
Contents

1 Introduction 1

1.1 Heat exchangers for high-bypass turbofan engines . . . . . . . 1

1.2 Objectives of the work . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Research methodology . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 Bypass flow channel facility 9

2.1 Design considerations . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2 Wind tunnel design . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2.1 Design methodology . . . . . . . . . . . . . . . . . . . . . 13

2.2.2 Blow-down wind tunnel model . . . . . . . . . . . . . . 14

2.2.3 Component sizing . . . . . . . . . . . . . . . . . . . . . . 16

2.3 Aerodynamic design and test section optimization . . . . . . . 17

2.3.1 Inlet Guide Vanes . . . . . . . . . . . . . . . . . . . . . . 18

2.3.2 End-wall design . . . . . . . . . . . . . . . . . . . . . . . 19

2.3.3 Lateral walls . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.3.4 Exhaust section. . . . . . . . . . . . . . . . . . . . . . . . 22

2.4 Mechanical design and manufacturing . . . . . . . . . . . . . . 23

2.5 Wind tunnel performance . . . . . . . . . . . . . . . . . . . . . . 24

3 Development of measurement techniques 29

3.1 Multi-hole probes . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.1.1 Design considerations . . . . . . . . . . . . . . . . . . . . 30

3.1.2 Probe-flow interaction effects . . . . . . . . . . . . . . . 31

3.1.3 Five-hole probe flow data reduction methodology . . . 33

3.1.4 Angle sensitivity analysis. . . . . . . . . . . . . . . . . . 35

3.1.5 Five-hole probe operation in the transonic facility . . . 41

3.1.6 Uncertainty of the five-hole probe measurements. . . . 43

3.2 Shielded fine-wire thermocouple probes . . . . . . . . . . . . . 45

3.2.1 Thermocouple probe design . . . . . . . . . . . . . . . . 46

3.2.2 Methodology of the aerothermal study . . . . . . . . . 48

3.2.3 Numerical tools . . . . . . . . . . . . . . . . . . . . . . . 49

3.2.4 Steady temperature effects . . . . . . . . . . . . . . . . . 50

3.2.5 Transient temperature effects . . . . . . . . . . . . . . . 58

3.2.6 Uncertainty on temperature measurements . . . . . . . 63

3.3 Probe selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.4.1 Five-hole probes . . . . . . . . . . . . . . . . . . . . . . . 67



3.4.2 Fine shielded thermocouples . . . . . . . . . . . . . . . . 68

4 Experimental and data reduction procedures 71

4.1 Thermal investigation approach . . . . . . . . . . . . . . . . . . 72

4.1.1 Methodology for the convective heat transfer study . . 73

4.1.2 Experimental set-up and infrared thermography . . . . 75

4.1.3 Inverse Heat Conduction Method . . . . . . . . . . . . . 77

4.2 Procedure for the aerodynamic characterization . . . . . . . . 81

4.2.1 Instrumentation and measurement chain . . . . . . . . 82

4.2.2 Instrumentation positioning and traverse mechanisms 83

4.2.3 Test sequence and data acquisition . . . . . . . . . . . . 84

4.2.4 Data processing . . . . . . . . . . . . . . . . . . . . . . . 86

5 Bypass flow and surface heat exchangers aerothermal analysis 89

5.1 Performance of the bypass channel flow . . . . . . . . . . . . . 89

5.1.1 Inlet conditions and overall heat exchangers aerody-

namic effects . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.1.2 Test section flow structure . . . . . . . . . . . . . . . . . 93

5.1.3 Clean bypass flow development . . . . . . . . . . . . . . 95

5.2 Aerothermal heat exchangers performances . . . . . . . . . . . 100

5.2.1 Heat exchanger thermal characterization . . . . . . . . 100

5.2.2 Flow development along the test section in the pres-

ence of heat exchangers . . . . . . . . . . . . . . . . . . . 103

5.2.3 Heat exchangers wake analysis . . . . . . . . . . . . . . 111

5.2.4 Heat exchanger pressure loss evaluation . . . . . . . . . 123

5.3 Bypass flow heat exchangers impact on turbofan engines . . . 128

5.3.1 Aerodynamic impact . . . . . . . . . . . . . . . . . . . . 128

5.3.2 Thermal impact . . . . . . . . . . . . . . . . . . . . . . . 129

6 Conclusions 135

Bibliography 149


