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SINGLE AND TWO STAGE TURBINE
COOLING




TURBINE COOLING TECHNIQUES

|. Convection

2. Impingement

3. Film cooling

4. Full coverage film cooling

5.Transpiration
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MULTISTAGE TURBINE COOLING
EXAMPLE

from compressor stage 13

W, /W, [%] 6.3 58 44 34 18 13 07 03 I=24%




EFFICIENCY LOSS FOR % COOLING AIR

% Trailing Rel. AN aage
aedge ejection cooling Stator Botor
flow
gﬂ&i\ Advanced [ILL 1.5 0.001 0.002
) convection
Film with 75 1.4 0.0012 0.0024
convection
Film with S0 1.3 0.0015 0.003
l . " 2, convection
L% Film with 25 1.0 0.0018 0.0036
i convection
iy, Transpiration with 25 0.8 (L0035 (.01
"‘“&:.Hi convecton




TURBOFAN ENGINE WITH COOLING SYSTEM

13 19 Customer
== | __ bleed

SN, o LPT cooling
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Cooling of HPT:  Bcooll — 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

m_bleed ¢
I3._ _ - 9

Customer bleed:

m_cool_HPT mbleed_c - ,Bbleed_cm21

| HPTN . .
oot Air mass flow in 25

Mps5 = Mp1 — Mpleed ¢

A T SO s LPT cooling bleed:
: : Meool LPT = Pcool LPTM21
Air mass flow in 3
M3 = My1 — Mpleed, — Mcool pr — Mcool_HPT
ms/my; =1 — Bbleedc - IBCOOZLPT — Bcool_HPT
Air mass flow in 31
M3q = Mpq1 — Mpleed, — Mcoolypr — Mcoolypr — Mcool_ HPTN

mz1/my; =1 — Bbleedc - :BcooleT - ,Bcool_HPT - ﬁcool_HPTN

Mass flow and relative mass flow in engine sections:
m_cool_LPT

Myc

A 1=

m21 ,Bbleed_c
HPT cooling bleed:

Mceool HPT = :Bcool_HPTm21

HPT nozzle cooling bleed:

Mcool HPTN = .Bcool_HPTTmm



MASS FLOW CALCULATION C.D.

13 m_bleed_c

Mass flow / relative mass flow in 4

t m_cool_HPT

N

My = My — Mpleed, — Mcool pr — Mcoolypr — Mcoolypry + Msp

My /my; =1 — ,Bbleedc - ,BcooleT - .BcooalT - .BcooalTN + /5
i Sl : m_cool_HPTN
| | e

Mass flow / relative mass flow in 45

2 21 23 25

Mys = My1 — Mpleed, — Mcool pr T MfB
3 445 5 9

Mys/My = 1 — ﬁbleedc - ﬁcooleT + f
Mass flow / relative mass flow in 5 and 9

M5 = My — Mpjeeq, T Myp

ms/My; = 1 — Bpicea, + 5



HPC COMPRESSOR WITH BLEED ANALISIS

T LPT coolant temperature:

Teool LPT Tecool HPT k_lk
f ' - m3T3 Tcool_LPT = ths(CPRcool_LpT)eHPC
k-1
m25 T25 U U . . . ] _E ((HPCPR) T — 3 )
o U U HPC polytropic efficiency: €npc = — In(HPC PR)/In — 1

HPT coolant temperature:
k-1

K
Teoot upr = TtZS(CPRcool HPT)eHPC

HPC power  Pypc = mZSCp(Tcool_LPT - ths) + (mzs — Meool LPT)Cp(Tcool HPT — Lcool LPT)+
(mzs — Meool_LPT — Meool HPT)Cp(TB Teoor HPT)

PHPC (

ﬁbleed C)Cp(Tcool LPT Tt25) + (1 - ﬁbleedc _ ﬂcooleT)Cp(Tcool HPT — Tcool LPT)

(1 _ ,Bbleedc - :BcooleT ,Bcool HPT)CP(TtS cool HPT)



ENGINE COMBUSTOR AND HPT WITH BLEEDED AIR

Meool HPT FUEL CONSUMPTION CALCULATION:

Teool HPT

M3, Cpp(Try — Te31)

Mrp = nsFHV
fB
fe==—-=
) 1 mE&mPTN moq
_} h|°°°b@'m (1 - IBbleedC — :BcooleT - lgcooalT - :BcooalTN)CpB (Tea — Tt31)
o ngFHV
HPT power
Pypc/Mm_np = MyCpy (Tey — Teqs) + (mcool_HPTN)Cp’(Tcool_HPTN - Tt45)+(mcool_HPT)Cp,(Tcool_HPT - Tt45)
Pypc ,
Mo M HP - (1 - Bbleedc - 'BCOOZLPT - BCOOIHPT - 'BCOOZHPTN + fB)CpT(TM — Tpys) + ,BcoolHPTHCp (Tcool_HPTH - Tt45)
m_
T45 +ﬂcooalTCp,(Tcool_HPT — Tt45)

. . , . ’
M4 Cp7Tes + Meoor HpTMCP Teoot HPTM T Moot HPTCDP Teoot HPT — Pupc/Mm HP
: . — ,
M4Cpr + Megor pprnCD' + Mepor HpTCD

Cp’ - specific heat value for hot air (1 100-1130 J/kg/K)

t45 —



RESULTS COMPARISON OF ENGINE WITH AND WITHOUT
COOLING CALCULATION

Parameter customer bleed LPT cool. HPT cool. HPTN cool.
1 |'relative mass’ 0.0300 0.0150 0.0300 0.0800
2 |'mass flow [kg/s] 0.2857 0.1344 0.2688 0.7169
3 |Temperature [K] 389.4948 513.9169 755.9731 990.2732
4 |"Pressure [kPa] 149 6221 353.1082 1.1671e+03 2 6932e+03
° ° ° . ° 10 ] ! ] ] I ] ]
Mass flow discusion in the engine with bleeds and
° . 9.8
turbine cooling
— 9.6
Air mass flow decreases in section 25 due to customer 24l
(]
bleed E’ 92+
()
2 . fe 2 o g . 2 L
Significant air mass flow drop is in HPC and after it g8 °
therefore in section 31 it is the lowest. R
E 8.6
In section 3 mass flow grow is caused by fuel g |
Mass flow grow in sections 45 and 5 is coused by turbines 82| B o i
. . . -cooe eng.
coolant which is transfered to main flow 8 E- .
t23 t25 t31 t4 t45 t5 t6 t9




COOLING CALCULATION

RESULTS COMPARISON OF ENGINE WITH AND WITHOUT

e3
— e = o o = -

= = =Temp. Ext

P no bleed
= = =Pext

P cooled eng.

Temp. no bleed

Temp. cooled eng.

section T. [K] no bleed T. [K] cooled engine P [kPa] no bleed P [kPa] cooled engine
i |0 216.4 216.4 2257 2257
2 |t 2455 2455 351 351
3 |2 2455 2455 344 344
4 |'t21m3y 275.9 2759 49.87 4987 1800 . T T T T
5 |125 389.5 389.5 149.4G 149.6
6 |13 990.3 990.3 2693 2693 1600 [
T 1650 1650 2639 26349
. 1400
3 t45 1143 1049 490.4 3319
g |15 7791 G66.1 88.27 43.38 —
X 1200 f
10 |tetis 779.1 666.1 26.94 4274 @
B ' >
11 o119 779.1 B66.1 852 41.89 § 1000 -
12 "9NY 668.7 571.8 45.04 2264 g
13 |'9e/19¢’ 569 571.4 22 57 22 57 E 800 |
600 -
Temperature and pressure in cooled engine starting from section 45 ol
are lower than in engine without bleed
2 _om 3 . 200
Due to significant pressure drop in the cooled engine the full O S 9 L0
q g q c N
expansion is observed in convergent nozzle, instead of chocked &

nozzle in the engien without bleeds and cooling.

3000

2500

2000

1500

1000
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RESULTS COMPARISON OF ENGINE WITH AND WITHOUT
COOLING CALCULATION

* Thrust and specific thrust of the cooled engine is SITEET - D LEzE ETTTE FITEEITI
Iower 1 |"Altitude’ km' 1 1
2 |'Mach No' 0.82 0.82
* Fuel consumption of the cooled engine is lower 3 |mo kgl 100 100
however SFC is higher 4 | Thrust i 237 2978
5 |"Spedific Thrust' ‘W*sikg' 1237 9a.73
* Thermal and overall efficiencies are lower while 5 |fuel consumption’ kals’ 01771 0.151
propulsive efficiency is higher of of the cooled ; ;Zf;m';::li::s”m” ol ?’55;;5 115:3‘2
engine 9 |'prop. efficiency’ 0.5856 0.8023
10 |"overall efficiency” 03827 0.3716




COMPONENT POLYTROPIC EFFICIENCIES AND TOTAL

PRESSURE LOSSES

Level of technology
Component Figure of merit Type 1 2 3 4
A? 0.90 0.95 0.98 0.995
Diffuser T4 max B® 0.88 0.93 0.96 0.97
C 0.85 0.90 0.94 0.96 A = subsonic aircraft with engines in nacelles.
Compressor €c - 0.80 0.84 0.88 0.90 B = subsonic aircraft with engine(s) in airframe.
Fan €r - 0.78 0.82 0.86 0.89 C = supersonic aircraft with engine(s) in airframe.
Burner b - 0.90 0.92 0.94 0.96 D = fixed-area convergent nozzle.
7 0.88 0.94 099 0995  E=variable-area convergent nozzle.
Turbine e Uncooled 0.80 0.85 0.89 0.91 F = variable-area convergent-divergent nozzle.
Cooled 0.83 0.87 0.89 G Stealth may reduce Jrd max, 7rAB, and zrn.
Afterburner B — 0.90 0.92 0.94 0.95
NaB 0.85 0.91 0.96 0.97 Note: The levels of technology can be thought of as
D¢ 0.95 0.97 0.98 0.995 representing the technical capability for 20-year
Nozzle T, Ee 0.93 0.96 0.97 0.985 increments in time beginning in 1945, Thus level 3
Ff 0.90 0.93 0.95 0.98 technology presents typical component design
Maximum T4 (K) 1110 1390 1780 2000 values for the time period 1985-2005.
(°R) 2000 2500 3200 3600
Maximum 7} (K) 1390 1670 2000 2220
(°R) 2500 3000 3600 4000 Jack D. Mattingly, William H. Heiser, David T. Pratt,

Aircraft Engine Design,
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