Modeling the Air-Cooled Gas
Turbine: Part 2—Coolant Flows
and Losses

. J B. Young This paper is Part Il of a study concerned with developing a formal framework for
email: joy@eng.cam.ac.uk modeling air-cooled gas turbine cycles. It deals with the detailed specification of coolant
. flowrates and losses. For accurate performance assessment, it is necessary to divide the
R. C. Wilcock turbine expansion into individual stages with stator and rotor rows being treated sepa-
) o o rately. Particular care is needed when deriving the equations for the rotor, and it is shown
Cambridge University Engineering Department, how all required flow variables can be estimated from minimal data if design values are
Trumpington Stregt, unavailable. Specification of the cooling flowrates is based on a modified Holland and
Cambridge, GB2 1PZ, United Kingdom Thake procedure, which can be formalized in terms of averaged parameters. Thermal

barrier coatings can be included if present. The importance of allowing for fluctuations in
combustor outlet temperature is stressed and procedures for dealing with end-wall and
disk cooling are suggested. There is confusion in the literature concerning cooling losses,
and it is shown how these may be defined and subdivided in a consistent way. The
importance of representing losses in terms of irreversible entropy creation rather than
total pressure loss is stressed. A set of models for the components of the cooling loss are
presented and sample calculations are used to illustrate the division and magnitude of the
loss. [DOI: 10.1115/1.1415038

1 Introduction 2 The Cooled Turbine Stage

This paper is Part Il of a study concerned with developing a Any realistic model of a turbine must address the cooling of
formal framework for modeling air-cooled gas turbine cycles angach blade row separately. Continuous expansion path cooling
deals with the detailed specification of cooling flowrates ana@odels(El-Masri[5]), may be acceptable for initial cycle devel-
losses. A general discussion of the thermodynamics of air-cooli@§ment work but cannot provide the accuracy required once some
was presented in Part(Young and Wilcock1]). basic details of the turbine layout are known. The information

Specification of the cooling flowrates and losses for perfoFe,ql.“red to |mp|gment the calculation schemes described below is
mance predictions involve two essentially separate problems. T{nimal, being little more than a knowledge of the number of

the detailed design of a turbine, the cooling flowrates are esta2deS. the stage pressure ratios or work requirements, and the
lished by a complex procedure involving correlation of eXloengncooled stage efficiencies. These data can be obtained in a vari-

mental results and semitheoretical calculations. For cycle calcu fit}cvofa\:]v;);sssrar}%ﬂg dfr?(r)n It?fgrrzf)glig;esc?:llglzllzttignzn il\atz;)nr:_te

tions, this Ier_lgthy prpcedure must pe condensed into a simplifiﬁ ensional version of the latter based on mean blade angles and
scheme, Wh'.Ch retains the essential featu_res of th? underly'&g\pirical loss coefficients is described by Kawaike e{@l.
physics and |.s.vaI|d over a range of operating conditions. In this Figure 1 is a schematic diagram of a cooled gas turbine stage.
paper, a modified version of the well-known scheme by Hollangass flowrate, specific total enthalin a stationary frame of
and Thakg2] is used. Most other theorigblorlock[3], EI-Masri  reference and specific entropy are denoted oy h,, ands, re-
[4]) are restricted to a specific geometry or lack generality.  spectively. The subscrig is appended to denote mainstregas

In Part | it was noted that the literature on cooling losses igndc to denotecoolant Where necessary, subscripts rc, ordc
often confused and that there is no definitive formal analysige used to differentiate between stator, rotor, and disk cooling.
available to provide a framework for development. TypicallyThe flows crossing any reference plane may be nonuniform and it
cycle calculations seem to involve a rather random selection isfunderstood thal, ands represent massflow-averaged values.
losses drawn from a list that includes coolant—mainstream mixingeference planes at stator inlet, stator outlet/rotor inlet, rotor out-
heat transfer through the blades, and coolant throttling. In Part Iled, and stage outlet are numbered 1, 2, 3, and 4, respectively.
strong case was made for representing the cooling losses as addiFhe mass flowrate and composition of the mainstream changes
tive entropy creation terms and this will be the approach pursui@m one plane to the next because of the addition of coolant.
in Part Il. Indeed, one of the main objectives is to provide &oolant is drawn from the compressor at statand enters the
baseline set of well-defined expressions for the cooling losses thide passages at stdte(The k andi states will generally be

are sufficiently general for cycle calculations but that can be fingifferent for the stator and rotor bladeor convection cooling,
tuned for more accurate design work. the coolant leaves from the end of the blade or the trailing edge

The paper takes a deliberately detailed approach in specifyiﬁ"&_iated) andt). I_:or combined convection and film cooling, it exits

the cooling flows and losses but, in order to preserve continuity oughhholes |nf ;Ilﬂe blade su;lfaces or enc:jw(ait_atesf and e)'b g

the main text, most of the analysis has been relegated to the _rdea_?h tyﬁe 0 O(;N' a mass Iow-averagﬂe exit statedcan € ”e-

pendices. These, therefore, embody an important part of thacC: 'NUSHocr ands. s are values masstiow-averaged over all,

develobment ilm cooling holes. For each row, a mean massflow-averaged exit
P ) statex can be defined by,
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/ /— the compressor power requirement dnyg ; can be determined if
[ / m,./mgy, is known. The stage pressure ratio follows once the
T Disk cooli entropy creation due to the losses has been found. In other cases,
Coolant from e the stage pressure ratio is specified, the losses are determined, and
compressor at state k P andhgyg 5 follow.

The energy equations for the external and internal flows are,

mg,Z(hog,Z_ hOg,S) +mye( hOrc,x_ hOg,S) =Pexit Qr (3b)

. . mrc(horc,i_hOrc,x): Pini—Qr (30)
where mc=m¢ ¢+m, .+ m.+m.,. The cooling flows associ- ) o
ated with each blade row can therefore be reduced to a single fl¥fierePex and Pi,, are the external and internal contributions to
drawn from the compressor at stiteentering the blade passageghe net power R=Pe,+ Piy). Introduction of the Euler turbine
at statei and exiting into the main flow pattbefore mixing at equation(see Appendix JLresults in energy equations expressed in
statex. terms of the specific rothalpyi€ hy—UV,),

Rotor disk cooling is treated separately. In the present work it is

Fig. 1 Schematic diagram of a cooled gas turbine stage

Mg 2(ig2—iga) T Miclivci—ig3)=0 4a]
represented by a single injection after each rotor on the assump- gdigz™lgd) ¥ Mrclire,i~iga) (4a)
tion that no useful shaft work is obtained from this cooling flow. Mg oigo—iga) T Mic(ircx—ig3)=0Qr (4b)
3 First Law Analysis Mec(irc,i—irc ) =~ Qr (4c)

) . ) o . The application of Eqs(3) and (4) for the rotating blades re-
3.1 Stationary Blades. Figure 2 is a schematic diagram il- 4 ires detailed knowledge of the turbirparticularly the rotor
lustrating the simplified blade cooling model. Taken together, thgiet conditions, which may not be available. Simplification is
mainstream and coolant ﬂow_s are a(_:ilabatlc and the steady-flgwssime, however, by expressing all the unknown quantities in
energy equation for the combination is, terms of astage loading coefficient. This is defined in the usual

Mg 1(Nog .1~ Nog 2) + Mee(Nosei —Nog 2) =0 (22) Way by,
Assuming adiabatic flow for the coolant between compressor _ P ®)
bleed point and blade inlehgsi=hgsck, hog and hoscy are = mg’EUZmean
known and hencégg , can be determined from E(Ra) once the ) ,
coolant-to-mainstream mass flow ratig,./my; is known, It is useful to recall thaty can be related approximately to the
Steady-flow energy equations can also be written separately fifgree of reactiom. Neglecting coolant addition, assuming con-
the externalmainstreamand internal(coolan) flows stant axial velocity through the rotor and zero exit swirl from the
' stage, it can be shown thgt=2(1—p). Thus, for impulse blading
Mg,1(Nog,1— Nog,2) + Ms(Nosex— Nog,2) = Qs (2b)  p=0, y=2, and for 50 percent reaction bladipg-0.5, y=1. The
rotor approximations are discussed in detail in Appendix 1.
mSC(hOSC,i_hOSC,X)Z_QS (20) pp_ ] ) ] o pp
whereQq is the total rate of heat transfer through the blade surfa e3'3 Disk Cooling Flows. Disk cooling air is injected both
(mainstream to coolantClearly, (2a)=(2b)+(2¢) efore and after the rotor. The upstream injection does little work

in the rotor, however, and it is expedient to combine the two flows
3.2 Rotating Blades. The overall energy equation for theinto a single flow entering downstream. The energy equation be-
rotor is, tween stations 3 and 4 is then,

Mg 2 hOg,Z_ hOg,3)+mrc(hOrc,i_hOg,B): P (3a) Mg 3(hog 3~ Nog.4) + Mac(Nodc k—Nog,4) =0 (6)

wherem, ,=m, 1+ M. andP is the shaft power output. Assumingwhere mg 3=mg ,+m,. and my. is the mass flow rate of disk
adiabatic flow between the compressor bleed point and blade inlgpling air.
hore.i=horc k- For the final turbine stage on a spoBlis fixed by

4 Calculation of the Cooling Flowrates

Application of Egs.(2) and (3) in a performance calculation
requires realistic values of the mass flow ratimg./mgy, and

He, QQZ ,°°' m,./mgy,. To obtain these, it is first necessary to estimate the
[ 192 N s minimum cooling flowrates required to maintain the blade tem-
m. v v v / peratures within the safe operating range defined by the blade
O®——0 }@ material properties. The procedure recommended is an extension
of the method developed by Holland and Th&Ré The notation
Fig. 2 Simplified blade cooling model is shown in Fig. 3. The internal and external surface metal tem-
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peraturesT, i,y and T, o are assumed uniform over the blade. If Table 1 Sample calculation of cooling flowrates
a thermal barrier coatingTBC) is present, the outer temperature
Ty, differs from T, oyt

Details of the heat transfer model and cooling flowrate calcula| TURBINE DATA
tions are given in Appendix 2. The procedure for stator and roto
blades is the same except that the latter is carried out with respe
to the rotating co-ordinate system. The calculations require th| Combustor outlet temperature Togy = 1700K
specification of a number of empirical parameters, notably th

internal flow cooling efficiengythefilm cooling effectivenesaind Maximum metal temperature Tnew = 1100K
the metal and TB(Biot numbers These parameterglefined in Coolant supply temperature Toex = 867K
Appendix 2 reflect the level and sophistication of the cooling o B
technology and are introduced in order to bypass the difficull Turbine inlet total pressure Pog1 = 34 bar
problem of calculating the detailed flow behavior within the blade| coolant supply pressure Dock = 34 bar
passages and in the external film. The other important empirici ]

parameter, also defined in Appendix 2, is tawling flow factor Stage pressure ratio PogilPogs = 2.4
Kcooi- This can be estimated from a knowledge of the blade ge Stage loading coefficient v =10

ometry and the external flow Stanton number.
If the value ofT, corresponding to the mass-averaged value o Stage polytropic efficiency n =09
hog at blade inlet(@bsolute or relative as appropripie used in
the heat transfer calculation procedure, the predicted coolin
flowrates are invariably much lower than those found in real en| Combustion pattern factor (rotor) Keomy = 0.05
gines. This is because the design procedure must make allowar

Combustion pattern factor (stator) Keoms = 0.1

for the possibility of temperature fluctuatioisot spot$ in the Rotor swirl factor Kowirt = 0.5
flow exitir_lg the combustor. A simple way of d_oing tHisawaike Cooling flow factor (stator/rotor) Koot = 0.045
et al.[6]) is to replaceTq by an estimated maximum temperature, . .
e Internal cooling efficiency (stator/rotor) N = 0.7
Tor*=Tog+KeomAT 7

. %9 % CombA_ comb () Film cooling effectiveness (stator/rotor) g =04
where AT ,mp IS the temperature rise through the combustor ] )
K comb (SOmetimes called theombustion pattern factpis an em- | Metal Biot number (stator/rotor) Bi, =02

pirical constant which depends on the type of combu&ero or
industria) and the position of the blade row with respect to the
combustor outlet. STATOR RESULTS
The rotor disk cooling flows are more difficult to estimate than
the blade cooling flows. Apart from cooling the rotor digihich
receive heat by conduction from the blageke flows also pre- | Coolant/mainstream flowrate ratio mglmg; = 0.145
vent the ingestion of mainstream gas into the rotor disk cavities

In the present model, values ofy./mj 5 are simply specified by Blade cooling effectiveness & =075

the user. _ _ | Rotor inlet temperature (absolute) Togz = 1603K
As an example of the calculation of cooling flowrates, conside . B

a single-stage turbin@vithout thermal barrier coating®perating | Coolant exit temperature Tocx = 969K

at the conditions given in Table 1. For the purpose of illustration} gy(ernal metal temperature Tpew = 1078K

the stage polytropic efficiency is assumed to include the effects ¢

the cooling losses. The cooling flow factit,,, is based on Gt | Internal metal temperature : T = 1013K

=0.0015 andAg(Cpq/Ag* Cpc=30 (see Appendix 2 Combus-
tion pattern factorK ., of 0.1 for the stator and 0.05 for the
rotor were first used to calculate the cooling flowrates. Then, u¢ ROTOR RESULTS
ing these flowrates but taking.,m,=0, the blade cooling effec-
tivenesse, and the metal temperatur@$;, ¢ and Ty, i, Were
recalculated to give the values, representative of the mean flo| Coolant/mainstream flowrate ratio mpmgy = 0.049
conditions, presented in Table 1.

The coolant to mainstream flow ratios of 14.5 percent for th
stator and 4.9 percent for the rotor are typical of those found if Rotor inlet temperature (relative) Togz = 1487K
real engines. The sensitivity of thetal stage cooling flowrate to
changes in the operating conditions is shown in Fig. 4. Thus,
decreaseof 1 percentage point in cooling flowrate corresponds t( External metal temperature Tmew = 1082K
either: (i) a decreasein coolant supply temperature of 15°C, or
(ii) a decreasan combustor outlet temperature of 32°C, i §
an increasein allowable blade temperature of 10°C, av) an
increasein film cooling effectiveness of 0.035, ov) anincrease
in internal cooling efficiency of 0.08, ow{) a decreasen metal
Biot number of 0.08.

Blade cooling effectiveness g = 0.58

Coolant exit temperature (relative) Tocx = 966K

Internal metal temperature T = 1043K

whereAY. is the total rate of entropy creation due to irreversibili-
. ties. (Because of irreversibilities between the compressor bleed
5 Second Law Analysis point and the inlet to the internal blade passages,™>Sscx and

. : : this loss has been included & .) A3 is formally subdivided
5.1 Stationary Blades. With reference to Figs. 1 and 2, the. A3 oo (the loss associated with uncooled operatiand

second law of thermodynamics for the combined mainstream ai ) . X
coolant flows is, A2 co0l (the extra loss associated with cooling

Second law statements can also be written for the external
AZ=AZ g pasict AZg coor= Mg 1(Sg.2— Sg.1) + Mse(Sg 2~ Ssck) mainstream flow, the heat transfer through the TBC and metal,
(8a) and the internal coolant flow. Thus,
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2 Qr
004 & . Azr,int:mrc(src,xfsrc,k)f T (%)
~ S Toc,x and Bi, rm,int
R & —— — To
\ g’ -——— ?n?;xt AEr,cool=Azr,ext"'Azr,tbc"'Azr,met_"AEr,int (9f)
) Fi oo = Moint 5.3 Disk Cooling Flows. Applying the second law between
~. \ 002 | © g . ;
~ . . P= planes 3 and 4 of Fig. 1 gives,
- o
Tl . ~. \ ‘. g Azdc: mg,S(Sg,4_ Sg,s) + mdc(sg,A_ Sdc:,k) (10)
_(2)O1K or Tt i'__\\\.\ 5 _ . —=— """ If AX4is specified by an empirical mode, , can be calculated
r =3 = —  from Eq.(10). Knowing hog 4 and the gas composition fixes state
e —= = :'~;~\I?a,r§|11eter change +20K 4. '
— ——— \'\\-"-.'_9r+0_1
. LI LIS
N,
-0.02 - N =~ 6 Specification of Losses
) 6.1 Basic(Uncooled Loss. The basicrate of entropy cre-
Fig. 4 Sensitivity of cooling flowrate to changes in operating ation is related to the uncooled stage polytropic efficiengysic
conditions (assumed knownby the expression,
Pog,1
A pasic= mg,le(l_ Mpasid N (11)
0 Pog,4
S
A3 pasict A s ext= Mg a(Sg 2~ Sg,1) + MselSg 2~ Ssex) T T wherepyy and R, are the mainstream total pressure and specific
S(Véb) gas constant respectively,, ;. is distributed between the stator
and rotor in proportions deemed appropriate. It is a major assump-
1 1 tion of the approach that, ... is unchanged by the presence of
AZsipe=Qs| T — (80 coolin
' Tsmext Tsw g.
1 1 6.2 Internal Friction and Heat Transfer Losses. Introduc-
A3 me= QS(T—_ - ) (8d) ing Eq.(A2.1) for the heat transfe® and assuming the coolant
smint  Tsmext specific heat capacityy, to be temperature independent, E@e)
Qs and(9e) can be written as a single equation,
AEs,int=mcs(ssc,x_Ssc,k)_ T (8e) _
smint TOc,x TOc,x TOc,i pOc,x
) AZjp=mcCpl In - -mR; In| —=
where subscriptsmandsw denote stator metal and external wall, Tock Trmint Poc,k

respectively, and\X s . refers solely to the cooling losses of the
external flow. A_ddlng Eqs8b)—(8e) an(_j comparing with Eq8a) | Eq. (12), the coolant supply conditionpyc  and Ty are
allows the cooling losses to be subdivided into four componenigypressed in the stationary frame of reference for both stator and

AS ¢ cool= A3 exit AS g thet AS s mert A s int (8f) rotor blade rows. For rotors, howevaly ; , Tocx andpgc, and
' ' ' B ’ must each be expressed in the rotating coordinate system.
A3 ipe andAZ g e can be calculated directly becaudg, Tsy, There are two unknowns in EQL2), A3, andpgc - A, is

Tsmext @nd Tsmine are known from the heat transfer analysisine rate of entropy creation between the coolant supply and the
However, A3, and Ay require separate empirical l0SSpjade exit holes, anghy.y is the total pressure at these holes
models. Thensg, can be found from Eq(8a) and, withhog>  (absolute or relative as appropriat©ne approach is to develop
known from the first law analysis and the gas composition frong expression foA S, by modeling the friction and heat transfer
continuity, state 2 is completely specified. losses. The internal flow is very complex, however, and it is ac-
If eachAZ, term is multiplied by thalead state temperaturéne tually easier to devise a method to spegify. . (This parallels
resultinglost powerterm is identical to that which would arise tpe first law analysis in Appendix 2 whehg, , was found by a
from a formal exergy analysis. The introduction of exergy tends tQ,itable choice o int -) '
cloud the issues, however, and it is felt that the straightforward Now, ignoring any streamline curvature effects, the coolant
second law analysis presented above provides a better physigatic pressure must equal the mainstream static pressure at the
Interpretation. exit hole, p; x=Pgx- If, in addition, some information about the

5.2 Rotating Blades. The second law analysis for a rotorc00lant exit velocity is supplied, this is sufficient to fiy. . The
blade row is identical. Indeed, the entropy creation expressio‘ﬁ“gOSt convenient parameter to specify is the coolant/mainstream
can be obtained from E8) simply by an appropriate change ofomentum flux ratio,

i 2 2
subscript. Thus, o eV, - yeM2,,

Azr:AEr,basic"—AEr,cooI: mg,z(sg,S_ Sg,2)+ mrc(sg,S_ Src,(kg ) B pg,xvé,x - ’YQMS'X
a

Q

(139)

whereV is velocity (absolute for a stator and relative for a rotor
and M is the corresponding Mach number. The coolant/

_ _ _ r
AZ; basict A2 ext= Mg 2(Sg.5~Sg.2) + Mrc(Sg.s~Sre.) + Trw mainstream total pressure ratio is then,
9b _
(9b) Poc.x [1+O.5(yc—l)|\/|§yx]7°/(7° 1) M :
1 1 = — 2 17alva—D LM gx Ve Vg
AS. = ( _ ) o  Pogx [L+0B(yg—1)MZ,J70s
r,the Qr rmext Trw ( ) (l3b)

Pog,x IS approximately equal to the total pressure at blade inlet
(9d) (absolute or relative as appropriptend is therefore known. Thus,
specifyingl andM, , allows the calculation opgc x. A3, then

1 1
AEr,met:Qr( )

Trm,int Trm,ext
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L 1=10 Tye
1=08 V., > Control volume
0.8 - 1=06
Pocx
= 1=04
P ogx ¢ Vs r
06 - 1=02 om, o
1=00
Fig. 7 Definition sketch for mixing analysis
0.4 T T T . )
0 0.2 04 M gx 0.6 08 1
' A3 Can be estimated using the same approach as for the
Fig.5 Coolant /mainstream total pressure ratio as a function of internal coolant flo(see Appendix B The resulting expression
mainstream Mach number and momentum flux ratio i IS,

1 Kext) (16)

AEEXLQE(T_W_ Tog

follows from Eq.(12). Figure 5 shows the variation @b x/Pogx  WhereK,, is defined by Eq(A3.9).
with mainstream Mach numbe, , for different values of the  The coolant-mainstream mixing loss is usually estimated using
momentum flux ratid. the method of Hartsel[7]. This is based on the Hawthorne—

This analysis shows that the internal losses are fixed by t@®apiro theory of one-dimensional flow with mass addition and
pressure rati@q. «/Pc x» the coolant velocity at the exit hole and,the result is usually expressed in terms of the change in main-
to a lesser extent, the heat transfer to the coolant. Once thes@am total pressure. Changepinis a measurable quantity but it
conditions are specified, no amount of redesign of the interngdn be misleading because, in a mixing process, it does not rep-
flow path will affect the loss. If, in practice, the exit velocity wereresent the irreversible loss. This has been the source of much
higher than design, it would be necessary to introduce extra threbnfusion in the literature. In flows with mixing and heat transfer,
tling somewhere along the flow path in order to achieve the chi-is important to work directly with expressions for the entropy
sen exit condition. creation rates.

If desired,A %, can(with minor approximationbe subdivided  The mixing process is shown in Fig. 7. It involves the injection
intocontributions associated separately with heat transfer agfla differential coolant mass flowra@m, at static temperature
fluid friction. The analysis, described in Appendix 3, is based on_,, velocity V,, and angleg, into the mainstream at local
the one-dimensional control volume model illustrated in Fig. §tat|ctemperaturé'g and velocityV, . The differential analysis
and leads to, is general and is not restricted to mixing at either constant area or

T T T constant pressure. In Appendlx_S_ it |s_ shown that the rate o_f en-
- In( OCvX> _( 0c.x om” (14a) tropy creationd i, can be subdivided into separate contributions

AEint,Q: McCpf K

Toc,i Tim,int representing the dissipation of thermal energy and kinetic energy,
T T 82 mix= 02 mix o+ 02 mi 17a
Azmt = mc o |n< Oc, x) it | ( Oc,>.<) } o mcR In( pOc,x) mix mix,Q mix,KE ( )
0Oc,k oc,i 0Oc,k Tox 1 1
1 5Emix,Q:5ch C"°<T T )dT (170)
where K;,; is defined by Eq.A3.6). Clearly, addition of Egs. Tex

(14a) and (14b) gives Eq.(12). (Vgx— Ve xCOS)? N (Vexsing)?

6.3 External Heat Transfer and Mixing Losses. The ex- 2Tgx 2Ty«
ternal losses result froni) boundary layer friction and heat trans- (17c)
fer and, (i) the mixing of the coolant with the mainstream. The Equation(17b) represents the thermal dissipation as the coolant
friction loss is already accounted for in the basic loss of 4) mixes with the mainstream flow and theitatic temperatures
and is assumed unchanged in the presence of cooling. The a%umbrate ThusA S i, o Multiplied by the mainstream tempera-
tio_n_al coolinglosses are therefore the sum of the heat transfer afige is exactly equal to the power that could theoretically be ob-
mixing losses, tained from a Carnot engine coupled between the mainstream flow
_ at constant temperatufl, , and the coolant, as the temperature of
AZ = A gyt ot ASmix (15) the latter increases fro%&X to T, « due to the heat rejection from
the engine. Equatiol7c) represents the dissipation of bulk ki-
netic energy as the mainstream and coolant velocities equilibrate.
The first term refers to velocity equilibration tangential to the
6Q blade surface. The second term shows that, subject to the assump-
1 Tint tions of the theory, all the coolant kinetic energy normal to the
/ blade surface is lost.
Following the discussion in PartYoung and WilcocK 1)), the
T, +8T, exergy loss arising from the diffusional mixing of the mainstream
e —» —n — and coolant gases is ignored.
PoctOPoc Integration of Egs.(17b) and (17c) over the complete blade
surface is difficult because of the variationTf , andV, . One
S5F possible approach is described by Hart$&ll but th|s reqwres
comparatively detailed knowledge of the flow in the blade pas-
Fig. 6 Fluid friction and heat transfer in a one-dimensional sage. If this is unavailable, it is necessary to adopt suitable aver-
flow age values and integrate approximately to give,

5Em|x KE™ 5mc[
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5 .0 Nomenclature
L AZ et ™ A = area
~~ Ao e Bi = Biot number
40 J 5 h,i = specific enthalpy, rothalpy
AZiner m = mass flowrate
P = power
AZen0 p = pressure
AL basic Y Q = heat transfer rate
0 - T T T St = Stanton number
0 002 004 006 0.08 041 s = specific entropy
Kool t = thickness
T = temperature
Fig. 8 Variation of cooling losses with cooling flowrate U = blade speed
V = absolute flow velocity
a = heat transfer coefficient
go = blade cooling effectiveness
Tox / Tex e = film cooling effectiveness
AZ iy @=McCpc |n(-|-—') —(1— T ” (18a) 7. = internal flow cooling efficiency
X 9x N = thermal conductivity
¢ = stage loading coefficient
As (Vgx—VexC0Sg)? (Ve Sing)? - A3 = rate of entropy creation by irreversible processes
mixKE= Me 2Ty« - 2Ty« (180) Subscripts
6.4 Example: Cooling Loss Calculation. As an example, 0 = total (as opposed to stajiquantities
consider again the single stage turbine operating at the conditiohs2. 3, 4 = stator inlet, stator outlet/rotor inlet, rotor outlet,
shown in Table 1. The extra parameters required to estimate the stage outlet
losses were taken to bé,,=1.01, K,,=1.07 and¢=30 deg. ¢, g = coolant, mainstream gas
Figure 8 shows how the stator and rotor losses vary with the i = coolant condition at inlet to blade passages
cooling flow factorK ., around its base value of 0.045. This k = coolant condition at compressor bleed point
corresponds to varying the coolant flowrate keeping the combus- m = metal
tor flowrate constant. The magnitude of the cooling loss compared ~ W = wall (outer surface of blade _
with the basic loss is particularly notable, indicating the possibil- x = coolant condition at exit from bladéefore mix-

ity of improvements to cycle efficiency by careful design. ing) ) _
r, s = rotor, stator(subscripts preceding m, w)

tbc = thermal barrier coating
) * = blade throat
8 Conclusions

The paper has described a self-consistent approach for moqﬂ)’pendix 1
ing the air-cooled gas turbine that is particularly suitable for ther-
modynamic cycle calculations. The procedure divides naturally Rotor Approximations. The Euler turbine equations are,
into first law and second law analyses, which are almost indepen-
dent. The former requires a heat transfer model to estimate theP=Mgd (UV)g 2= (UVj)gal+Mic[(UVy)rci—(UVy)gsl

cooling flows and an extended Holland and Thake procedure is (Al.19)
recommended. It is particularly important to acknowledge thep _ .\ riyy —(UV +m.(UV —(UV
nonuniformity of the combustor exit flow to avoid underestimat- ext= Mg (UVelg2~ (UVelgal * Ml (UV glrex=( (Hg\gla}b)
ing the cooling flowrates. Rotating blade rows also require careful

consideration. Pint=Mc[(UVg)re,i = (UVg)ic il (Al.Ic)

The second law "’?“?'VSiS requires user-specified models for Wﬁereuvg is the massflow-averaged product of the blade speed
cooling losses and it is strongly recommended that these are % and the fluid absolute swirl velocity/,. Clearly P=P
pressed in terms of irreversible entropy creation rates rather tha o ext

loss of total pressure or modified stage efficiency. For flows with "™
heat transfer, it is crucially important to distinguish clearly be- Coolant Centrifuging Power Requirement. P;,; represents
tween reversible and irreversible entropy changes. Simple mod#ie negative of the power required to increase the angular momen-
have been proposed for each component of the loss and thistam of the coolant. This isotan irreversible power loss because,
lows the source and magnitude of the major cooling irreversibilin principle, it is recoverable further downstreaR,; is given by
ties to be identified. Eq. (Al.1c) but the change iUV, of the coolant between passage

It is hoped that the analysis presented in this paper providesnéet and outlet is unlikely to be known exactly.
firm foundation on which to proceed to improved and more accu- It is assumed:(i) coolant enters the rotor with zero relative
rate thermodynamic models of the air-cooled gas turbine. swirl [(Vg)rei=Uyc.il, (ii) the coolant relative swirl velocity at
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exit from the rotor is zerq (V). x=Urcx] and, (ii) U, Appendix 2
=Upean- Combining Eqs(Al.1c) and(5) with a minor approxi-

mation then gives, Heat Transfer Calculations. The heat transfer rates are given
by Eg. (2c) for stators andAl.4) for rotors. Dropping the sub-
Pint 1L me scriptss andr,
B =—— Rm (AL.2)
¥ 9.2 QEmCCpC(TOC,X_TOC,i) (AZ]-)

whereL/R is the ratio of blade length to mean blade radius. Kvhere Ty, denotes the coolant absolute total temperature for a
=1 and L/R=0.2 thenP;, /P=-0.2(m;./mg ;). Hence, for stator and relative total temperature for a rotor. Calculation of
Myc /Mg ,=0.05 about 1 percent of the gross power is used M, , requires a knowledge of the mean internal heat transfer co-

centrifuging the coolant. efficient, which is difficult to predict accurately. The problem is
Coolant Centrifugal Temperature Change. Noting that i ggﬁﬁzzegyby introducing anternal flow cooling efficiencyye, int
=h'—U?/2, Eq.(4c) can be written, ’
Toex™ Toc,i
U2 —u2 L=t A2.2
—Q,=my| (hiEL —hiel )— M (A1.3) et T = oo (A2.2)

Teint 1S treated as a known empirical parameter whose value
The final term divided byc,,. represents theentrifugal tempera- (typically 0.6—-0.8 reflects the level of the internal cooling tech-
ture changeand is typically 10-20°C. A typical value foiT(;; nology.
—T.cx) is 200°C. Given the approximate nature of the cooling In terms of the mainstream flokQ can also be expressed by,
model, it is expedient to neglect the centrifugal temperature
change. Thus, Q= Cl’g'A‘surf(-I-aw_ Tw) (A2.3)

where a4 is the mean external heat transfer coefficient Aggl;
is the total cooled external surface af@zluding the endwalls
. Taw IS the mean adiabatic wall temperature, which, in the absence
ThROI’tlor t":let If?elatlvg ;I'otal _Enthalpyl (Ge:‘smar:_d Ct:otolian). of film cooling, equals the mainstream recovery temperature. This,
th ‘T ea} thrans er TO e requm:s ? va lfet OTh' auve 8 a etf" in turn, is approximately equal to the inlet absolute total tempera-
frc?n?%h% st:gr:a]ai“nnlztrgig gl?tsle? crc()Jn(é:tilgnes.ancisazagssiri?a:jm;[ﬁﬂe for stators and the inlet relative total temperature for rotors,
loading coefficient. First note that, without approximation B of Whl(-:h will be denoted byfo. When ﬂlm- coollng 1S

9 ! PP ' present,T,,, is related toT o, and Ty x by the mearfilm cooling
) effectiveness; defined by,

(A1.5)

_Qrgmrc(hB?(I:,i_h{)?l:,x (AL1.4)

2
Umean

2(\/6)9,2
2 |17

U mean

hbg 2= hog 2+
0g,2~ "og,2 Tog— Taw

—_0 v A2.4
TOg_TOC,x ( )

ef
where the enthalpies include the contribution from coolant in-
jected in the stator. Assuming zero swirl at stage outlet and ner is treated as a known empirical parameter whose vélms-

glecting any cooling flow to the rotor, Eq&a), (5), and(Al.1a) cally 0.2-0.4 reflects the level of film cooling technology.

give, In terms of the heat conductio can also be written,
\Y; hgg »—h A ip
= ( 9)9’2: 09’22 %93 (Al.6) Q: LAsurf(Tw_Tm,ext) (A25)
Umean Umean ttbc
Combining Egs.(A1.5 and (A1.6) gives the approximating ex- A
pression 9 =a ( & ( ) g PP g Q= t_mAsurf(Tm,ext_Tm,int) (A26)
! m

el 1 1 where\ andt are the thermal conductivity and material thickness.
Nog 2= 20 Rog 2t | 1— 20 Nog 3 (AL7) Using Eq.(A2.3) to eliminateQ from (A2.1), (A2.5) and (A2.6)
gives equations fom., a dimensionless coolant mass flowrate,
Itis also necessary to relate the coolant relative total enthalpyBitoc @ TBC Biot number, and Bja metal Biot number:
rotor inlet to the absolute value. The exact expression,

mccpc _ Taw_Tw

r2ci Mo+ agAsurf Toex™ Toc,i (A2.7)
hore,i = htre,i = (UVg)re,i— - (AL.8)

Bi. — agttbc _ Tw— Tm,ext (A2.8)
shows that, if ¥/4),ci>U,c.i/2, the relative total enthalpy of the ¢ Nbe  Taw— Tw '
coolant entering the rotor passage will be less than the absolute
total enthalpy. From the rotor viewpoint, therefore, a considerable Bi. — aglm _ Tmext— Tm,int (A2.9)
cooling effect is realized by a high coolant absolute swirl velocity ™ Am Taw— Tw '
(Vy)ici - To this end, stationary swirl vanes are usually mounted ) ) ) )
upstream of the coolant inlet to the rotor and, in this way, it isinally, theblade cooling effectiveness, is defined by,
possible to reduce the relative total temperature by as much as To T
100°C. For calculations, it is convenient to introduce a constant 80:09—”“*“ (A2.10)
Kswin (therotor swirl factor) defined by ¥/4)¢.i=KswirUrci - I Tog— Toc,i

practice, 0<Ksg,i<2.5. Using the definition ofy, Eq. (A1.8)

g is fixed by the inlet total temperatures of the mainstream gas
then becomes,

and coolant, and the desired external metal temperature.
Elimination of all temperature differences between Egg.2),
(AL.9) (A2.4) and (A2.7)—(A2.9) results in the following expression for
lpmg,?: mc+ y

(Kswini—0.5)P
Nore,i— e, = ———
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(1+Biyy) fo { ! 1} PP ( ! ) ST R,JPoe
ithe) M = —& - intp==—0F=|=—— —|mC —m,R——
thel et Wc,ext(lfso) f 771:,e><t(:]-780) ntF Te Toc Te cpet e e Oc
(A2.113) (A3.50)
where 7. o4 is a cooling efficiency defined in terms of the exterwhereR, is the specific gas constant afiiglis thestatic tempera-
nal, rather than the internal, metal temperature, ture. EquationgA3.5) cannot be integrated analytically. One ap-
T —T proximate method of attack is to write,
" _ _'0cx Oci _ 7c,int (A2.11b)
cext Tmext— Toci  1+Mey 77(:,intBim _ Ye—1 2 1 _
. ) . ==|1+ M¢ |+ =Kinz— (A3.6)
The first term of Eq(A2.11a) gives the value ofn,, when inter- Te 2 Toc Toc

nal convection is the only cooling mechanism. The second tefy 555 me a constant mean value for the coolant Mach number
gives the_ reduct|_on \_Nhen film cool_lng is also used. When a thq(/lc_ Integration of Eqs(A3.5) then gives Eqs(14).
mal barrier coating is present).. is reduced by the factor (1

+ Biy,c). Clearlym, can be determined once,, 7 int, &, External Heat Transfer Loss.Rewriting Eq.(A3.5a) for the

Bi,,, and Bj,. have been specified. external flow,
m.. is now related to the actual coolant/mainstream mass flow

ratio. Neglecting the coolant injected upstream of the throat,

ngpg*Vg*Ag* (A212) ) ] ) )
wherepge , Vge andAg. are the gas density, velocity, and rowWhereTg is the mainstrearstatic temperature andQ is the heat

cross-sectional area at the blade throat. Introducing (ER.7) tra_n_sfer to the blade. The variation @ is accommodated by
gives, writing,

1 1

gzexLQE T—W* T—g) 6Q (A3.7)

Mg Aguri C i— yg_l Z)L— —
m_g: A_Q*C_Eistgmc+:Kcoolmc+ (A2.13) T (1+ 2 Mg Tog KeXtTog (A3.8)
where Sf=ag/CpgpgrVgr IS @ Stanton number based on thénd then assuming a constant mean value for the mainstream
mean external heat transfer coefficient and the flow propertiesN@ch numbemM, . Integration of Eq(A3.7) leads to Eq(16).

the throat. Eitheray or St; must be estimated from a suitable
correlation. Thecooling flow factor K., is defined by Eq.
(A2.13.

External Mixing Process. The momentum and energy equa-
tions written for the control volume of Fig. 7 afdropping the

subscriptx),
. 9Py _
Appendix 3 my p_g+V95V9 +6mcVy(Vg—Vecos¢)=0 (A3.9)
. (V2—V?)
Entropy Creation my( Shy+VyoV,) + 5mc[ he(Tg)—he(To)+ ——1 =0
Internal Heat Transfer and Friction LossesFigure 6 shows A3.9
an idealized onedimensional coolant flow. The momentum, en- (A3.%)

ergy, and second law equations are, The second law of thermodynamics is,

0| = _
me ﬁ+vcgvc — —VC5F (A3.1a) §2m|x mgésg"— 5mc[sc(Tg vpg) S(:(Tc |pg)] (AB-%)
¢ Combining Eqs(A3.9) and usingT,dsy= dhy— dpy/pq gives,
mc(She+V6V.)=6Q (A3.1b) he(Tg)—he(To)
oQ 0% mix= ‘smc[ Sc(Tgfpg)_sc(TCapg)_ T—]
8%int=M8S.— T (A3.1¢) 9
m.int (Vg—Vccosp)?  (V¢sing)?
Combining Eqs(A3.1) and usingT.8s.= sh,— 8p./p. gives, +ém 2T, + o, (A3.10)
1 V . . .
5Eint=(-|—__ T 5Q+ T_C5F=52int,Q+52int,F For an ideal gas, EqA3.10 is equivalent to Eq(17).
Cc m,int c
(A3.2)
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