Solution to written examination 2005 – Gas Turbine Technology
Problem 1

A reasonable guess for both turbine and compressor efficiencies are 80% polytropic. This is in the range of what Whittle achieved (recalculating the isentropic efficiencies, obtained as part of design task 1, produces ηc,∞ = 0.794 and ηt,∞ = 0.825). Anything in the range of 75-85% polytropic, is acceptable. 

After the compressor we get (standard conditions): 
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The pressure is P02 = 314.11kPa and the compressor power requirement is 144.19kW/kg air. The turbine entry pressure is (assuming 10% pressure drop in the combustion chamber): 
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The turbine exit temperature is obtained from:
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which yields: T04=931.8 K. The pressure ratio over the turbine is determined from: 
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which yields rt = 1.9057. The nozzle pressure ratio is then:  
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For a nozzle efficiency of 95% we obtain the choking pressure ratio: 
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thus the nozzle is clearly operating unchoked. The thrust is then simply obtained from: 
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where Cj is determined from:
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which yields Cj = 429.7 m/s yielding F = 9109 N (historic data report a thrust level = 8927 N).  

Problem 2a
The axial Mach number is obtained from: 
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The static temperature at the compressor entry becomes: 
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The axial velocity at the entry to the compressor becomes: 
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The tip speed is obtained from: 
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The tip Mach number is then obtained from:
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The β1 angle is determined from: 
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The stage average temperature increase of 143.47/8.0 = 17.93 degrees produces a β2 angle equal to:
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The de Haller number can now be computed: 
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indicating a moderate load. 
Problem 2b

Increasing the flow turning could (assuming a limiting de Haller number = 0.72) increase the stage temperature rise to: 
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This would increase the temperature rise over the first stage to 
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If this increase in load could be carried out in all stages the number of stages could be decreased to 6.3. Seven stages is still likely to be necessary. Thus, only increasing diffusion does not seem to be a sufficient design change. 
The other options are to increase blade or axial speed. We know from Lecture 10, as well as from the course book, that typical ranges on blade speed and axial speed are:
150.0 m/s ≤ Ca ≤ 200.0 m/s

350.0 m/s ≤ Ut ≤ 450.0 m/s

Note that the blade speed in equation (1), for the current design parameters, is the dominating term under the root sign. A further increase in blade speed will have a strong impact on the aerodynamic design (shock losses). Also, an increase in the blades speed will have a direct impact on stressing problems. We could easily increase the axial velocity to 150.0 m/s without making the compressor aerodynamic problem too great. We will be bold and attempt 200.0 m/s.  Assuming an axial Mach number of 0.60 yields: 
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The axial velocity at the entry to the compressor becomes:  
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The tip speed is kept to the original design value: 
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The tip Mach number is again obtained from:
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which is still quite acceptable and will not require controlled diffusion blading. In particular, if the load on the first rotor is kept a bit less than for the other stages in the final design.
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For the more aggressive de-Haller number, we get: 
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The stage average temperature increase now equals:
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This improvement in stage loading reduces the required number of stages to 3.88, i.e. four stages could hopefully be enough. With advanced aero design, allowing for tip-Mach numbers go well above 1.3 the stage reduction work could be driven further. 
Problem 3a 
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Figure 1 - Combined conventional Brayton Cycle and inverted Brayton cycle.
The metallurgical limits of the heat exchanger will limit its operation to turbine exit temperatures around 900 K (for stainless steel). See lecture 3 as well as page 64 in C.R.S.. For a stationary heat exchanger an effectiveness of 0.90 could perhaps be achieved (anything between 70-90% is ok). Polytropic efficiencies for the turbine and the compressors reaching 90% is realistic (anything between 80-90% is ok). 
A relatively high pressure ratio of 30.0 and a relatively high turbine inlet temperature of 1525 K is selected 

T01 = 288.15

P01 = 101325.0

After the compressor we achieve: 
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Assume a three percent pressure drop in the burner (2-10% ok). This gives a turbine entry pressure equal to P03 = 2.9486 MPa. Assume that the topping cycle turbine expands to ambient pressure. The temperature exiting from the topping cycle is then obtained from
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which yields T04 = 714.73 K. The power output from the topping cycle is (assuming a mechanical efficiency of 99%): 
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The fuel flow required in the burner will be (burner entry temperature is 848.3K and burner exit temperature is 1525.0 K).

ftheoretical = 0.0200
which gives the actual fuel air ratio: 
f = 0.0202

To limit the size of the turbomachinery in the bottoming cycle, a pressure ratio of 4.0 is selected (anything yielding an acceptable turbine exit temperature is acceptable). The turbine exit temperature is then obtained from: 
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which yields T05 = 523.33 K. With a heat exchanger efficiency of 90% we obtain a compressor inlet temperature T06 according to: 
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The pressure drop in the heat exchanger is assumed to be 3% yielding a pressure of 24.57 kPa at the entry to the bottoming compressor. Compressing back to ambient pressure produces an exit temperature T07 according to: 
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The power output from the bottoming cycle is (assuming a mechanical efficiency of 99%): 
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The efficiency of the cycle is then


[image: image34.wmf]%

8

.

46

43100000

202

.

0

596

.

45

55

.

361

=

×

+

=

=

net

n

fQ

w

h


Problem 3b
· The heat exchanger cycle. 
· A combined gas and steam cycle power plant (HRSG). 
Problem 4
The following equations hold for the bottoming cycle (neglect burner pressure loss and mechanical loss): 
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The net power becomes:
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Setting to ηHE = 1 simplifies the expression to: 
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The optimal pressure ratio is obtained by maximizing f(α): 
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with respect to α. Differentiation produces: 
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Solving for α yields: 
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with alpha according to problem statement. 
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