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SINGLE AND TWO STAGE TURBINE 
COOLING



TURBINE COOLING TECHNIQUES

• 1. Convection

• 2. Impingement

• 3. Film cooling

• 4. Full coverage film cooling

• 5. Transpiration Impingement cooling

. Transpiration cooling

Impingment film cooling



MULTISTAGE TURBINE COOLING 
EXAMPLE



EFFICIENCY LOSS FOR 1% COOLING AIR



TURBOFAN ENGINE WITH COOLING SYSTEM
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LPT cooling

Customer 
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Cooling of HPT:  Bcool1 – turbine nozzle cooling (air from section 3)

Bcool2, PRB2 – cooling of next parts of HPT

Cooling of LPT:  Bch3, PRBch3 

Customer bleed      B_bleed, PR_bleed  - bleed from LPC



MASS FLOW CALCULATION

Mass flow and relative mass flow in engine sections:

Customer bleed:

ሶ𝑚𝑏𝑙𝑒𝑒𝑑_𝑐 = 𝛽𝑏𝑙𝑒𝑒𝑑_𝑐 ሶ𝑚21

Air mass flow in 25

ሶ𝑚25 = ሶ𝑚21 − ሶ𝑚𝑏𝑙𝑒𝑒𝑑_𝑐

ሶ𝑚25

ሶ𝑚21
= 1 − 𝛽𝑏𝑙𝑒𝑒𝑑_𝑐

LPT cooling bleed: HPT cooling bleed:

ሶ𝑚𝑐𝑜𝑜𝑙_𝐿𝑃𝑇 = 𝛽𝑐𝑜𝑜𝑙_𝐿𝑃𝑇 ሶ𝑚21 ሶ𝑚𝑐𝑜𝑜𝑙_𝐻𝑃𝑇 = 𝛽𝑐𝑜𝑜𝑙_𝐻𝑃𝑇 ሶ𝑚21

HPT nozzle cooling bleed:

ሶ𝑚𝑐𝑜𝑜𝑙_𝐻𝑃𝑇𝑁 = 𝛽𝑐𝑜𝑜𝑙_𝐻𝑃𝑇𝑇 ሶ𝑚21

Air mass flow in 3

ሶ𝑚3 = ሶ𝑚21 − ሶ𝑚𝑏𝑙𝑒𝑒𝑑𝑐 − ሶ𝑚𝑐𝑜𝑜𝑙𝐿𝑃𝑇 − ሶ𝑚𝑐𝑜𝑜𝑙_𝐻𝑃𝑇

Τሶ𝑚3 ሶ𝑚21 = 1 − 𝛽𝑏𝑙𝑒𝑒𝑑𝑐 − 𝛽𝑐𝑜𝑜𝑙𝐿𝑃𝑇 − 𝛽𝑐𝑜𝑜𝑙_𝐻𝑃𝑇

Air mass flow in 31

ሶ𝑚31 = ሶ𝑚21 − ሶ𝑚𝑏𝑙𝑒𝑒𝑑𝑐 − ሶ𝑚𝑐𝑜𝑜𝑙𝐿𝑃𝑇 − ሶ𝑚𝑐𝑜𝑜𝑙𝐻𝑃𝑇 − ሶ𝑚𝑐𝑜𝑜𝑙_𝐻𝑃𝑇𝑁

Τሶ𝑚31 ሶ𝑚21 = 1 − 𝛽𝑏𝑙𝑒𝑒𝑑𝑐 − 𝛽𝑐𝑜𝑜𝑙𝐿𝑃𝑇 − 𝛽𝑐𝑜𝑜𝑙_𝐻𝑃𝑇 − 𝛽𝑐𝑜𝑜𝑙_𝐻𝑃𝑇𝑁

m_bleed_c



MASS FLOW CALCULATION C.D.

Mass flow / relative mass flow in 4

ሶ𝑚4 = ሶ𝑚21 − ሶ𝑚𝑏𝑙𝑒𝑒𝑑𝑐 − ሶ𝑚𝑐𝑜𝑜𝑙𝐿𝑃𝑇 − ሶ𝑚𝑐𝑜𝑜𝑙𝐻𝑃𝑇 − ሶ𝑚𝑐𝑜𝑜𝑙𝐻𝑃𝑇𝑁 + ሶ𝑚𝑓𝐵

Τሶ𝑚4 ሶ𝑚21 = 1 − 𝛽𝑏𝑙𝑒𝑒𝑑𝑐 − 𝛽𝑐𝑜𝑜𝑙𝐿𝑃𝑇 − 𝛽𝑐𝑜𝑜𝑙𝐻𝑃𝑇 − 𝛽𝑐𝑜𝑜𝑙𝐻𝑃𝑇𝑁 + 𝑓𝐵

Mass flow / relative mass flow in 45

ሶ𝑚45 = ሶ𝑚21 − ሶ𝑚𝑏𝑙𝑒𝑒𝑑𝑐 − ሶ𝑚𝑐𝑜𝑜𝑙𝐿𝑃𝑇 + ሶ𝑚𝑓𝐵

Τሶ𝑚45 ሶ𝑚21 = 1 − 𝛽𝑏𝑙𝑒𝑒𝑑𝑐 − 𝛽𝑐𝑜𝑜𝑙𝐿𝑃𝑇 + 𝑓𝐵

Mass flow / relative mass flow in 5 and 9

ሶ𝑚5 = ሶ𝑚21 − ሶ𝑚𝑏𝑙𝑒𝑒𝑑𝑐 + ሶ𝑚𝑓𝐵

Τሶ𝑚5 ሶ𝑚21 = 1 − 𝛽𝑏𝑙𝑒𝑒𝑑𝑐 + 𝑓𝐵

m_bleed_c



HPC COMPRESSOR WITH BLEED ANALISIS

m25 T25

m3 T3

mcool_HPT 

Tcool_HPT

mcool_LPT 

Tcool_LPT

HPT coolant temperature:

𝑇𝑐𝑜𝑜𝑙_𝐻𝑃𝑇 = 𝑇𝑡25 𝐶𝑃𝑅𝑐𝑜𝑜𝑙_𝐻𝑃𝑇

𝑘−1
𝑒𝐻𝑃𝐶 𝑘

HPC power 𝑃𝐻𝑃𝐶 = ሶ𝑚25𝐶𝑝 𝑇𝑐𝑜𝑜𝑙_𝐿𝑃𝑇 − 𝑇𝑡25 + ሶ𝑚25 − ሶ𝑚𝑐𝑜𝑜𝑙_𝐿𝑃𝑇 𝐶𝑝 𝑇𝑐𝑜𝑜𝑙_𝐻𝑃𝑇 − 𝑇𝑐𝑜𝑜𝑙_𝐿𝑃𝑇 +

ሶ𝑚25 − ሶ𝑚𝑐𝑜𝑜𝑙_𝐿𝑃𝑇 − ሶ𝑚𝑐𝑜𝑜𝑙_𝐻𝑃𝑇 𝐶𝑝 𝑇3 − 𝑇𝑐𝑜𝑜𝑙_𝐻𝑃𝑇

𝑃𝐻𝑃𝐶
ሶ𝑚21

= 1 − 𝛽𝑏𝑙𝑒𝑒𝑑_𝑐 𝐶𝑝 𝑇𝑐𝑜𝑜𝑙_𝐿𝑃𝑇 − 𝑇𝑡25 + 1 − 𝛽𝑏𝑙𝑒𝑒𝑑𝑐 − 𝛽𝑐𝑜𝑜𝑙𝐿𝑃𝑇 𝐶𝑝 𝑇𝑐𝑜𝑜𝑙_𝐻𝑃𝑇 − 𝑇𝑐𝑜𝑜𝑙_𝐿𝑃𝑇

1 − 𝛽𝑏𝑙𝑒𝑒𝑑𝑐 − 𝛽𝑐𝑜𝑜𝑙𝐿𝑃𝑇 − 𝛽𝑐𝑜𝑜𝑙_𝐻𝑃𝑇 𝐶𝑝 𝑇𝑡3 − 𝑇𝑐𝑜𝑜𝑙_𝐻𝑃𝑇

LPT coolant temperature:

𝑇𝑐𝑜𝑜𝑙_𝐿𝑃𝑇 = 𝑇𝑡25 𝐶𝑃𝑅𝑐𝑜𝑜𝑙_𝐿𝑃𝑇

𝑘−1
𝑒𝐻𝑃𝐶 𝑘

𝑒𝐻𝑃𝐶 =
𝑘−1

𝑘
𝑙𝑛 𝐻𝑃𝐶 𝑃𝑅 /ln

(𝐻𝑃𝐶 𝑃𝑅)
𝑘−1
𝑘 −1

𝜂𝐻𝑃𝐶
− 1HPC polytropic efficiency:



ENGINE COMBUSTOR AND HPT WITH BLEEDED AIR

m3 T3

m4 T4

mcool_HPTN 

Tcool_HPTN

mfB

m31 T31 m45 T45

mcool_HPT 

Tcool_HPT
FUEL CONSUMPTION CALCULATION:

ሶ𝑚𝑓𝐵 =
ሶ𝑚31𝐶𝑝𝐵 𝑇𝑡4 − 𝑇𝑡31

𝜂𝐵𝐹𝐻𝑉

𝑓𝐵 =
ሶ𝑚𝑓𝐵

ሶ𝑚21
=

1 − 𝛽𝑏𝑙𝑒𝑒𝑑𝑐 − 𝛽𝑐𝑜𝑜𝑙𝐿𝑃𝑇 − 𝛽𝑐𝑜𝑜𝑙𝐻𝑃𝑇 − 𝛽𝑐𝑜𝑜𝑙𝐻𝑃𝑇𝑁 𝐶𝑝𝐵 𝑇𝑡4 − 𝑇𝑡31

𝜂𝐵𝐹𝐻𝑉
HPT power

𝑃𝐻𝑃𝐶
ሶ𝑚21𝜂𝑚_𝐻𝑃

= 1 − 𝛽𝑏𝑙𝑒𝑒𝑑𝑐 − 𝛽𝑐𝑜𝑜𝑙𝐿𝑃𝑇 − 𝛽𝑐𝑜𝑜𝑙𝐻𝑃𝑇 − 𝛽𝑐𝑜𝑜𝑙𝐻𝑃𝑇𝑁 + 𝑓𝐵 𝐶𝑝𝑇 𝑇𝑡4 − 𝑇𝑡45 + 𝛽𝑐𝑜𝑜𝑙𝐻𝑃𝑇𝐻𝐶𝑝′ 𝑇𝑐𝑜𝑜𝑙_𝐻𝑃𝑇𝐻 − 𝑇𝑡45

+𝛽𝑐𝑜𝑜𝑙𝐻𝑃𝑇𝐶𝑝′ 𝑇𝑐𝑜𝑜𝑙_𝐻𝑃𝑇 − 𝑇𝑡45

𝑃𝐻𝑃𝐶/𝜂𝑚_𝐻𝑃 = ሶ𝑚4𝐶𝑝𝑇 𝑇𝑡4 − 𝑇𝑡45 + ሶ𝑚𝑐𝑜𝑜𝑙_𝐻𝑃𝑇𝑁 𝐶𝑝′ 𝑇𝑐𝑜𝑜𝑙_𝐻𝑃𝑇𝑁 − 𝑇𝑡45 + ሶ𝑚𝑐𝑜𝑜𝑙_𝐻𝑃𝑇 𝐶𝑝′ 𝑇𝑐𝑜𝑜𝑙_𝐻𝑃𝑇 − 𝑇𝑡45

T45

𝑇𝑡45 =
ሶ𝑚4𝐶𝑝𝑇𝑇𝑡4 + ሶ𝑚𝑐𝑜𝑜𝑙_𝐻𝑃𝑇𝑀𝐶𝑝

′𝑇𝑐𝑜𝑜𝑙_𝐻𝑃𝑇𝑀 + ሶ𝑚𝑐𝑜𝑜𝑙_𝐻𝑃𝑇𝐶𝑝
′𝑇𝑐𝑜𝑜𝑙_𝐻𝑃𝑇 − 𝑃𝐻𝑃𝐶/𝜂𝑚_𝐻𝑃

ሶ𝑚4𝐶𝑝𝑇 + ሶ𝑚𝑐𝑜𝑜𝑙_𝐻𝑃𝑇𝑁𝐶𝑝
′ + ሶ𝑚𝑐𝑜𝑜𝑙_𝐻𝑃𝑇𝐶𝑝

′

Cp’  - specific heat value for hot air (1100-1130 J/kg/K)



RESULTS COMPARISON OF ENGINE WITH AND WITHOUT 
COOLING CALCULATION

Mass flow discusion in the engine with bleeds and 
turbine cooling

• Air mass flow decreases in section 25 due to customer 
bleed

• Significant air mass flow drop is in HPC and after it 
therefore in section 31 it is the lowest.

• In section 3 mass flow grow is caused by fuel

• Mass flow grow in sections 45 and 5 is coused by turbines 
coolant which is transfered to main flow



RESULTS COMPARISON OF ENGINE WITH AND WITHOUT 
COOLING CALCULATION

Temperature and pressure in cooled engine starting from section 45 
are lower than in engine without bleed

Due to significant pressure drop in the cooled engine the full 
expansion is observed in convergent nozzle, instead of chocked 
nozzle in the engien without bleeds and cooling.



RESULTS COMPARISON OF ENGINE WITH AND WITHOUT 
COOLING CALCULATION

• Thrust and specific thrust of the cooled engine is 

lower

• Fuel consumption of the cooled engine is lower 

however SFC is higher

• Thermal and overall efficiencies are lower while 

propulsive efficiency is higher of of the cooled 

engine

Compressor air blieeds and turbines cooling are typical for modern engine of high TIT.  Contemporarry engnes 

typically got very high TIT, significantly higher than the turbine material durability allow, therefore turbine cooling 

system is required.



COMPONENT POLYTROPIC EFFICIENCIES AND TOTAL 
PRESSURE LOSSES

A = subsonic aircraft with engines in nacelles.

B = subsonic aircraft with engine(s) in airframe.

C = supersonic aircraft with engine(s) in airframe.

D = fixed-area convergent nozzle.

E = variable-area convergent nozzle.

F = variable-area convergent-divergent nozzle.

G Stealth may reduce Jrd max, 7rAB, and zrn.

Note: The levels of technology can be thought of as 

representing the technical capability for 20-year

increments in time beginning in 1945. Thus level 3 

technology presents typical component design

values for the time period 1985-2005.

Jack D. Mattingly, William H. Heiser, David T. Pratt,

Aircraft Engine Design, 
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