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1 Cooling mass ow alulation for one blade row

Figure 1 shows the �lm-ooling model at the blade surfae. The ooling gas ows into the

blade at T

i

, and gets heated internally before issuing from the blade holes at T

o

. The

inoming hot gas at total temperature T

g

is entrained into the �lm, and loses heat into the

blade.
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Figure 1: Stream mixing, heat ow, and temperature pro�les in �lm-ooling ow.

As analyzed by Horlok et al [1℄, the metal temperature T

m

is haraterized by the ooling

e�etiveness ratio �,
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where T

r

is the hot gas reovery temperature, T

m

is the metal temperature, T

g

is the hot

gas inow total temperature, and T

i

is the ooling-air inow total temperature. The seond

approximate form in (1) makes the onservative assumption of full temperature reovery.

Sine the ooling outlet holes over only a fration of the blade surfae, the �lm uid is

a mixture of the ooling-uid jets issuing at T

o

and the entrained hot gas at T

g

. In the

adiabati (insulated wall) ase, this temperature would be some T

faw

, whih is de�ned in

terms of a �lm-e�etiveness fator.
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The limiting ases would be

i) �

f

=0 or T

faw

=T

g

if the ooling-uid holes are absent, and

ii) �

f

=1 or T

faw

=T

o

if the ooling-uid holes ompletely over the blade.

The experiments of Sargison et al [2℄ show that the �

f

' 0:4 value is a reasonable surfae

average for a typial blade.
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The ooling eÆieny
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' 0:7 (3)

indiates how muh heat the ooling air has absorbed relative to the maximum possible

amount before exiting the blade at temperature T

o

. Horlok et al [1℄ indiate that for

ommon internal heat transfer/ow area ratios A

s

=A



and Stanton numbers St



, the � ' 0:7

value is typial. This an be inreased somewhat to reet better ooling owpath tehnology

(e.g. improved pins, impingement, et). However, inreasing � loser to unity will also inur

more total-pressure losses in the ooling ow, so � < 1 is learly optimum from overall engine

performane.

As indiated by Figure 1, the outer-surfae heat inow from the �lm must be balaned by

the internal heat outow into the ooling ow. Equating these gives
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where A

sg

is the heat-transfer area of the hot gas, A

g

is the ow area of the hot gas, and

St

g

is the external Stanton number. We now de�ne the ooling/total mass ow ratio for one

blade row,
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so that equation (4) beomes
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where St

A

is a heat transfer area-saled Stanton number. Horlok et al [1℄ argue that for

typial blade solidities and aspet ratios, the assumed value St

A

' 0:035 is reasonable. This

will typially need to be inreased by a substantial safety fator of 2 or more to allow for

parameter unertainties, hotspots, et. Improved ooling design would be represented by a

dereased safety fator.

Using �, �

f

, and � to eliminate T

m

, T

faw

, and T

o

from (7) gives the following relation between

all the dimensionless parameters.
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1.0.1 Design ase

The design problem is to determine the ooling ow required to ahieve a spei�ed T

m

at

the maximum design T

g

(e.g. T

g

=T

t 4

at the takeo� ase). Sine T

i

is also known for any
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operating point (e.g. T

i

=T

t 3

), then � is fully determined from its de�nition (1). Equation

(9) an then be solved for the required design ooling ow ratio for the blade row.
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Figure 2 shows "

1

versus � for three saled Stanton numbers.
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Figure 2: Cooling mass ow ratio "

1

for one blade row, versus ooling e�etiveness �

and saled Stanton number St

A

. Fixed parameters: �=0:7, �

f

=0:4 .

1.0.2 O�-design ase

If the ooling mass ow is unregulated, it's reasonable to assume that "

1

will not hange at

o�-design operation if the pressure ratios in the engine do not hange appreiably. In that

ase, � will not hange either, and T

m

an then be obtained from (1) for any spei�ed T

g

and T

i

. If the ooling ow ratio "

1

does hange for whatever reason, it's then of interest to

determine the resulting metal temperature. Hene, we now solve equation (9) for the new

resulting � in terms of a spei�ed new "

1

.
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2 Total Cooling Flow Calulation

The ooling ow alulations will assume the following quantities are spei�ed, or known

from other (e.g. ompressor, ombustor) alulations:
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h

fuel

fuel heating value

T

t f

fuel total temperature

T

t 3

ompressor exit total temperature

p

t 3

ompressor exit total pressure

T

t 4

turbine inlet total temperature

p

t 4

turbine inlet total pressure (= p

t 3

�

b

)

T

m

metal temperature (for design ase)



t

gas spei� heat ratio

"



total ooling-ow bypass mass ow fration (for o�-design ase)

St

A

area-weighted external Stanton number

M

exit

turbine blade-row exit Mah number

M

4a

representative Mah number at start of mixing zone

r

u



ooling-ow veloity ratio (= u



=u

4a

)

The ooling/ompressor mass ow fration to be determined,
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is de�ned as the total over all the blade rows whih reeive ooling ow.

To estimate the blade-relative hot-gas total temperature T

g

inoming into eah blade row,

it is assumed that the inlet Mah number for that blade row is neglible. Hene, the inlet

total temperature for a blade row is the same as the stati exit temperature of the upstream

blade row.
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Speifying the burner exit temperature T

t 4

and a typial blade-relative exit Mah number

M

exit

, and assuming a small absolute-frame exit Mah number, is then suÆient to determine

the blade-relative hot-gas temperatures T

g1

; T

g2

; T

g3

: : : for all downstream blade rows.
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.

The added �T

streak

for T

g1

is a hot-streak temperature allowane for the �rst IGV row.

Aording to Ko� [3℄, assuming �T

streak

' 200

Æ

K is realisti.

With the row T

g

's de�ned, relation (1) gives the required ooling e�etiveness ratio for eah

blade row,
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and relation (11) gives the orresponding ooling mass ow "

1

; "

2

; "

3

: : : for eah blade row.

These are omputed until "

( )

< 0 is reahed, indiating that ooling is no longer required.

The total ooling mass ow ratio is then the sum of the individual blade-row mass ow

ratios.
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3 Mixed-out Flow and Loss Calulation

3.1 Loss Model Assumptions

The return of ooling air into the owpath redues the total pressure and total temperature

seen by the turbine. The most aurate approah is to perform ooling-ow, mixing-loss,

and rotor-work alulations separately for eah ooled stator and rotor blade row.

To avoid this ompliation, a simpli�ed model will be used here: The ooling air for all blade

rows is assumed to be disharged entirely over the �rst IGV, and to fully mix out before the

ow enters the �rst turbine rotor. This seems to be a reasonable simpli�ation given that the

�rst IGV blade row typially requires the bulk of the ooling ow. A resulting advantage is

that now there is no need to perform work alulations for individual turbine stages, greatly

simplifying the mathing of the turbine with the ompressor.

3.2 Loss Calulation

Figure 3 shows the ombustor air and ooling mass ow paths assumed for the mixed-out

state alulation. The ooling air is assumed to be bled o� at the ompressor exit, whih

de�nes the ooling-ow total temperature.
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(20)

The ooling air is assumed to re-enter the owpath over the �rst IGV.
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Figure 3: Combustor and �lm-ooling ows, with mixing over and downstream

of IGV. Indiated mass ow frations are relative to the ompressor air mass

ow _m. Dashed retangles are ontrol volumes.
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The heat ow

_

Q from the air ow to the metal and then to the ooling ow does not need

to be onsidered here, sine this heat ow is purely internal to the ontrol volume spanning

stations 4 and 4.1, for example.

The ooling ow is assumed to remain unmixed until some representative station 4a (e.g.

somewhere between stagnation and IGV exit Mah), where it has veloity u



= r

u



u

4a

, and

the loal stati pressure p

4a

. The mixing then ours between 4a and 4.1, produing a

total-pressure drop and ultimately resulting in a redued ore-ow exhaust veloity.

For larity and onveniene, the equations shown assume a onstant average spei� heat �

p

.

In pratie, the alulations would be performed using their equivalent variable{

p

forms.

The heat-balane equation is applied to ontrol volume A in Figure 3, whih gives the

fuel/ompressor-air mass ow ratio "
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The heat-balane equation is next applied to ontrol volume B, whih gives the mixed-out

total temperature T

t 4:1

.
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The air and ooling ow veloities u

4a

; u



are obtained from the spei�ed M

4a

and the

spei�ed veloity ratio r
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Negleting any stati pressure rise from the mixing, a momentum balane applied to ontrol

volume C gives the mixed-out veloity u
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The mixed-out stati temperature and total pressure then follow.
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These an now be used as e�etive turbine inlet onditions for turbine work and turbine

pressure-drop alulations.
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