effectiveness in the area between the first and second row of holes is significantly higher than the sum of results in (a) and 
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(b). The laterally averaged cooling effectiveness drops sharply from 0.95 at the slot exit to 0.25 at the leading edge of the 
second row of holes. Then it keeps stable with a negligible increase further downstream, which is resulted from the balance 
of the deteriorated slot film and the enhanced effusion film by superposition. 

 

 

  
(a). Case 1: Slot on, effusion off (b). Case 6: Slot off, ΔP =3% 

  
(c). Case 7: Slot on, ΔP=3% (d). laterally averaged ηad ( |z / 𝑫|<25.3) 

Figure 5 Adiabatic cooling effectiveness distribution and laterally averaged ηad ( |z / 𝑫|<25.3) 
 

Figure 6 plots the cooling effectiveness profiles at four different positions x / D = 5 (slot outlet), x / D = 10 (trailing 
edge of the 1st row of holes), x / D = 26(trailing edge of the 3th row of holes), and x / D = 42 (trailing edge of the 5th row 
of holes) for Case 1, Case 6, and Case 7. In figure 6 (a), from Z = -25.3 to Z = 25.3, the profile of Case 6 slightly increases 
from 0.045 to 0.07 When only the effusion plate is active. Due to the presence of the corner vortex in the front edge of the 
first row of holes, ηad in this region is not 0. At the same time, because of the lateral superposition of effusion coolant, there 
is a slight increase for ηad. The difference between Case 1 and Case 7 is much larger than the value of Case 6, especially at 
the margin. From the PIV results of Case 7, the coolant from the 1st effusion hole is discharged downstream. Hence the 
difference between Case 7 and Case 1 is not caused by the effusion jets, but by the predominated slot jet behavior. As for 
Figure 6 (b) (x / D = 10), there is no rising peaks as in Figure 6 (c) and (d).This is because coolant from the first row of 
holes is deflected and the location is at the edge of the jet trail for Case 6; the slot plays a major role for Case 1 and Case 
7. For x / D = 26, it can be seen in Case 1 that the effect of the slot has been severely weakened, and there is no cooling 
effect in the part region of z / D<0. Since the tangential velocity of the swirling mainstream on the plate is along with the 
z / D > 0 direction, a slight increase in cooling efficiency can be seen along with the z-direction. The ηad of Case 7 is greater 
than that of Case 6 in most areas, except for the position of the first hole from the left side where they are overlapped. In 
Figure 6 (d) (x / D = 42), the difference between Case7 and Case6 is further reduced compared to the 3rd row of holes, and 
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most of the protruding spikes overlap. The gap between Case 7 and Case 6 in the area between the spikes is caused by the 
introduction of the slot, which improves the ηad for z / D >-14 and reduces it for -23 < z / D < -14. 
 

  
(a). x / D = 5 (b). x / D = 10 

  
(c). x / D = 26 (d). x / D = 42 

Figure 6 Adiabatic cooling effectiveness profiles 
 

To further investigate the effect of the interaction between the slot jet and the effusion jet in the swirling flow field on 
the cooling effectiveness, Figure 7 presents: (a) the result of ηad distribution of Case 7 minus that of Case 6, which can be 
considered as the effect of the additional slot jet based on the active effusion plate, (b) the result of ηad of Case 7 minus that 
of Case 1, which can be considered as the effect of the additional effusion jets based on the active slot. Figure 7 (a) can be 
divided into two areas, the majority of the region in the upper left of the dashed line is the area where the cooling 
effectiveness increases significantly, and in this area, some white stripes can be observed downstream of the holes. Their 
positions coincide with the effusion jet traces in Case 6. This phenomenon, cooling performance enhancement of slot jet is 
not obvious at the positions of the effusion jet traces, maybe the results of blown up slot jet by effusion jet, so that the lifted 
slot jet and the effusion jets are not well superimposed. For the lower right region of the dashed line, the cooling 
effectiveness enhancement of the slot is not obvious. In this region, there is almost no coolant coverage according to Figure 
5 (a). It is noteworthy for the appearance of areas with the shape of effusion jet traces for reduced and increased ηad 
downstream of the hole. These areas mean that the introduction of the slot film changes the positions of the centrelines of 
the effusion jets. The areas for reduced cooling performance are larger and more obvious than the areas for increased 
cooling performance. It indicates that the flow rate of effusion coolant is reduced or the attachment of the effusion jets to 
the wall is weakened when the slot jet is introduced. Figure 7 (b) illustrates the effect of the effusion plate based on the 
active slot. It can be judged from the area for increased ηad at the trailing edge of the first row of holes(circled by the red 
dash lines) that the effusion jet from the first row of holes does not deflect as much as it in Case 6. It is also confirmed by 
the results of the PIV experiment. The coolant from 1st hole is deflected from the measured plane in the PIV measurement 
of Case 6, hence the effusion jet is not captured in the vicinity. While the areas in the red dash agree with the observed 
effusion jet in the PIV measurement of Case 7. It can be concluded that the slot jet can protect the effusion jets from being 
deflected in the corner vortex region from PSP and PIV evidence. 
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(a). Case 7 – Case 6 (b). Case 7 – Case 1 

 
Figure 7 (a). Effect of slot jet on the adiabatic cooling effectiveness distribution, (b). 

Effect of effusion jet on the adiabatic  cooling effectiveness distribution 
 

To investigate the effect of the additional slot jet on the cooling performance on the base of the active effusion flow 
under different effusion pressure, Figure 8 gives the compared plots of the laterally averaged ηad for the active and disabled 
slot when ΔP =1%, 2%, and 3% in the left column. In the right column, the counters are the difference between the active 
and the disabled slot under the mentioned pressure drops( Case 3 – Case 2, Case 5 – case 4, and Case 7 – Case 6). From 
the line plots in the left column, it can be found that at the high effusion pressure drops ΔP = 3%, there is an obvious 
enhancement of the cooling effectiveness downstream (x / D > 40) when introducing the slot. When the effusion pressure 
drop is reduced to 2%, the laterally averaged ηad downstream (x / D > 40) almost overlaps in the plot. When the effusion 
pressure drop decreases to 1%, the laterally averaged ηad for the case of the active slot is lower than that of the disabled slot 
at part of downstream. In the right column, it can be seen that as the pressure drop increases, the area of the lower right 
side of the dashed line decreases from 500D2 to 300D2. When the effusion pressure drop is lower, the regions with increased 
and decreased ηad (blue and red film trace) are more obvious in the mentioned area, resulting from a deflection of the 
effusion jets with an additional slot jet. The effusion pressure drop is smaller, the robustness is weaker. Consequently, 
there’s a higher possibility for effusion jets to be affected by an additional slot jet under a low pressure drop. Moreover, 
the red region is always stronger than the blue region, which means a deterioration of cooling performance when the slot 
is active. For the low effusion pressure drop of 1%, the additional slot jet severely deteriorates the cooling effectiveness in 
the part of the downstream possibly due to a reduction of the flow rate or a weakening of the attachment to the wall of the 
effusion coolant. For a deeper understanding of this phenomenon, CFD analysis of the three-jet flow field is on the list for 
future work. The coupling of the slot pressure drop and the effusion pressure drop in cooling performance should be 
considered when dealing with the coolant arrangement in the liner cooling design. From the available experimental results, 
the slot pressure drop and the effusion pressure drop should be kept at the same level. 

Figure 9 gives the laterally averaged adiabatic cooling effectiveness and the area-averaged adiabatic cooling 
effectiveness for all the tested cases. When the slot is blocked, it is noteworthy that at the trailing edge of the holes (locations 
of peaks in line plots), the laterally averaged ηad for ΔP = 3% is always less than that of ΔP = 1% and 2%. The possible 
reason is the separation of the effusion jets from the wall Case 6. Then it exceeds that of ΔPeff = 1% about 1 D downstream 
of the hole.When the slot is active, the laterally averaged ηad of the three cases are almost the same from the slot exit to the 
leading edge of the second row of holes, decreasing from 0.95 to 0.25. For the downstream of the second row of holes, the 
rise of ΔP acts out of the enhancement for cooling performance, which is different from the situation where the slot is 
blocked. As is illustrated in Figure 9 (c) the increase of effusion pressure drop leads to different results for the active and 
disabled slot. A great number of studies on the effect of blowing ratio on cooling effectiveness show that the cooling 
effectiveness grows with the blowing ratio increasing within a certain range, and decreases when the blowing ratio increases 
out of the range due to the separation of the coolant. From the results of laterally averaged and area-averaged cooling 
effectiveness, the slot jet inhibits the lift-up effect of the slot coolant, which enlarges the range where the cooling 
effectiveness and effusion pressure drop are positively correlated. Consequently the introduction of slot jet leads to a 
maximum rise of 180.0% in area-averaged ηad for ΔP = 3% compared to 132.5% for ΔP = 2% and 131.1% for ΔP = 1%. 
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(a). laterally averaged ηad for Case 2  
and Case 3 

(b). Case 3 - Case 2 

  
(c). laterally averaged ηad for Case 4  

and Case 5 
(d). Case 5 - Case 4 

 
 

(e). laterally averaged ηad for Case 6  
and Case 7 

(f). Case 7 - Case 6 

 
Figure 8 Slot effect under different pressure of drop of effusion jet 
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(a). Laterally averaged ηad (slot off) (b). Laterally averaged ηad (slot on) 

 

   

Figure 9. Laterally averaged ηad and area-
averaged ηad 

(c). Area-averaged ηad (all the tested 
cases ) 

Conclusion  
An experimental investigation has been conducted to study the influence of the introduction of the slot jet on the 

cooling performance of a scaled lean-burn combustor liner with the simulated swirling condition. Experiments were carried 
out at ambient and non-reacting conditions. The mainstream is discharged through three swirlers designed with Sn = 1.0. 
2D PIV technique was used to acquire the flow fields for both the active slot and the blocked slot with the same effusion 
pressure drop ΔP = 3%. Measured flow fields underpin the analysis of the effect of the slot jet behavior on the cooling 
performance. The adiabatic cooling effectiveness distributions with high resolution are determined by the PSP technique. 
The PSP experiments show the effect of slot jet under the effusion pressure drop ΔP = 1%, 2%, and 3% compared to the 
blocked slot. The conclusions can be summarised as follows: 

 
(a) The additional slot jet causes the shrinkage of the corner vortex and makes effusion coolant from the 1st holes 

eject downstream. Attachments to the wall of effusion coolant are enhanced from the 1st hole to the 5th hole for 
the active slot.  
 

(b) There is still a region lacking the coverage of the slot coolant with an active slot and cooling performance in this 
region is decreased. Moreover, this phenomenon is strengthened by a lower effusion pressure drop. The 
introduction of the slot jet does not guarantee an increase of ηad downstream. Consequently, the laterally 
averaged ηad shows an increase of 27% at the downstream of effusion plate (x / D > 40) when ΔP= 3%. While 
for ΔP=1% and 2%, the introduction of slot jet leads to an unchanged or slightly declined laterally averaged ηad. 
The maximum local drop of ηad can reach 0.19 because of the additional slot jet when ΔP=1%.  

 
(c) The slot jet inhibits the lift-up effect of effusion jets when ΔP = 3% and leads to a maximum rise of 180.0% in 

area-averaged ηad compared to 132.5% for ΔP = 2% and 131.1% for ΔP = 1%. Combined with conclusion (b), 
the match of slot pressure drop and effusion pressure drop is worthy of study in coolant arrangement for the goal 
of reducing coolant consumption. The same pressure drop(3%) shows better cooling performance in the present 
study. 

https://cn.bing.com/dict/search?q=decline&FORM=BDVSP6&cc=cn
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NOMENCLATURE 
 

Acronyms h The thickness of the effusion plate  
CAEP Committee on Aviation Environmental Protection H The axial length of the vane 
CRZ Recirculation zoon P Static pressure  
PIV Particle image velocimetry ΔP Pressure drop of effusion plate 
PSP Pressure-sensitive paint Sn Swirl number 
RMS Root-mean-square Sx Pitch of the hole in the streamwise 
TLC Thermochromic liquid crystals Sz Pitch of the hole in the spanwise 
  ΔW Pressure drop of slot 
Greek symbols x Streamwise, axial direction  
α Effusion injection angle y Orthogonal direction to the effusion plate 
η Film cooling effectiveness  z Spanwise, lateral direction 
θ Vane angle of the swirler   
  subscripts 
Latin symbol ad Adiabatic  
D Effusion hole diameter eff Effusion flow  
D1 External diameter of the swirler main Main flow  
D2 Internal diameter of the swirler slot Slot flow  
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