
TRANSACTIONS OF THE INSTITUTE OF FLUID-FLOW MACHINERYNo. 124, 2012, 17�39
LUCJAN NASTA�EK1, MICHA� KARCZ1, DANIEL S�AWI�SKI1, WITOLD ZAKRZEWSKI1,PAWE� ZIÓ�KOWSKI1,3, CZES�AW SZYREJKO2, JACEK TOPOLSKI2,ROBERT WERNER2 and JANUSZ BADUR1∗On the internal e�ciency of a turbine stage:classical and computational �uid dynamics de�nitions

1 The Szewalski Institute of Fluid-Flow Machinery of the Polish Academyof Sciences, Centre for Thermomechanics of Fluids, Energy ConversionDepartment, Fiszera 14, 80-231 Gda«sk, Poland
2 ALSTOM Power Ltd., Stoczniowa 2, 82-300 Elbl¡g, Poland
3 Conjoint Doctoral School at the Faculty of Mechanical Engineering, GdanskUniversity of Technology, Narutowicza 11/12 80-233 Gda«sk, PolandAbstractAlmost entire �eet of steam turbines in Poland was designed between 1950�1980 with theuse of the so-called zero-dimensional (0D) calculation tools. For several years, design and mod-ernization of the turbines occur in assistance with the state-of-the-art methods that describeworking �uid �ow �eld based on three-dimensional (3D) models and computational �uid dy-namics (CFD) codes. This cooperation between 0D and 3D codes requires exchange of overall,integral information such as: power, e�ciency, heat and mass �uxes. In consequence the ques-tion arises regarding the cohesion of de�nitions, and particularly regarding the correctness ofthe de�nition for internal e�ciency of the turbine's stage and the turbine as a whole. In thepresent paper we formulate basic de�nitions reason of e�ciency that are naturally adapted tothe numerical 0D and 3D models. We show that the main reason of di�erences between thede�nitions in 0D and 3D is the de�nition of the theoretical work of the stage lt. In the classical0D models, mostly employed is the isentropic approach, and hence the isentropic e�ciency oc-curs. Meanwhile, in the increasingly common 3D approach (most likely by CFD), we use morephysically correct pathway by subtracting energy loss from the available energy, that leads tothe polytropic de�nition of e�ciency. We show an example of computing the e�ciency and the3D losses, denoted with additional subscript CFD, we also discuss bene�ts of this de�nition incomparison with the isentropic classical de�nition in 0D.
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18 L. Nastaªek, M. Karcz, D. Sªawi«ski et al.Keywords: Turbine stage; Stage power; Stage e�ciency; LossesNomenclature0D � algebraic model of �ow based on integral balances of mass, momentumand energy3D � three-dimensional model based on di�erential equations, that requirescomplete geometry of a �ow channelCFD � uniform method of simultaneously solving �uid �ow governing equationsbased on �nite element or �nite volume method discretization
A � area of section, mm2

Au � blade moving area on which medium exerts action, mm2

c � average velocity vector in 0D derived from momentum conservation equa-tion, m/s
c � average velocity vector length (speed), m/s
cn � normal to surface average velocity component magnitude in 0D, m/s
ct � theoretical average velocity vector length, m/s
co, c1, c2 � absolute average velocity vector length at points 0, 1, 2, respectively, m/s
D � di�usive stresses tensor, Pa
er � radial direction
eu � circumferential direction
ez � axial direction
i � medium enthalpy, kJ/kg
I � unit diadic; I = er ⊗ er + eu ⊗ eu + ez ⊗ ez

JUV � Umov-Volter mechanical energy �ux, N/ms = Pam/s
Jr � radial clearance, mm
Jz � axial clearance, mm
lt � theoretical unit work of a stage, kJ/kg
ls � isentropic unit work of a stage, kJ/kg
lp � polytropic unit work of a stage, kJ/kg
lu � circumferential unit work of a stage, kJ/kg
∆li � internal work losses of a stage, kJ/kg
∆lu � circumferential work losses of stage, kJ/kg
ṁ � mass �ow rate, mass �ux, kg/s
ṁt � theoretical mass �ow rate, kg/s
n � unit normal vector
N � mechanical power, MW
Nu � circumferential power of a stage, MW
Nt � theoretical power of a stage, MW
p � pressure, MPa
ṗ � rate of pressuree change, Pa/s
Pu � Puzyrewski number
Pu � blade drift force, N
r � pitch radius, mm
r = rer � radial vector, mm
R � turbulent stresses tensor, Pa
s � medium entropy, kJ/kg oC
T̄ � average temperature, K
T � medium temperature, K
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t � Cauchy stress tensor, Pa
vn = v · n � �uid velocity normal component, m/s
u = ω × r = u(r)eu � blade drift velocity vector, m/s
v � �uid absolute velocity vector, m/s; v = u+w

w � �uid relative velocity vector, m/sGreek symbols
ζ � loss coe�cient
η � e�ciency η = 1− ζ
µ � mass �ow rate coe�cient
ρ � volumetric density of a medium, kg/m3

ρ̃ � average volume density of a medium, kg/m3

τ � viscous stresses tensor, Pa
τ � time, s
ϕ,ψ � velocity reduction coe�cients nozzle and rotor, respectively
ω = ωez � angular velocity vector, rpm
ξ � losses from leak, kJ/kgSubscripts0,1,2 � real points of process1s,2s � points of isentropic process1p,2p � points of politropic process0c,2c � real points of process with kinetic energy
in � inlet
out � outlet
p � politropic
s � isentropic
t � theoretical
exp � experimental
u � unit, circumferential
n � normal
r � rotor
s � stator
leak � leak losses1 Stage e�ciency � classical and CFD de�nitionDe�nition for the cycle e�ciency either of a heat engine or of a turbine stage, hasits origins in the work of Sadi Carnot [4,1], since which the distinction betweenthe heat machine power and its e�ciency begins. Starting from the works byPambour, Zeuner, Schichau [14,26,27,12] e�ciency is related to one kilogram ofworking �uid, which `behaves' in a better or worse way during conversion of heatenergy into mechanical energy. Carnot discoveries are still important, since theyset up a paradigm for constructing and thinking of a heat engine � by introducingthe ideal conversion of heat into work in which, in Carnot's words, there are no`blank passages of the caloric', that is, the energy conversion in the working �uidinto work occurs with conserved entropy. Then, also has a paradigm been set



20 L. Nastaªek, M. Karcz, D. Sªawi«ski et al.of thinking about determining the maximum allowable work to be achieved fromthermal energy of the ideal working medium, while the information of the realworking medium being non-ideal, su�ering from losses in its accumulated energy,has been embraced in the Carnot coe�cient, known today as e�ciency (denotedcommonly with Greek letter η). The di�erence between an ideal medium and areal medium that de�nes inevitable losses, was mathematically described with themedium loss coe�cient µ.The concepts of losses and e�ciencies are essential in the process of designingof any thermal engine also in these days. Similarly to the practice of Carnot andother pioneers of turbine technology, the very approach in designing is still thesame � �rst an object for an ideal medium is designed, medium possessing noviscosity, no thermal conductivity, no turbulence or di�usivity, etc. and then thereal gas corrections are implemented through the methods more or less correctlychosen [5,18�20,22]. Owing to repeatedly corrected knowledge, magnitudes of thelosses attributed to all spectra of devices are anticipated today with increasedaccuracy. Di�culties emerge only in the case of new constructions or in cases ofsolutions required by modernization.Carnot approach may be summarized in the following verbal rule [4]:
(devicepower) =

( amount of kilogramsof medium per second)
·


 e�ciencyof a realconversion

 ·


theoretical workof onekilogram 

 (1)or mathematically (employing notations by Szewalski [20])
N = ṁηlt , (2)where N is the mechanical power, ṁ is the real mass �ow rate, η is the e�ciencyof the stage and lt is the theoretical unit work of a stage.Theoretical work of the turbine stage or the entire turbine achieved from a unitmass of the medium was denoted with subscript t, that stands for `theoretical' andindicates an ideal conversion of available energy of steam [5,18,21]. Equation (2)re�ects the character of the traditional approach to designing �rst the thermody-namic cycle which is being designed for 1 kg of an ideal working �uid, next theresulting work is decreased by the factor of the e�ciency of the real working �uidand, to acquire the desired power, it is then multiplied by the resultant amountof working �uid kilograms to perform the work. E�ciency, η, is an empiricalparameter, known a priori for similar devices. However, deriving the magnitudeof cross-sections to possess the required mass �ow rate, ṁ, is performed based onthe theoretical mass �ow rate, ṁt, to be ṁ = µṁt, where mass �ow coe�cient, µ,is to restrict the value (coe�cient) of the theoretical mass �ow rate accordinglyto the real velocity pro�le.



On the internal e�ciency of a turbine stage. . . 21In accordance with the current computational tools possibilities based on thethree-dimensional (3D) modeling, natural question occurs on the agreement be-tween the computational �uid dynamics (CFD) and the classical line of reasoningin traditional design work�ow. The question is if concepts such as e�ciency orlosses may be strictly de�ned in the 3D approach, in other words � are theseconcepts general, independent on the tool being used. In the following sectionswe propose consistent de�nitions for e�ciency and losses, to allow for transform-ing computed integral quantities received from 3D models into zero-dimensional(0D) codes.2 Geometry of the stage and its parameters commonwith 0D model

Figure 1. Geometry of an axial impulse stage of a turbine with working medium parameterswritten for pitch radius, where: ṁ0 � the mass �ow rate of the steam �own in point0, ṁs � the mass �ow rate of the steam �own through stator diaphragm channel, ṁr� the mass �ow rate of the steam �own through the rotor stage channel, ṁleak � mass�ow rate of the steam �own through the leak, p � pressure, c � absolute averagedvelocity vector length, Jr � radial clearance, Jz � axial clearance, r � pitch radius.Figure 1 presents the classical scheme of the impulse stage in an axial turbine.It comprises stator diaphragm (subsonic nozzles) and the rotor wheel. It hasvery easy to de�ne geometrical parameters (3D), such as pitch radius, r, axialclearance, Jz, radial clearance Jr. In 0D modelling it is assumed, that the steamparameters (p, c) are averaged in sections, are given at pitch radius, and are



22 L. Nastaªek, M. Karcz, D. Sªawi«ski et al.denoted � acordingly to tradition initiated by the pioneers and the masters ofturbine technology � by 0,1,2, respectively. In a 0D model no information on thegeometry or �uid parameters on the segment 0-1 and 1-2 is provided; nonethelessit is tacitly assumed, that those change linearly.3 Mass �ow rateThe question on the mass �ow rate of the stage, or the entire turbine, is fun-damental for determination of its performance and working parameters. It isimportant to remember, that the turbine is a device that serves for energy con-version of the working medium internal energy into mechanical work, which isthen received at the moving surfaces. For example, that internal energy of theworking (�uidic) medium �rst needs to be converted into kinetic energy in theexpansion device called the nozzle, and then is forwarded and absorbed at themoving surfaces of the rotor blades. Thus, di�erently from reciprocating engines,where working medium is at some temporal instance at relative rest, in the axialand radial turbines it is constantly �owing through the device. Mathematically itis the mass �ow rate ṁ. The overdot, according to Rankine's proposal, means thematerial time derivative of mass � it is consistent with the material velocity (inthe Lagrange sense) of the volumetric mass density, ρ̇, found in 3D models [2]. Inother words, energy conversion occurs in the medium �ow through an expansivedevice (nozzle, guide vanes) and a mechanical device (rotor).To enforce the constant mass �ow rate, ṁ = const, of the medium throughthe stage passage and its clearances a constant pressure di�erence between inletand outlet stages needs to be sustained, i.e., between pin and pout. Parametersdenoted by CFD ṁ, p, v, T , subscripts in and out may be also determined atpoints 0 and 2 (Fig. 1), respectively. For the entire turbine we usually know bothpressures, as the pressure of the life steam, and the pressure in the condenser orextraction point, and is identi�ed with the measured static pressure. Usually itis assumed, that these pressures are constant in the measurement cross sectionalarea, which allows to identify the pressures measured at the wall (or inside aninsulation) with the 0D model pressure. The assumption on equal pressure acrossthe characteristic cross sectional area is not made in CFD modelling, we howeveragree, that energetically weighted pressure of the medium in the cross section inquestion should be identical to the 0D pressure. This assumption relates to theaveraged CFD pressure be equal to the measured pressure. The three-dimensionalCFD model allows for `reading' the value of the pressure precisely at the mea-surement point. It is possible now to explain the di�erence between the 0D andmeasured pressures � those di�erences are signi�cant and may reach even up to0.2 MPa [3].



On the internal e�ciency of a turbine stage. . . 23Other basic di�erences between 0D and 3D models need reminding. Firstly,the given pressure drop, ∆p = pin − pout, propelling the �ow, is used in anultimately di�erent manner in the classical 0D approach compared with the nu-merical 3D approach. In 0D, the given pressure drop results in enthalpy drop ofthe medium, which induces some kinetic energy, for the sake of energy conversionprinciple to be met. From the kinetic energy, velocity vector length is established,denoted with cout. Let it be recalled that in an ordinary converging channel,where heating and working diminish the energy equation per one kilogram of aworking medium has a 0D form [11,13,25]
iin(pin, Tin) +

c2in
2

= iout(pout, Tout) +
c2out
2

. (3)This equation allows the outlet velocity vector length to be determined [11,13]
cout =

√
2(iin − iout) + c2in . (4)Equation (4) is readily used by measurement engineers, since it only requiresmeasured pressures and temperatures at both channel inlet and outlet, so thattabularized equations of state could provide enthalpies iin and iout. The energyequation (3) is correct during compression as well as during expansion [8]. Averagevelocity vector length cout energetically averaged, is slightly higher from the vectorlength derived from momentum conservation equation and averaged with respectto momentum, and hence cout ≥ |cout| [2].In 0D computation practice determination of enthalpy iout for the real �owis impossible to be made directly, since the temperature Tout is unknown. Hencecalculations are based on a hypothetical quantity, governing entire further designprocess � it is the ideal velocity, in the literature known as `theoretical' veloc-ity [5,18], which is computed from a di�erent enthalpy drop from the real oneoccurring in Eq. (4). Rejecting quantities unable to establish readily, such asheat escape from steam through channel walls, turbulent heat transfer along thechannel between its inlet and outlet, turbulent momentum transport, frictionalresistance against channel's walls, friction between �uid streams, etc., �nally apicture emerges of a `theoretical' enthalpy value iout,t of such an ideally elastic(reversible) conversion.Certain approximation of ideal enthalpy value is an enthalpy mostly employedin 0D models, de�ned to be the enthalpy of an isentropic conversion (expansion,compression); it is calculated with the use of equations of state

iout,s = iout,t(pout, sin) . (5)Here, ideal conversion is enforced by the assumption, that it processes in the en-tire channel with a constant entropy value of the medium sin = sout = const.



24 L. Nastaªek, M. Karcz, D. Sªawi«ski et al.It is distinguished from others by adding the subscript s. It is hence excessivelysti�ening the condition for conversion � entropy of the medium �owing throughthe channel changes anyway, both through elastic conversion described with equa-tions of state and through internal sources `producing entropy', originating fromthe above described processes.Another theoretical enthalpy is the enthalpy, which value evolves only as aresult of any arbitrary change in equations of state, while the changes from irre-versible processes are rejected due to the �uid being assumed ideal. The de�nitionis then
iout,p = iout,t(pout, sout,p) . (6)Throughout the paper it will be called enthalpy of ideal polytropic process (itis distinguished from others by adding the subscript p), entropy for which iscomputed with neglecting any irreversible phenomena in the �ow.The real velocity cout of the steam leaving the nozzle is lower than the the-oretical velocity cout,t, regardless enthalpy de�nition employed, either isentropicEq. (5) or polytropic Eq. (6). In both cases, same losses decrease the velocity,that is the friction between the molecules and the vessel walls. The only measurefor practical estimation of those `discrepancies from the thought (referential) ide-ality' (these are not losses per se in any case) is the assumed in the 0D model, andcalculated in a 3D model, velocity reduction coe�cient, denoted in literature by

ϕ (nozzles, guide vanes) or ψ (rotors). In this case the real length of the velocityvector (direction still remains unknown) acquired from the energy conservationequation satisfaction condition is:
cout = ϕcout,t . (7)First empirical research on determining the ϕ coe�cient were conducted byChristlein, Fluggel, Stodola, Brown and Boveri [5,18]. Its values depend stronglyon the ideal velocity and arrange themselves in the so called nozzle characteristic

ϕ = 0.95, 0.968 at 400 and 800 m/s, respectively. Deviation from the ideality(hypothetical losses) of kinetic energy are determined by the loss coe�cient ζ =
1− ϕ2 [14].Owing to the fact, that in 0D model most accurately is computed the theo-retical velocity, it is easier to formulate the theoretical mass �ow rate than thereal mass �ow rate. Hence, the real mass �ow rate, which according to the ve-locity pro�le is always lower, may be described with the empirical mass �ow ratecoe�cient µ:

ṁ = µṁt . (8)In the 0D modelling practice, mass �ow rate coe�cient determination bases oncomputing the theoretical mass �ow rate, ṁt, and measuring the real mass �ow



On the internal e�ciency of a turbine stage. . . 25rate, ṁ = ṁexp,
µ0D =

ṁexp

ṁt,0D
. (9)An opposite situation is the case in 3D modeling CFD � the real mass �ow rateis accurately computed, and interpretational di�culties arise with the theoreticalone. When both mass �ow rates are computed with the use of the same numericaltables of state, for the polytropic change of state, the mass �ow rate coe�cientmay be determined for each turbine stage or the entire turbine as

µCFD =
ṁCFD

ṁt,CFD
. (10)The µCFD coe�cient is slightly smaller than µ0D, nonetheless, for design purposesit may be assumed that µ0D = µCFD.It requires noting, that the mass �ux computed in CFD is the basic integralparameter of the 3D �ow, which is controlled during the numerical process � itis possible to be read in any section, A, (not necessarily planar) of a turbine �owdomain, oriented with a normal vector, n, as [2]

ṁCFD =

∫∫
A

ρvndA =

∫∫
A

ρv · ndA , (11)where the normal to surface velocity component magnitude, vn, occurs, not theentire magnitude of the vector. Transition to the 0D model is as follows [2,16]:
ṁ0D =

∫∫
A

dA

∫∫
A
ρdA∫∫

A
dA

∫∫
A
ρvndA∫∫
A
ρdA

= Aρ̃cn = Aρ̃µ0Dct = µ0Dṁt,0D , (12)where ρ̃, ρ are the averrage volume and volume density of a medium respectively,and ct is the theoretical average velocity vector length, cn is the normal to surfacevelocity component magnitude in 0D.The �ow coe�cient depends on both the fact, that the average velocity, c =
ϕct, determines the constant velocity pro�le within the section, and that its valueand the direction of the averaged vector c is unknown, that enforces assuming
cn = c · n ∼= c [2]1.4 Power of the stageRecall, that the fundamental task ahead of a working medium is its contributionin the process of energy conversion from thermal to mechanical � either in theform of �uid storing energy at one place and then transferring this energy into1Full discussion of this problem one can �nd in monograph [2]



26 L. Nastaªek, M. Karcz, D. Sªawi«ski et al.another place, or in the form of (ideal) converter of energy forms. Mathematically,mechanical energy �ux, expressed by the working medium parameters, is de�nedby the Umov-Volterra energy �ux [2] JUV = tv, that is the product of momentum�ux tensor, t (known as the Cauchy stress tensor) and the material velocityvector of the �uid v. It is a su�ciently general de�nition embracing turbulent,di�usive and thermal stresses. Mechanical power received through the Umov-Volterra energy �ux on a moving surface of a blade Au, oriented with a normalvector, n, is (Badur [1,2])
Nu,CFD =

∫∫
Au

JUV · ndA =

∫∫
Au

tv · ndA . (13)Here, t = −pI+ τ +R+D+ . . . is a symmetric tensor of entire momentum �ux,comprising, respectively, elastic pressure tensor, traceless viscous stress tensor,Reynolds turbulent stress tensor, di�usive stress tensor, rarely employed withrespect to working �uids (e.g., radiation stress tensor in gas turbines) and other.In CFD models of �uids without velocity slip on a wall, �uid velocity, v, used inEq. (13) is equal to velocity, u, of the moving surfaces (Badur [1,2]).Even though the Nu,CFD is included in the energy equation, in CFD compu-tation is determined entirely and solely from the momentum balance equation.Thus, in case of the �uid tensor model, limited only to the elastic Euler �uid, i.e.,
t = −pI, where pressure is computed from a polytropic process. It be expected,that the circumferential power for the Euler �uid, say Nu,tCFD, would be fargreater than the power acquired for a viscous, turbulent and nonadiabatic �uid,Eq. (13)

Nu,tCFD > Nu,CFD . (14)Note, that computation of the circumferential power in the 0D model, based onthe 0D momentum balance, has a similar character as in Eq. (13); it is the productof the average force in the circumferential direction, Pu, and the u velocity.Summarizing, the de�nition of the power of stage is de�ned di�erently, de-pending on the stage of the design process (Szewalski [20], Perycz [15], Badur[1,2], Puzyrewski [16], Kosowski [9,10])
Nu =




ṁr(iin − iout), 0D design without any geometry,
Pu · u, 0D veri�cation with designed geometry ,∫∫

Au
(−pI+ τ +R)n · udA, 3D veri�cation with exact geometry . (15)Recall, that ṁr stands for the mass �ow rate of the steam �own through rotorstage channel (hence the r subscript), iin, iout are the enthalpies of the steamat the inlet, and outlet of the stage, respectively (averaged in the 0D sense),

Pu = ṁr(cin−cout)eu is the circumferential force at the rotor. Surface integral in



On the internal e�ciency of a turbine stage. . . 27(15), including all blades of the rotor stage, is computed as an average work of thepressure p and the surface tensile forces τ on the variable over the blade heightvelocity u = u(r)eu (Fig. 2). Unit vector n is the normal vector of the bladesurface, and it generally changes signi�cantly over the blade's circumference, butsince 3D blades are employed, vector n also changes over the blade's height. Theabove de�nitions of the stage power are equivalent. Equivalence of the Eqs. (15)1and (15)2 is shown in [11,16]. Transition from Eq. (15)3 to (15)2 is also oftenproved qualitatively and quantitatively [2,16].

Figure 2. Illustration of the computation of the rotor stage power with use of momentumconservation equation, where: r = rer � radial vector, Pu � blade drift force,
u = ω × r = u(r)eu � blade drift velocity, n � unit normal vector .In the case of a turbine being designed, for which neither the geometry nor thecross-sections of the blade channel are known, the power of a stage is computedbased on energy balance equation (15)1 and a given theoretical pressure drop(theoretical power) or a given, measured, enthalpy drop (measured real power).The real power in the 0D model is acquired by employing the 0D momentumbalance equation, which is based on over-sti�ened idealization, that is isentropicexpansion [5,18,22], and its accuracy depends on determination of free parametersof the Puzyrewski model [16]

• αu,0, αr,0 � angles orienting velocity vector c0 � considering length of thevector c0 should be consistent with the mass �ow rate, ṁ; only two anglesorienting this vector may be independent unknowns of a 0D model.
• Velocity coe�cient for stator and rotor, ϕ and ψ, respectively.
• Mass �ow rate coe�cient, µ.



28 L. Nastaªek, M. Karcz, D. Sªawi«ski et al.In practice comparison of the real powers computed in 0D and 3D model is avery delicate matter. In the 0D model there are four free parameters, that aredetermined through empirical closures, veri�ed inside the construction o�ces ofthe modern turbine factories. In the 3D approach, the number of free parametersis several times greater � the designer may improperly pick one of those with anerror, in consequence, far greater than in the standard calibrated 0D model.5 Circumferential work of the stageThe basic quantity for comparison of thermodynamic quality of the projectedstage is the unit work on the stages circumference, that is, the work received fromunit of mass of a working medium [11,13,15]
lu =

Nu

ṁr
. (16)Only the mass �ow rate �owing through the blading passage is taken into account,omitting the �ow through clearances; ṁr = ṁ − ṁleak,r. Circumferential power

Nu may be computed or measured, hence the de�nitions (16) have fundamentalcharacter.

Figure 3. Geometrical depiction of the energy balances in the turbine stage presented in the i-sdiagram, where: 0,1,2 � real points of process; 1s,2s � points of isentropic process;1p,2p � points of politropic process; 0c,2c � points of process with kinetic energy; lu �circumferential unit work of a stage; ls � isentropic unit work of a stage; lp � polytropicunit work of a stage; ∆is � losses of the stator diaphragm channel; ∆ir � losses of therotor channel; ∆iout = 1

2
c22 � outlet loss connected with the unused kinetic energy ofthe �uid; 1

2
c20 � kinetic energy of the �uid in point 0.In Fig. 3 visualization of both theoretical process (isentropic and politropic)compared to real process with geometrical description of the energy balances in



On the internal e�ciency of a turbine stage. . . 29the turbine stage. In this �gure enthalpies: isentropic i2,s = iout,s, and polytropic
i2,p = iout,p calculated for a single turbine stage is to be �nd.6 Theoretical circumferential workTheoretical unit work on the circumference, say lt, is computed similarly to thereal circumferential work lu, as a ratio of theoretical power to theoretical mass�ow rate

lt =
Nu,t

ṁr,t
. (17)Depending on the employed model, ideal work becomes either isentropic (0D) orpolytropic (3D, CFD).In the 0D model, theoretical circumferential unit work is computed from theEq. (15)1, with the di�erence of considering isentropic expansion for a change,where iout = iout,s (Fig. 3). Thus, subscripts t ≡ s are identi�ed and there is:

ls,0D =
Nu,s

ṁr,s
. (18)In the 3D model, computation of Nu,t and ṁr,t bases on CFD numerical analysisof the Eulerian elastic �uid and polytropic numerical quantities of tables of state,so iout = iout,p (Fig. 3). Therefore t = p

lp,CFD =
Nu,p

ṁr,p
. (19)Many works accomplished at the Energy Conversion Department IF-FM PAS2show, that the results always satisfy the condition lp,CFD > lu,CFD which means,that the unit work of the ideal �uid is greater than the unit work of the real�uid. This comes from the fact, that the ideal �uid (Eulerian) does not possessturbulence, viscosity and shear stresses.7 Circumferential stage e�ciencyIn agreement with the Carnot paradigm, the ratio of the circumferential unitwork to the theoretical circumferential work, lt, is called the stage circumferentiale�ciency [11,15]:

ηu =
lu

lt
= 1−

∆lu
lt

= 1− ζu < 1 , (20)2References for these works one can �nd in `Annual Reports of IFFM PAS' in years 1995�2012



30 L. Nastaªek, M. Karcz, D. Sªawi«ski et al.where ∆lu = lt − lu [kJ/kg] and ζu are the circumferential losses comes fromresistance and include blade losses extended by the outlet loss (Fig. 3) and cir-cumferential losses coe�cient, respectively.It may be de�ned correctly both in the sense of 0D and 3D approximations. Thereal work can be related to some idealized situation process, where hypotheticallosses ∆lu occur. For example in 0D codes such idealized process is the isentropicexpansion process, on the other hand in 3D (CFD) codes this idealized processis the polytropic expansion. This paradigm of thinking originates from traditionsin European teaching, that relates themselves to Platon's world of perfection,and where disciples are directed to strive for perfection. Contemporarily it isunderstood that the losses ζ are merely a mathematical manipulation employingeasy to compute referential point. In other words, the ideal work is only a useful�ction that cannot be measured by any means.Quantity ∆lu occurs in Eq. (20), falsely called in literature [3,16] circumferen-tial losses, comes from the �ow resistance resulting from molecular (material) andoperational (turbulent) viscosity and includes blade losses. In case of the presenceof the following stages, losses need to be extended by the outlet loss connectedwith the unused kinetic energy of the �uid. It is proposed, for clarity, to use thenotion ηu,CFD in case of losses or e�ciencies computed in the CFD methodology.8 Internal e�ciency of the stageExtremely important is the de�nition of internal e�ciency of the stage � let itbe denoted with ηi,CFD. It includes all non-blade losses, in this particular case inform of shroud leaks. Hence, instead of the equation employed in 0D modelling:
li = lt − ∆li, where ∆li denotes losses of the stage extended by the outlet lossalong with non-blade losses from leaks, a more primal de�nition of internal unitstage work may be used:

li =
Nu

ṁ
, (21)where power (Nu = Ni) is related to the entire mass �ow rate �owing through thestage, not only to the mass �ux over the blading passages: ṁ = ṁs + ṁleak,s =

ṁr + ṁleak,r, where ṁs � mass �ow rate of the steam �own through the statordiaphragm channel, ṁr � mass �ow rate of the steam �own through rotor chan-nel and ṁleak,s � mass �ow rate of steam �own through the leak of the statordiaphragm (guide diaphragm) channel, ṁleak,r � mass �ow rate of steam �ownthrough the leak of the rotor channel, respectively. Since leaks are always greaterthan zero, li,CFD < lu,CFD. Similarly, theoretical unit work may be computed:
lt =

Nu,t

ṁt
. (22)



On the internal e�ciency of a turbine stage. . . 31Di�erence acquired in the CFD between the real power, Nu, and the theoreticalpower, Nu,t, may serve for determination of work losses ∆li, which, on the otherhand, are empirically determined in the classical 0D model [21,22].Internal (casing) e�ciency of the stage is de�ned as a ratio of internal stagework to the ideal stage work (Perycz [15], p. 33, Eq. 1.28)
ηi =

li

lt
=
lt −∆li

lt
= 1−

∆li
lt

, (23)where ∆li = lt − li.Depending on the model employed, two situations may result � 0D model,if the over constrained isentropic expansion is assumed, t ≡ s or 3D model, ifthe polytropic expansion is assumed, t ≡ p. Let it be recalled, that in the 0Dmodel, internal stage losses comprise enthalpy losses of the stage along with thenon-blade losses from leaks [17,19]
∆li,0D = ∆is +∆ir +∆iout + ξz + ξr , (24)where ∆is, ∆ir and ∆iout are the losses of the stator diaphragm channel, losses ofthe rotor channel and ∆iout =

1

2
c2
2
outlet loss connected with the unused kineticenergy of the �uid, respectively, and here ξz are the losses from axial leaks betweenthe hub and the guide diaphragm, ξr are the radial losses between the blade tipand the casing. Numerous equations available in literature for particular lossesmay be easily found [11,15,22].On the contrary, 3D model losses ∆li,CFD may not be separated and attachedto particular processes, and are usually given aggregately:

∆li,CFD =
1

ṁtṁ
(ṁNu,t − ṁtNu) . (25)9 Example � CFD e�ciency of the control stageFigures 4�8 contain an illustration to the Nu,CFD, Nu,tCFD, li,CFD, lt,CFD, ηi,CFDde�nitions in the CFD given by equation 13, 14, 21, 22, 23. Nu,CFD, Nu,tCFD,

li,CFD, lt,CFD, ηi,CFD, ζi,CFD are computed for the control (impulse) stage ofa 100 MW steam turbine [3]. The CFD calculation assumes that: the stage isfed with steam through four nozzle boxes, of which one is opened in 80% of itsmass �ow rate. In this case of calculation, the guide diaphragm leak is absent
ṁleak,s = 0, while there appear losses from uneven feeds. The 3D model does notrequire any particularly special approach.All calculations were performed for the same pressure drop equal to pin −
pout = 2.402 MPa. The inlet pressure was preserved constant at the level of
pin = 9.445 MPa, and the fresh steam fed into the turbine had the temperature
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Tin = 811.15 K. Numerical analysis included axial clearances Jz = 2, 3, 9, 13 mm,and radial clearances Jr = 2, 9, 14 mm3.Figures 4 and 5 present stage real power Nu,CFD and power aquired for Euler�uid Nu,tCFD, respectively.

Figure 4. Power, Nu,CFD, of the control stage as a function of clearances.

Figure 5. Circumferential power for the Euler �uid Nu,tCFD, of the ideal control stage as afunction of clearances.3These higher values of clearances follows from untypical strength condition for high rotatingblade foot, see [3].



On the internal e�ciency of a turbine stage. . . 33Figures 6 and 7 show internal unit work li,CFD and the theoretical unit work
lt,CFD, respectively. The casing (internal) e�ciency of the stage ηi,CFD and thelosses ζi,CFD are shown in Figs. 8 and 9, respectively. It concludes, that casinge�ciency in CFD varies between 0.88 and 0.81, which is correct according to thepractical knowledge of this particular turbine's element. From the results given inTab. 1 it concludes that the coe�cient µCFD for the impulse control stage changesaccording to the axial clearance Jz and radial clearance Jr, and, for instance, is
µCFD = 0.92 for Jz = 2 mm and Jr = 3 mm.

Figure 6. Internal unit work, li,CFD, in the control stage as a function of clearances.

Figure 7. Theoretical unit work, lt,CFD, in the control stage as a function of clearances.
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Figure 8. Control stage e�ciency ηi,CFD as a function of clearances.

Figure 9. Control stage losses ζi,CFD as a function of clearances.10 Isentropic and polytropic e�ciencyTo explain di�erences between isentropic and polytropic e�ciencies, it is comfort-able to consider this aspect apart from the turbine stage, and look at it in a widerperspective. For this purpose let's consider e�ciency in �ow, where no heatedand cooled or moving surfaces occur. It should be pointed out, that the �owe�ciency is connected with the general concept of the ratio of utilization of theenergy stored, carried by the unit of mass of a working medium; it describes therelation of real enthalpy, i, change of the medium to some reference (theoretical)



On the internal e�ciency of a turbine stage. . . 35Table 1. Mass �ow rate of the axial control stage for a given pressure drop pin − pout = 2.402MPa, pin = 9.445 MPa, Tin = 811.15 K, revolution speed 10400 rpm.Mass �ow Radial clearance Jr [mm]rate [kg/s] 2 9 14Axial clearance Jz [mm]2 4 9 13 2 4 9 13 2 4 9 13Real ṁ 90.2 90.3 90.3 88.7 90.4 91.1 91.2 90.4 90.4 91.5 91.1 90.4
ṁleak,r 4.9 6.4 7.7 8.3 6.5 14.4 19.6 24.0 6.5 15.8 22.6 29.3
ṁr 85.3 83.9 82.6 80.4 83.9 76.7 71.7 66.4 83.9 75.6 68.5 61.1Ideal ṁt 91.6 91.7 91.6 90.0 91.8 92.2 92.3 91.2 91.5 92.3 91.8 91.1
ṁt,leak,r 5.0 6.2 7.6 8.1 6.7 13.5 18.3 22.3 6.8 14.4 20.4 26.2
ṁt, r 86.6 85.5 84.0 81.9 85.1 78.7 74.0 68.9 84.7 77.9 71.5 64.9change of energy, e, of the medium, which mathematically is

ηe =

∫ τ,out

τ,in
idτ∫ τ,out

τ,in
e(s, v)dτ

=
iin − iout∫ τ,out

τ,in
e(s, v)dτ

, (26)where e(s, v) may be an internal energy, free energy, free enthalpy or any otherenergy expressing elastic properties of the �uid depends from entropy destruction
s, and volume change v in the time from start of the process τin to the end ofprocess τout, and τ is the time of process.Classical isentropic e�ciency, ηs, of the �ow, computed in 0D modelling, em-ploys the isentropic drop of enthalpy [5,7,14] (sin = s0 = s2s = sout,s) (Fig. 3)

ηs =
iin − iout

iin − iout,s
. (27)This de�nition is practical for the 0D model, since it is related to the ideal statedescribed by enthalpy iout,s � it is easily interpreted in the Molier i-s chart (Fig. 3)and does not require the temperature, Tout, to be known. However, the de�nitionfor the isentropic e�ciency does not have a solid physical fundamentals, since theprocess iin − iout,s may not be acquired in the real �uid �ow [23]. On the otherhand, the polytropic de�nition also does not require the temperature Tout to beknown initially; energy dissipation intensity is calculated in the 3D model solelyfor the real process, iin − iout, or in the case of Eulerian �uid � for availableenergy drops to zero � the process becomes polytropic, iin − iout,p. Hence, in the



36 L. Nastaªek, M. Karcz, D. Sªawi«ski et al.3D modelling based in CFD methodology, the polytropic e�ciency de�nition is
ηp,CFD =

Nu,CFD

Nu,tCFD
=

∫∫
Au

(−pI+ τ +R)n · udA∫∫
Au

(−pIn · udA
∼=

(iin − iout)ṁ

(iin − iout,p)ṁt
. (28)However as proposed by R. Puzyrewski [16, p.51] for 0D approach polytropice�ciency ηp,0D seems more natural than ηs and is de�nited

ηp,0D =
iin − iout∫ τ,out

τ,in
1

ρ
ṗdτ

, (29)where ṗ is the rate of pressure change, that is valid for any channel geometry,both convergent and divergent.From Eq. (29) it concludes, that the di�erence between isentropic e�ciency,
ηs, and polytropic e�ciency, ηp,0D, lies in a di�erent referential state theoreticalfor the energy drop [16,6,7]. In Puzyrewski monograph [16,p.53] evaluation of thedi�erence is found

ηs = ηp,0D

(
1 + ζs

T̄in−out − T̄out,s−out

T̄out,s−out

)
, (30)where the over bar denotes averaged temperature of the thermodynamic process(Fig. 3) and ζs = 1 − ηs is isentropic loss. From Eq. (30) it reads that bothe�ciencies are close to one another by their values, if [16]

ηs = (1 + Pu)ηp,0D (31)where Pu is the Puzyrewski number.On the other hand for CFD we can write
ηs = (1− Pu)ηp,CFD . (32)For both cases Pu can be written asPu =

(
T̄in−out

T̄out,s−out

− 1

)
ζs ≈ 0 . (33)For turbine stages Pu varies from 0.002 to 0.0001, what in practice means, that thecomputed polytropic e�ciency ηp,CFD is by 0.2 to 0.01% higher from the isentropice�ciency ηs. It is closely enough to justify the assumption ηs,0D ∼= ηp,CFD.



On the internal e�ciency of a turbine stage. . . 3711 ConclusionInternal (casing) e�ciency of the stage and the entire turbine is the basic crite-rion in estimating machine perfection, which the manufacturer guarantees beforethe very �rst start-up. Since the e�orts of the designer to achieve the highestpossible e�ciency a natural question arises for the integrity of e�ciencies derivedfrom the two methods, namely 0D and 3D. Intuitively it seems, that 3D modelsare able to better (more accurately) determine the �ow parameters and henceits e�ciency. In the paper the task of comparing the de�nitions for e�ciency in0D and 3D was undertaken. It turns out that both de�nitions, aside from realpower estimation accuracy, di�er substantially in case of establishing the refer-ential theoretical powers, to which the real power is then related. Therefore it isappropriate to speak of polytropic CFD e�ciency and isentropic 0D e�ciency asquantities di�erent in the very de�nitions. Both discussed de�nitions of e�cien-cies give similar results di�ering by the term speci�ed by the Puzyrewski equation(33). If the number Pu → 0, then identity ow both de�nitions occurs and we maywrite ηs,0D ∼= ηp,CFD.In the future, if the procedures for checking the new turbine designs andmodernisations of old turbines will require CFD analyses as a standard, classicale�ciencies ηs,0D, burdened with simpli�cations of the 0D approach, should bereplaced with the CFD e�ciency, ηp,CFD, and thus it would become the de�nitionof e�ciency to use when de�ning turbine technical parameters. It is also attractivefrom the commercial point of view, since the CFD e�ciency is, by de�nition beingpolytropic, higher than the 0D isentropic e�ciency.Acknowledgements The authors would like to thank to Prof. Krzysztof Kosowskifrom Gda«sk University of Technology for discussion during the article's prepa-ration.Received in November 2012References[1] Badur J.: Development of Energy Concept. Wyd. IMP PAN Gda«sk 2009 (inPolish).[2] Badur J.: Five lecture of contemporary �uid thermomechanics. IMP PAN,Gda«sk 2005 (in Polish),http://www.imp.gda.pl/osrodki-naukowe/o2/o2z3/publikacje/[3] Badur J., Karcz M., Zakrzewski W., Nastaªek L.: Flow calculation HP partsteam turbine 103JT. IMP PAN Rep. C2-3/10, Gda«sk 2012, 1�22 (in Polish).
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