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Abstract

:

The high-speed Over-Tip-Leakage (OTL) flow has a significant impact on the aerodynamic performance of the High-Pressure Turbine (HPT) passage and generates high thermal load for the blade tip. Different tip sealing and cooling design strategies are applied to reduce the OTL loss and help turbine survive in a high temperature environment. High-speed linear cascade experimental rigs play an important role in understanding the flow physics and evaluating their performance. Multiple blades and passages are often required to maintain a reasonable flow periodicity. To match the engine representative Reynolds number and Mach number, a high-speed multi-passage cascade design inevitably demands more compressed air supply. A very large amount of heating power is also required if the engine condition wall-to-gas temperature ratio needs to be matched. In this study, a simplified 2-Passage linear cascade rig for high-speed tip heat transfer research was developed. Both the design method and the rig performance are presented. Different from existing design method to match two-dimensional blade loading, this study shows there are other design flexibilities, such as assist blade tip gap, tailboard adjustment, and profiling adjustment, to match the periodic three-dimensional OTL flow structures. The design method was validated by experimental effort. High resolution tip heat transfer coefficient distribution at stationary and rotating conditions (Rotating Mach number = 0.35) are reported. The enlarged test model can offer much more improved resolution of optical measurement near the tip region.
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1. Introduction


Modern High-Pressure Turbine blades operate at high Reynolds number, high Mach number, high temperature, and high rotating speed conditions. Complex Over-Tip-Leakage (OTL) flow develops around the blade tip region, which introduces significant loss penalty (Bunker et al. [1]) and thermal load (Azad et al. [2]). Tip aerothermal performance has received lots of attention in the turbomachinery research community. Achieving engine realistic flow conditions in the laboratory environment has been a very challenging task.



Full-scale rotating turbine rigs can reproduce the engine representative Reynolds, Mach number, and rotating speed. These rigs have been located in a few famous research laboratories, including the Ohio State University Gas Turbine Laboratory (Dunn and Mathison [3]), the Osney Thermofluids Laboratory from Oxford University (Ainsworth et al. [4]; Miller et al. [5]), MIT (Guenette et al. [6]), US Air Force Research Laboratory (Anthony and Clark [7]), VKI (Denos et al. [8]). Generally speaking, most of these facilities are very expensive to build and maintain. Obtaining high-resolution tip heat transfer data is also very challenging due to the rig’s short duration nature.



To reduce the experimental cost and obtain high resolution measurement data, the large-scale, low-speed linear turbine cascades experimental rigs have been widely used to investigate the OTL flow. Various optical measurement techniques can be employed to these types of rigs; for example, the oil film method by Lee et al. [9], the naphthalene sublimation technique by Jin and Goldstein [10], and the PIV and IR thermography by Palafox et al. [11].



Recently the transonic nature of the HP turbine blade tip and its important implication on heat transfer have been recognized [12,13,14,15]. Due to the existence of shock waves and compressibility effect, the flow structures at high- and low-speed conditions can be quite different. It is important to match the OTL flow Mach number in the experimental research of HP turbine tip aerothermal performance.



High-speed linear cascade facility has been employed by a good number of recent tip studies. To match both the high Reynolds number and the high Mach number of the OTL flow, a relatively high mass flow consumption has to be maintained. It has been a common practice to use seven to five blades in the tip studies (Anto et al. [16]; Zhang et al. [17]; Cação et al. [18]; Chemnitz et al. [19]) to ensure a periodic flow field around the central tip. There have been efforts to further reduce the blade number of the high-speed linear cascade to three or even less. The small blade count design methodology (Rogers with Three-Passage [20]; Laskowski et al. with Double-Passage [21]; Cho et al. with 160% pitch Single-Passage and Mohamed et al. with 100% pitch Single-Passage [22,23] includes tailboard adjustment, boundary layer bleeds, shifted blades, etc.



However, most of this work focused only on the blade surface and end wall heat transfer, and the rig design methods considered only the flow periodicity at the midspan region. As the OTL flow is highly three-dimensional, it also has a strong interaction with the casing secondary flow. Therefore, achieving the desired flow condition with good periodicity near the blade tip region is much more challenging than simply matching the midspan loading. It is questionable how effective the existing two-dimensional design method, mainly used for midspan loading, can be when directly applied to high-speed tip experimental study, especially on a small blade count test bed.



This paper presents the development of a large-scale, high-speed linear cascade experimental rig. The test section for tip heat transfer study only uses two blades, and consumes a reasonable amount of mass flow to meet the engine representative Mach and Reynolds number. It would also require less energy input to achieve a high inlet temperature. In this paper, the design concept with special adjustment features is illustrated first, followed by the introduction of detailed mechanical design. Heat transfer coefficient distributions measured by transient IR thermography technique on a transonic flat tip surface are presented in the end.




2. 2-Passage Linear Cascade Design Methods


Firstly, two-dimensional (2D) numerical simulation is carried out to match the blade loading at midspan. The 2D design method for a 2-Passage high-speed linear cascade can follow the conventional design procedure that many researchers adopted in the open literature [23]. This 2D design was then extended to three-dimensional (3D) simulation to assess the periodicity of OTL flow. Three design options to adjust the OTL flow field of the target test blade tip are introduced, including assist blade tip gap, side wall tailboard, and curved side wall. The 3D numerical simulation results are also used in the mechanical design of the large-scale linear cascade rig.



A typical High-Pressure Turbine (HPT) Blade with a flat tip is employed in the present study. The schematic of 2-Passage test model is shown in Figure 1. The 2-Passage test model contains 2 blades: one test blade and one assist blade. The test section contains 2 whole passages (one passage in the middle and half a passage on each side). The flow condition and basic information are provided in Table 1. The large blade has a chord length of 92 mm. Both the Reynolds number and the Mach number are near real engine condition.



Commercial CFD code (ANSYS CFX, Shanghai, China) was employed in the present study for numerical simulations. The k-ω Shear Stress Transport (SST) model was implemented, which is also used in 3D simulation. The performance of k-omega SST model in OTL flow and heat transfer prediction has been previously validated by Maffulli and He [24], Ma et al. [25] and Xie et al. [26].



Figure 2 presents the 3D computational domain with detailed mesh information for the Periodic case. The mesh was generated by the software (Pointwise v18.3, Shanghai, China). Structured mesh was used in order to keep the thickness of the first layer grid. The wall y+ is less than 1 for all wall boundaries. 2-Passage case has same mesh and boundary conditions as Periodic case with just modifying two side walls from periodic to wall condition.



Periodic case offers the target loading for 2-Passage case. The two side wall profiles of 2-Passage case are the same, which is a streamline released from same location at inlet of Periodic case. The corresponding loading (in terms of isentropic Mach) along test blade surface curve length is shown in Figure 1. Streamline side wall design is enough from the good agreement of loading for the 2D design between Periodic case and 2-Passage case.



However, this is not the case when 2D design is extruded to 3D condition due to the involvement of 3D OTL flow. There is a 10% discrepancy of loading at suction side surface. Detailed 3D flow structure and loss coefficient distribution of cut plane at 0.1 axial chord downstream of trailing edge can be seen in Figure 3. Loss coefficient is defined as pressure difference of inlet total pressure and local total pressure over mass flux averaged kinetic energy at passage exit, which is also used in the following sections. When the OTL flow exits the tip gap, it will interact with the main passage flow, which is related to the flow resistance of the whole channel. Meanwhile, the pressure side leg of Horseshoe Vortex from the assist blade leading edge will meet the test blade OTL and form a passage vortex at the test blade suction side surface. The OTL flow of the test blade is affected by both the main passage flow and the pressure side leg of the Horseshoe Vortex from the assist blade which is coupled with the assist blade OTL flow. Compared with the Periodic case, the 2-Passage case has obvious weaker Leakage Vortex and Passage Vortex due to the wrong leakage flow of the assist blade. To guarantee the correct OTL flow, tailboard design is used to adjust the main passage flow while assist blade tip gap and side wall profile design is used to adjust the pressure side leg of the Horseshoe Vortex of the assist blade.



One of the design options is adjusting the near tip region blade loading by varying the assist blade tip gap height. To illustrate the sensitivity of this design option, three tip gap heights of 25%, 100%, and 150% of test blade tip clearance is investigated. As can be shown in Figure 4, test blade loading near the suction side trailing edge is decreased about 8% with increasing assist blade tip gap from 25% to 150%. This is due to increased flow added to the assist blade pressure side horseshoe vortex, marked as blue streamlines in Figure 5, which should become leakage flow originally at small gap, marked as red streamlines in Figure 5. The strengthened assist blade pressure side leg of Horseshoe Vortex will lead to a strengthened test blade Passage Vortex and, as a result, weakening test blade Leakage Vortex, which is consistent with suction side near tip loading.



Another design option is to adjust the tailboard next to the assist blade. The tailboard rotating center is located 0.83 axial chord downstream of the blade leading edge which is just at upstream of the assist passage throat. Three tailboard angles (   φ  = −  1°, 0°, and +1°) are used to investigate the sensitivity of the test blade loading on tailboard angle. A tailboard line of 0° is the tangent line of 2D side wall profile at 0.83 axial chord position. The near tip loading of Periodic case and three tailboard angle cases is shown in Figure 6a. There is about a 15% increase in suction side loading when the tailboard is adjusted from inner −1° to outer +1°, where Periodic loading is covered in the range. Flow acceleration and deceleration in the assist blade passage is changed due to the different cross area variation along streamline direction, which can be seen in Figure 6. Flow speed in assist blade passage is increased from high subsonic condition to transonic condition. As a result, the whole channel flow is accelerated and higher OTL flow in observed for tailboard cases. It is in accordance with a loading increase in the test blade suction side surface.



Current design is also evaluated at engine representative rotating speed of Ma = 0.6. Near tip isentropic Mach number of test blade for Periodic case and 0° tailboard case can be seen in Figure 7. The difference is small, and our design is applicable for rotating condition.



Thirdly, the side wall next to the assist blade can have three-dimensional features along the span direction. The concept is to allow more developing space for the OTL flow out of the assist blade. Wall profiles at different spans of the curve side wall are obtained from streamlines at the same span of the Periodic 3D case, which are released at the same pitch-wise location of the inlet. In the current design, six streamlines from 50% span, 60% span, 70% span, 80% span, 90% span, and 98% span are used. The streamlines of passage flow extracted at 50% and 98% blade height are shown in Figure 8. The curve side wall is constructed by smooth transition of these 2D streamlines, which is also shown in Figure 8. Wall profiles keep away from the assist blade near the blade tip region. To achieve better periodicity, the same curve wall is applied to both side walls of the channel. There is a good match near the tip loading of the test blade for the Periodic case and the curve side wall case. As can be seen in Figure 8, the contoured side wall also accelerates the mainstream. The Mach number distribution at midspan is more similar to the Periodic case.



Figure 9 shows a 3D vorticial structure of both the test blade and the assist blade for the 2-Passage case and the curve side wall case. Compared with the 2-Passage case, a more near periodic OTL flow of assist blade is observed for the curve side wall case, which results in a better pressure side leg of the Horseshoe Vortex of the assist blade, and the Leakage Vortex and the Passage Vortex of the test blade.



A detailed mechanical design of 2-Passage transonic linear cascade is shown in Figure 10. This design aims to offer more adjustability for the target test blade OTL flow. It consists of periodicity adjustment system and other ordinary linear cascade designs. The periodicity adjustment system includes the tailboard, the changeable side wall, and the tip gap adjustment system. The tailboard is designed referring to the numerical results. The tailboard rotating axis is located 0.83 axial chord downstream of blade leading edge which is the same as tailboard adjustment simulation. OTL flow periodicity can be mostly guaranteed when the tailboard angle is in the range of −1° to 1° in CFD. Therefore, the tailboard is designed with a wider-angle range of −4° to +6°. A 1° position in tailboard adjustment simulation is referred to as 0° position of experimental setup. The side wall is replaceable from the straight side wall to the curve wall according to the different test blade profiles. The side wall profile design follows the same procedure as the numerical simulation. The tip clearance adjustment system changes the tip gap of both the test blade and assist blade synchronous by lifting the platform with an accuracy of 0.01 mm. It also allows the test blade tip gap and the assist blade tip gap to be adjusted separately by adding extra spacer to the assist blade.



Other ordinary linear cascade designs include the turbulence grid and the IR window. Inlet turbulence grid is located 4 axial chords upstream of test blade. It can be replaced according to different turbulence intensity requirements. The IR window with IR glass will let the IR camera see the blade tip temperature in a transient thermal measurement. The test blade will be altered between ordinary photopolymer for aerodynamic tests and high temperature photopolymer for thermal tests.




3. Experimental Validation and Heat Transfer Measurement


Figure 11 presents the continuous wind tunnel system and high-speed disk rotor employed in the present study, as well as previous work (Lu et al. [27], Xie et al. [26]). A 400 kW compressor was used to provide the continuous compressed air maintained at a maximum pressure of 0.2 MPa and mass flow rate of 180 m3/min. An air tank was installed upstream of the test section to stabilize the inlet flow. A 100 kW heater mesh was used to generate an abrupt step rise in mainstream for transient thermal measurement. The 2-Passage Large-scale linear cascade test section was installed on the high-speed disk rotor rig to verify the feasibility under both the stationary and relative casing movement condition. Detailed information of the test section with the disk rotor is presented in Figure 12. The bell-shaped disk rotor with a diameter of 2 m was used to provide high-speed rotation with a maximum rotating speed of 2500 rpm, which corresponds to a relative casing speed of 220 m/s. A special seal system was designed between the test section and the disk rotor to prevent the leakage. The optic windows on the disk rotor allows IR thermal measurement for the 2-Passage linear cascade blade tip heat transfer study.



Both an aerodynamic test and a thermal test are carried out in the large-scale linear cascade rig. The schematic diagram of the test section is shown in Figure 13. The aerodynamic test is carried out at a stationary condition. To measure the flow conditions of the main flow, a total pressure probe is fixed at a 50% height of the inlet passage, 0.8 chord upstream of the test blade leading edge. A total of 7 static pressure taps are located at passage walls. The detailed information can be seen in Table 2. Static pressure at 50% span and 97% of the test blade is also measured. In the present test, the tailboard is used to adjust periodicity of test blade. Tailboard angle is tested from −4° to 6° with an interval of 1°. To acquire test blade loading, 38 0.6 mm pressure holes are evenly distributed along the curve length on the pressure and suction side surfaces at 50% span and 97% span of blade to measure the local static pressure. The pressure holes were connected with a pressure scanner (NetScanner 9216, TE Connectivity) and a host computer. The test blade tip was also instrumented for thermal measurement. Its upper part was made from resin with low thermal conductivity by stereo lithography technology, and the lower part was made from steel for fixing purpose. For all the experiments, an inlet total pressure of 172 kPa was offered by the high-speed continuous wind tunnel. The turbulence grid (grid bar with 1.5 mm in width and 14.5 mm in distance) in the channel inlet can control inlet turbulence intensity around 6%. The tip clearance was 1%. Detailed flow conditions were the same as CFD analysis as listed in Table 1. The tested and simulated inlet total pressure and static pressure at passage walls are presented in Table 2. The deviation from the simulated Periodic case and the 2-Passage tail board 1° case to experimental data is in ±2.0 kPa. The rotating speed of the rotor disk used in the thermal experiments was 1400 rpm, which corresponds to a relative casing speed of 120 m/s and a relative Rotating Mach number of 0.35.



Transient Infrared thermal measurement technique was used in the thermal experiment. A near step rise of 70 K in mainstream was achieved by the heater mesh and the inlet total temperature was kept at 340 K which is the same as CFD simulation. A high-speed IR camera (TELOPS FAST 80 hd, frequency 200 Hz @ 880  ×  400, 450 μs exposure time) was applied to capture the blade tip surface temperature distribution. A total of twelve large IR windows were uniformly placed over the disk rotor for optical access to the blade tip surface. A complete set of trigger and control systems were fully instrumented with laser displacement sensors, acceleration transducers, and vibration speed sensors. In the thermal experiment, a change of reflected light intensity between the lower surface of the rotor disk and its infrared glass window was used to trigger the camera. When the infrared glass window turns to the top of the fiber sensor, the reflected light intensity has a step change, which triggers the camera to capture the temperature distribution of the blade tip surface at a certain time. In this way, the camera captures 12 frames of blade tip temperature distribution from 12 infrared glass windows for each round of the rotor disk.



Due to the low thermal conductivity of the test blade material and the short heating duration, 1-D semi-infinite conduction assumption is valid during the transient thermal measurement. Based on the surface transient temperature history captured by the IR camera, the local surface heat flux can be calculated by the Impulse method, first introduced by Oldfield [28]. This post-processing method has been validated and well documented by previous tip thermal experiments [17,25].



If the aerodynamics remain unchanged during the temperature step increase, the relationship between the heat flux    q w    and surface wall temperature history    T w    should be linear, according to Newton’s law of cooling qw


   q w  = h    T  ad   −  T w    .  



(1)







Figure 14 presents the correlation between normalized heat flux   q /  T  0 , in     and surface temperature history    T w  /  T  0 , in     for a specific measurement location over the tip. The slope of the linear curve shown in Figure 14 is the local heat transfer coefficient, the x-axis interception is the normalized adiabatic wall temperature    T  ad   /  T  0 , in    . The deviation of the data point from the linear curve indicates either variation of the aerodynamics or the failure of 1-D semi-infinite conduction assumption.



The averaged relative uncertainty in linear regression with 95% confidence is 5%. The average uncertainty values of HTC and cooling effectiveness are ±10% and ±12%, which is similar to most results reported in the previous tip heat transfer studies using high-speed linear cascade facilities (O’Dowd et al. [29], Ma et al. [25]).



Figure 15 presents isentropic Mach number distribution of midspan and 97%-span for test blade with the tailboard angle of 0° at stationary condition, which is compared with periodic CFD results. The relative difference between EXP results and CFD simulations is less than 5%, which is acceptable. It should be noted that there is a relatively large difference near pressure side leading edge and the aft blade suction side s/S = 0.6–0.9. This could be caused by the accuracy of the 3D printing and experimental uncertainty due to existence of shock waves. The experimental results are consistent with numerical results in Figure 6, which suggests that tailboard adjustment can effectively adjust periodicity of the test blade.



Figure 16 presents the heat transfer coefficient distribution of the test blade tip at a stationary condition and a rotating condition (Rotating Mach number = 0.35). The rotating case pushes hot spot near leading edge toward trailing edge and changes the structure and location of shockwave. Compared with previous experimental results, the large-scale blade data has higher resolution and accuracy.




4. Conclusions


To match the engine representative Reynolds number and Mach number with an affordable amount of air consumption and heating power in the laboratory environment, a simplified 2-passage linear cascade rig for high-speed tip heat transfer research was developed in this study.



Numerical simulation by RANS CFD illustrates the design flexibilities to match the periodic three-dimensional OTL flow structures. Adjusting the assist blade tip gap height and curve side wall design mainly aims to adjust the pressure side leg of Horseshoe Vortex to guarantee near periodic Leakage Vortex and Passage Vortex of the test blade. The tailboard can be adjusted for the flow resistance of the assist blade passage and the main flow of whole channel.



The proposed design method was validated by experimental effort in a transonic wind tunnel with a high-speed disk rotor mimicking the relative casing effect. High resolution tip heat transfer coefficient distribution at stationary and rotating conditions (Rotating Mach number = 0.35) are reported. The rotating effect pushes tip leading edge hot spot moving toward trailing edge and changes over tip shockwave structure. The enlarged test model can offer a much more improved resolution of optical measurement near the tip region.
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Nomenclature








	Symbols
	



	    C x    
	Axial Chord Length



	Ma
	Mach Number



	Maisen
	Isentropic Mach Number at Blade Surface



	  φ  
	Tailboard Angle



	s
	Local Curve Length of Blade Surface



	S
	Curve Length of Blade Suction Side Surface



	qw
	Wall Heat Flux



	Tw
	Wall Temperature



	Tad
	Adiabatic Wall Temperature



	T0,in
	Inlet Total Temperature



	Pt.in
	Total Pressure at Inlet



	Ps
	Static Pressure



	LE
	Leading Edge



	TE
	Trailing Edge
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Figure 1. Test blade loading for two-dimensional design and three-dimensional near tip region (97% span). 
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Figure 2. Computational domain and mesh information with tip y+ distribution. 
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Figure 3. Three-dimensional flow structure at near tip region for (a) Periodic case and (b) 2-Passage case. 
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Figure 4. Isentropic Mach number distributions of Test blade 97%span surface for three assist blade tip gap (25% GapTest,100% GapTest,150% GapTest) cases. 
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Figure 5. 3D flow field for two assist blade tip gap cases: (a) GapAssist = 25% GapTest and (b) GapAssist = 150% GapTest. 
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Figure 6. Tailboard adjustment, (a) near tip isentropic Mach number distribution of test blade surface for Periodic and three tailboard angles (−1°, 0°, +1°) cases, (b) Mach number distribution for Periodic, 2-Passage and 2-Passage 0° tailboard cases. 
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Figure 7. Near tip loading at 97% span of test blade surface with tailboard angle of 0° at rotating condition (Rotating Mach number = 0.6). 
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Figure 8. Isentropic Mach number distribution of test blade near tip (97% span) for Periodic case and 2-Passage curve side wall case. 
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Figure 9. 3D vorticial structure for (a) Periodic case and (b) 2-Passage curve side wall case. 
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Figure 10. Detailed 2-Passage mechanical design of 2-Passage linear cascade. 
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Figure 11. High-speed wind tunnel system employed in present study. 
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Figure 12. 2-Passage linear cascade mounted at high-speed disk rotor experimental rig. 
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Figure 13. Schematic diagram of test section. 
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Figure 14. Linear relationship between heat flux and wall temperature for a selected point during one transient measurement. 
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Figure 15. Test blade isentropic Mach number distribution of midspan and 97% span for the test blade at stationary condition (CFD and EXP). 
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Figure 16. Heat transfer coefficient distribution of test blade tip for stationary and rotating conditions: (a) stationary; (b) rotating (Ma = 0.35). 
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Table 1. Boundary Conditions and Geometry Information.
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	Parameters
	Value





	Inlet Total Pressure
	172 kPa



	Outlet Static Pressure
	101 kPa



	Inlet Total Temperature
	340 K



	Chord-based Outlet Reynolds Number
	1.8  2 ×  106



	Inlet Turbulent Intensity
	6%



	Exit Mach Number
	0.9



	Chord Length
	92 mm



	Aspect Ratio
	1.14



	Tip Clearance
	1.3 mm (1%)
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Table 2. Flow Conditions of experimental measurements and CFD results.
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Parameters

	
Location

	
Value (kPa)




	
EXP

	
CFD

Periodic

	
CFD

2-Passage-

   φ = 1 °   




	
Inlet Total Pressure

	
0.8 chord upstream of test blade LE

	
172.29

	
172.00

	
172.00




	
Side wall static pressure

(3 points)

	
0.8 chord upstream of test blade LE

	
159.80

	
No

	
161.64




	
159.85

	
No

	
161.64




	
159.83

	
No

	
161.69




	
Hub wall static pressure1

(2 points)

	
0.3 chord upstream of test blade LE

	
161.06

	
160.60

	
161.23




	
161.61

	
161.80

	
162.17




	
Hub wall static pressure2

(2 points)

	
0.15 chord downstream of test blade TE

	
97.68

	
97.34

	
99.24




	
104.16

	
102.93

	
104.66
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