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ABSTRACT diagrams indicating the approximate flow angles and possible
In order to minimize the number of iterations to a turbine blade shapes have been added.

design, reasonable choices of the key parameters must be made As the flow coefficient is increased (moving from the

at the earliest possible opportunity. The choice of blade loading bottom left to the bottom right of Fig. 1), the through-flow

is of particular concern in the low pressure (LP) turbine of civil velocities increase relative to the blade speed as the flow

aero engines, where the use of high-lift blades is widespread. becomes more axial. For a given change in tangential velocity,
This paper presents an analytical mean-line design studythis causes an increase in the dynamic pressures which tends to

for a repeating-stage, axial-flow Low Pressure (LP) turbine. increase the losses. Furthermore, losses increase because there

The problem of how to measure blade loading is first is a smaller overall acceleration through the blade row. Such

addressed. The analysis demonstrates that the Zweifelacceleration is beneficial as it tends to minimize the growth of

coefficient [1] is not a reasonable gauge of blade loading the boundary layers and secondary flows.

because it inherently depends on the flow angles. A more As the stage loading coefficient is increased (moving from

appropriate coefficient based on blade circulation is proposed. the bottom left to the top left of Fig. 1), the change in whirl
Without a large set of turbine test data it is not possible to velocity across the blade row becomes larger. To achieve this

directly evaluate the accuracy of a particular loss correlation. additional turning one must either employ blades with higher

The analysis therefore focuses on the efficiency trends with circulation (loading)or decrease the pitch (while maintaining

respect to flow coefficient, stage loading, lift coefficient and circulation). Both tend to increase loss, as does the high exit

Reynolds number. Of the various loss correlations examined, flow angle from these designs (see equation (14) below).

those based on Ainley and Mathieson ([2], [3], [4]) do not Motivation and Scope of the Current Work

produce realistic trends. The profile loss model of_CouII and The Smith chart provides a simple guide for the selection
Hodson [5] and the secondary loss models of Craig and CoXof flow angles, but it does not capture the influence of other
[6] andTraupel [7] gave the most reasonable results. key parameters. Modern LP turbines typically feature high-lift

The analysis suggests that designs with the highest flow pjade designs, which can suffer a rapid drop in efficiency at the
turning are the least sensitive to increases in blade loading.jow Reynolds number conditions experienced at cruise [9].

The increase in Reynolds number lapse with loading is also

captured, achieving reasonable agreement with experiments. vor /’\

1 INTRODUCTION :f ’\\

The Smith Efficiency Chart "
STAGE LOADING AH |

Perhaps the most famous correlation for turbine efficiency FACTOR | 02—
is that proposed by Smith [8]. Using a large set of turbine test- e
rig data, he calculated the equivalent efficiency for each
turbine with zero tip gap. Plotting the results against stage il Sl [
loading coefficient and flow coefficient, he obtained the S LJ 11 "\
efficiency chart shown in Fig. 1 for designs with 50% reaction. SN PP S Q0w Bty O M 213
This plot shows that the efficiency tends to decrease as either \\
the stage loading or the flow coefficient are increased. To
illustrate the changes across the Smith chart design space, four

Fig. 1 Turbine stage efficiency normalized for zero tip
gap, 50% reaction designs, Smith [8].

1 Copyright © 2011 by ASME



Ultimately, it is highly desirable to accurately capture these &
effects at the earliest stages of design. tre
The simplest model for turbomachine design is mean-line T
modeling, where the flow is represented by the mean flow y
guantities at each inter-blade gap. Due to its simplicity, this Vi, W
analysis is well suited to understanding trends across theVS
design space, but it must rely on empirical correlations for V., Vg
profile, secondary and tip leakage losses. Notable examples ofw
loss correlations include those of Craig and Cox [6], Traupel YX
[7] and Ainley and Mathieson [2], which was later updated by
Dunham and Came [3] and Kacker and Okapuu [4]. While W
these models take account of blade loading, none are ai*’ A
influenced by the shape of the blade surface pressure
distributions, which can have a strong influence on LP turbine ¢
performance (e.g. [10], [11]). A profile loss model was recently /7
developed for high-lift LP turbine blades by the current authors V
to capture such effects [5]. P
This paper outlines a mean-line design study for a 6
repeating-stage LP turbine, making use of published loss s
correlationsThe analytical methods are described in section 3. ¢
Section 4 examines how blade loading should be quantified ¢

and demonstrates that the standard Zweifel lift coefficient [1] supscripts

is unsuitable for this purpose. Sections 5 and 6 examine
existing profile and secondary loss correlations. There is 4
insufficient data available to thoroughly assess the accuracy of »
each method. The analysis therefore concentrates on the trendg
predicted by each model, which may be compared to
experimental results for varying flow angles, blade loading and
Reynolds number. These comparisons demonstrate that several
of the models are flawed, and highlight the need to develop
improved methods. Nonetheless, the more successful methods;ea
may be used to examine the likely sensitivity of performance to TE
blade loading across the design space.

is

suction surface length

trailing edge thickness

temperature

blade velocity at mid-span

gas velocity in the absolute and relative frame
freestream velocity over blade surfaces

axial and circumferential velocity components
stage power

total pressure loss coefficient

Zweifel lift coefficient

flow angles in the absolute and relative frame
displacement thickness

flow coefficient =V, /U
isentropic stage efficiency
kinematic viscosity

density

momentum thickness

shaft rotational speed

stage loading coefficient (AV,)
total energy loss coefficient
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rotor

stagnation quantity

stator inlet plane

stator exit/rotor inlet plane

rotor exit plane

isentropic

profile loss

peak velocity on the suction surface
secondary loss

sea level

(suction surface) trailing edge

3 ANALYTICAL METHODS FOR DESIGN STUDY
Datum Turbine

2 NOMENCLATURE

In order to provide a reference for the subsequent analysis,

Symbols

b camber-line length

C, Cy true chord; axial chord

Cy dissipation coefficient

Co circulation coefficient

DF diffusion factor= (U peax ~U1e)/UTE

f, Sy -based reduced frequeneyfge S /UTe
LEIl leading edge integral (equation (12))

Rec chord-based exit Reynolds numbeldg C/v
Res S -based exit Reynolds numbetUtg § /v
m mass flow rate

P pressure

Mmean mean radius

S pitch

S surface distance from the leading edge

a datum turbine design is considered that is approximately
representative of modern LP turbine designs. The details of the
design are presented in Table 1. The datum turbine is a
repeating stage with 50% reaction. The flow coefficient (0.9)
and stage loading (2) place the datum design approximately in
the middle of the Smith chart design space (Fig. 1). The
Reynolds numbers are roughly representative of modern LP
turbines at cruise conditions. The reduced frequerigy
describes the frequency of wakes arriving from the upstream
blade row, which can be accounted for in the profile loss model
of [5]. The influence of this parameter is largely second-order,
and will not be discussed further in this paper, though its effect
has been included in the analysis. The specified blade aspect
ratios are based on the axial chord, since the designer will be
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interested in the overall stage length. The chosen aspect ratiogurbine designs, one must therefore consider designs with the
set the ratio of stator to rotor blades at approximately 1:1.4. same stage power output, mass flow rate and shaft RPM as the
The stage has a constant mean radius and the area ratidatum case, for the same inlet conditions. As shall be
through the stage expands to maintain constant axial velocitydemonstrated, this requirement results in turbines of different
though the stage. The tip gap is assumed to be zero throughoumean radius and flow area as the flow angles are varied.

this analysis, which allows direct comparison with the Flow Parameters and Gas Ang|e3

efficiencies on the Smith chart. For simplicity, the analysis Fig. 2 shows a schematic of the two-dimensional flow
here has been performed at relatively low speed and the Machthrough a turbine stage for constant axial velocity. It also
number is not included in Table 1 since it has only a weak defines the sign conventions for the flow angles.

influence on performance. While analysis at higher speeds |n this study the stage reaction is fixed at 0.5 (Table 1), so:
shows that Mach number variations do have an influence on a1==Po; ar=-Fs (1)
efficiency, this does not affect the conclusions that can be 1 stage is repeating,
drawn from the analysis. az=m )

A Study of Comparab!e Designs _ The gas angles are therefore fixed by the choice of Flow
The current design study has been conducted with theCoefficient ¢ and Stage Loading Coefficient :

industrial design process _in mind. Thr_e multistage LP turbin_e W= 2(0.5—¢tana1) 3)
has three key overall requirements which are set by the engine

architecture: the core mass flow rate is determined by the z//:¢(tana2—tanal) (4)
engine bypass ratio, while the required power output and shaftCalculation Procedure

speed are fixed by the requirements of the fan. The designer  For a fixed stage power output, and mass flow raten,
must choose the number of stages for the LP turbine, whichthe blade speed is set by the stage loading coefficient:

so that:

sets the power output per stage. When comparing different U= /v‘vx
Flow Angles B m_élf ©)
Reaction(A\) 0% Noting that one is considering designs for a fixed rotafion
Flow Coeffu_:lent @) — 0.9 shaft speed, the mean radius is thus given by:
Stage Loading Coefficient/() 2 .
Repeating Stages Assumed* Mmean V.1 & (6)
Non-dimensional flow parameters W o | my
Stator Reynolds numbeR(eSn) 250,000 The flow coefficient sets the axial velocity:

EquivalentRec 194,000 V,=gU =g /& 7)
Rotor Reynolds numberRes, ) 177000 my

EquivalentRec 138,000 Together with the flow angles, the inter-blade velositban
Stator reduced frequeny( f, ) 131 now be calculated:
Rotor reduced frequen( f, ) 0.67 V; =V, [cosa, (8)
Geometric Parameter: W =V, [cosp 9)
Hul-to-tip ratio (averag for stage 0.75 where the indexi represents each inter-blade gap (Fig. 2).
Rotor Aspect Ratioh/Cy ) 6.50" Fig. 3(a) shows the variation of the exit velocity from the stator
Stator Aspect Ratioh/Cy ) 4.60% row (normalized by the datum value), which is largest for
Trailing edge thickness{g /C ) 0.01* designs with high flow coefficient and low stage loading.
Zero Tip gap 0*

Mean radius constant through the stage*

V, constant through the ste

Blade Velocity Distributions

Circulation Coefficient (Equatio(21)) 0.70 3
Peak Velocity Location (fraction (Sj) 45%* V,= constant
Leading Edge Integral 50%*
Diffusion Factor OF ) 0.23 A negative
Table 1. Design and flow parameters for the datum N positive
repeating-stage turbine; “*” indicates a parameter that
remains constant in the subsequent design space study. Fig. 2 Velocity triangles and angle conventions.
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Compressible flow relationships are then used to It is necessary at this point to make some estimates of the
determine the Mach numbers, and hence the total and statidblade geometry, since the loss correlations rely on true chord,
values of pressure, temperature and density at the inlet and exitamber-line length and surface lengths. The relationships
of each blade row. To correctly calculate the total pressuresbetween these geometric parameters will be very different for
throughout the stage, the loss coefficients must be known: thehigh and low turning airfoils. It is first assumed that the

calculation is therefore iterated to arrive at the correct result.
Together with the specified mass flow rate, the caledla

density determines the flow area, which expands through the

machine to maintain constant axial velocity. The flow area

determines the span: Fig. 3(b) shows the variation over the
design space. The span is largest for designs with high stage

loading and low flow coefficients, which have low axial
velocity. Together with the specified aspect ratios (Table 1), the
axial chords of the stators and rotors are thus determined.
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Fig. 3 Calculated flow and geometry parameters across
the design space: (a) stator exit velocity; (b) mean span;

(c) ratio of Sy/Cy; (d) Reynolds number.
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Fig. 4 Geometry estimation using a parabolic camberline.

camber-line of a blade can be approximated by a parabolic
curve,which was shown to be reasonable by Horlock [12]:

Yeamber = Ax%+Bx (10)
The basic approach is illustrated in Fig. 4. The camberdf
the blade is assumed to align with the flow angles at inlet and
exit, uniquely setting the constangs and B in equation (10).
The length of the camber-line and the true chordC may
then be calculated from the known axial ch@g. The length
of the blade suction surfacg, will largely depend on the
camber-line of the blade, and so the following simple
relationship was proposed:

S, =115b (12)

The factor of 1.15 is based on a survey of LP turbine blades
from the literature. Fig. 3(c) shows the ratio of this estimated
surface length to the axial chord over the design space. In
reality the thickness distribution of the turbine blade will also
make a contribution to the surface length, but equation (11) is
sufficiently accurate for the current purposes.

For profile losses, the appropriate Reynolds number is
based on the suction surface length and exit velocity ([5]). Fig.
3(d) demonstrates that this parameter is large for highly
turning designs; the variation in suction surface length (Fig.
3(c)) therefore dominates the variations in exit flow velocity
(Fig. 3(b)) in terms of the Reynolds number.

Surface Velocity Distributions, Pitch and Loss Prediction

The total pressure loss through each blade row due to
profile loss was calculated using a method based on the
preliminary design correlation previously developed by the
authors for high-lift blades featuring laminar separation
bubbles [5]. This method relies on an empirical correlation for
the boundary layer parameters at the suction surface trailing
edge, based on the freestream velocity distribution over the
surface. Effectively, a Thwaites [16] calculation (or equivalent)
is performed up to the point of laminar separation; a
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Fig. 5 Sample surface velocity distributions.
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correlation then relates the growth in momentum thickness therefore need to be accounted for in the analysis. Fortunately
through the separation bubble and downstream turbulentthis issue can be largely avoided by using the energy loss
boundary layer. A separate correlation predicts the shape factorcoefficient, defined for the stator row as:
and hence the trailing edge displacement thickness. \/22is —V22
Coull and Hodson [5] showed that, with certain R E—
assumptions, the suction surface velocity distribution can be Vais
modelled by three key design parameters: the diffusion factor, where Vy;s is the exit velocity obtained by isentropic
the peak velocity location on the surface and the leading edgeexpansion from the inlet total pressure to the exit static
integral, which describes the loading up to the velocity peak: ~ pressure. The energy loss coefficient has a much lower

=Y for incompressible flow (15)

1 5 dependency on Mach numbers than the total pressure loss
Leadingdgelntegral= LEI :J. Vs | 4_S (12) coefficient, and may therefore be reliably used for flqws yvith a
S peak Speak peak Mach numbers below around 0.85. This is an

) ) ) . approximation, but it is sufficiently accurate for this study.
In this study the peak velocity was fixed at 45% of the sarfa The total-total isentropic efficiency for the repeating stage
which is relatively far forwards on the surface. Front-loading s qefined as:

in this manner reduces the deceleration rate over the rear
portion of the blade and minimises the losses generated by the
separation bubble. The leading edge integral was fixed at 50%,
which should be low enough to provide reasonable incidence4 | |ET COEFEFICIENTS
tolerance. The diffusion factor was varied to achieve the Zweifel Lift Coefficient
required blade loading. Sample velocity distributions of the
style assumed are shown in Fig. 5.

The blade pitch is related to the gas turning and the blade
circulation, e.g. for the stator:

_ hoi=hoz _ To1—Toz
hot=hozis  To1~Tozis

(16)

The Zweifel lift coefficient [1] is a widely-used measure of
blade loading. It is defined as the ratio of the tangential force
on a blade to an “ideal” case, where the pressure surface of the
blade is stagnated™=R,), while the flow over the suction

§ Vs | S surface travels at the mean exit velocity from the blade row
s _ Vo [\ & (23) (P =PR,). The Zweifel coefficient is therefore given by:

S, (tam, - tara,)cosa, j}de
The profile loss may be related to the predicted trailing Zw = CX(pm_pzj (17)

edgeboundary layer parameters using an approximation to the

. . From a control volume analysis, the tangential forae loa
analytical solution of Denton [13]: 4 g

5 related to the flow angles, giving:
2 u_— m AV

Y, = ZHTE + Z5TE TE (14) Zy = passage =V & (18)
SCOSa'p Scosay hC, (pOl_ pzj

In Coull and Hodson [5], a correction was applied to equations These equations can be simplified for the case of
(13) and (14) to account for the depression of the freestreamincompressible flow. From equation (17), the Zweifel
velocity in the vicinity of the trailing edge. This correction has coefficient can be calculated by integrating the square of the
not been used in the current study because there is insufficienfreestream velocity on the blade surfaces:
data to predict this velocity depression for low or high turning §o_5pvszdx
designs. Instead, it has been assumed that the freestream Zy="—"5
velocity at the trailing edge is equal to the mean exit flow Cx 050V2
velocity from the blade row. This assumption will have only a vy suction surface e
minor impact on the results of this study. I

1 ideal

= §(vs V5)” d(x/ Cy) (19)

suction surface

In addition to the Coull and Hodson method, this paper deal
considers several other profile loss models ([2] [3] [4] [6] (a)' (
[13]), and secondary loss models ([2] [3] [4] [6] [7] [17]).
Relating Loss Coefficients to Stage Efficiency

It should be noted that most of the loss correlations are oo surface
based on total pressure loss coefficients obtained at low Mach 0% C > 0%
numbers. Such total pressure losses tend to have a relatively ‘
strong Mach number dependence, and this effect would

pressure surface

S/S,
Fig. 6 Low speed definition of: (a) Zweifel lift coefficient
Z,, (Eq. (19)); (b) Circulation coefficient C, (EQ. (21)).
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This definition is illustrated graphically in Fig. 6(a). For low and low speed cascades have similar kinetic energy losses if
Mach numbers and constant axial velocity, equation (18) maythey have matching surface pressure distributions. The

be rewritten as: compressible circulation coefficient is therefore defined in
m AV, - terms of pressure as:
zZ, = passage 29 __S| tam, 2talna'l (20) ——
C,05pV,°> Cy| 05se?a, C, = § | Pt d( S j (22)
Mean-line efficiency predictions have been performed for Poi=P2 (S
a constant value of Zweifel coefficientZ(, = J}.Jand are At low Mach numbers and constaw, the circulation may be

presented in Fig. 7. The profile and secondary loss modelsrelated to the flow angles and pitch (equation (13)) to give:

used are those of Coull and Hodson [5] and Craig and Cox [6] s ( tary+ —tana

respectively. (The justification for using these methods is Co :_(#j (23)
4 ) . e So sea;

presented in the following section.) There are some similarities

to Smith’s efficiency chart (Fig. 1), in particular the decrease

of efficiency with increased stage loading. However, the

decrease of efficiency with increasing flow coefficient (towards

the right of Fig. 1) has not been captured. There is also a C_o:( 05Cy j

region in the bottom right without data, the reason for which Zyy Spcosas,

will be made clear in the next plot. For constant Zweifel This parameter varies depending on the camber of the blade.
coefficient, the trends in the Smith chart could not be For a turbine comprised of inclined flat plates (i.e. no camber),
satisfactorily reproduced using any of the loss correlations it takes a value of 0.5; for extremely cambered blades it may be
considered in this paper. as high as 0.8. Equation (24) therefore implies that the
Fig. 8 shows the variation in diffusion factddk ) across  circulation coefficient will always be lower than the Zweifel
the Smith-chart design space; this parameter varies tocoefficient. This may at first seem odd since they are both
maintain a constant Zweifel coefficient as the flow angles (efined relative to an ideal case: however Fig. 6(a) and (b)
change. The plot shows that the diffusion factor varies gemonstrate graphically that the integration\Qiz in the

significantly across the design space. The maximum value of zyeifel coefficient will be larger than the integration\éf in
around 0.6 occurs for the designs with the highest turning (Iow the circulation coefficient.

¢, high ¢), which are likely to undergo turbulent separation.  isentropic Efficiency Diffusion Factor
At the other end of the design space, the diffusion factor is = Z=110 T Zi= 110 MRe om0 0-45%5
only around 0.05, and these designs will therefore tend to ’
exhibit attached laminar flow over the full length of the
suction surface. (The reason for the blanked region in Fig. 7 is
that the profile loss model is not valid for permanently
attached flow.) Therefore, the same Zweifel coefficient
simultaneously describes very highly loaded blades suffering @
turbulent separation, very lightly loaded blades with laminar  °
. . . 05 06 07 08 09 1 11 12 13 05 06 07 08 09 1 11 12 13

attached flow, and everything in-between. The Zweifel Flow Coeficient Flow Coeficient
coefficient is therefore an inappropriate parameter to compare Fig. 7 Predicted efficiency ~ Fig. 8 Diffusion factor for
designs with different flow angles. for constant Z,, = 1.1Q constant Z,, = 1.1Q
Circulation Coefficient 3 .

A new lift coefficient based on the blade circulation is ‘
proposed. In a manner analogous to the Zweifel coefficient, the
Circulation Coefficient C,, is defined as the ratio of the blade
circulation to an ideal circulation, witlg =V, on the suction
surface and stagnated floW{= ) 6n the pressure surface:

¢ - actuatirculation _ j;Vst :j; Vs ) S 1)
° idealcirculatin  V,$, Vo | S W 4
This low-speed definition is illustrated graphically in Fogo). T ewctaen

A suitable scaling for compressible flow must also be Fig. 9 Predicted stage efficiency for constant circulation
considered. Previous authors (€18]) have found that high coefficient C, = 0.7Q

There are clear similarities between the circulatioa Zweifel
coefficients. Comparing equations (20) and (23), the two
coefficients are related by the following parameter:

(24)

n
N o

tage Loading Coefficient
N

o
o

Isentropic
Efficiency

- 0.93

0.92
{ 0.91
0.90
0.89
0.88

Stage Loading Coefficient

,=0.70
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Mean-line predictions were performed for designs with The profile lost efficiency predicted using the method of
constant circulation coefficient. With a fixed peak velocity Coull and Hodson [5] is presented in Fig. 10(b). As for the
location and leading edge loading (Table §, sets the Denton method, the losses increase as the flow turning
diffusion factor. Thus a constant circulation coefficient implies increases, reaching a maximum in the top left of the Smith
constant surface velocity distributions over the Smith chart chart. The predicted loss is higher than the Denton predictions,
design space. Fig. 9 shows the predicted efficiencies for which is unsurprising given that the dissipation coefficient will
C, = 070 (implying DF = 023), again using the profile and  be higher for laminar, separated and transitional flows [13].
secondary loss models of Coull and Hodson [5] and Craig andFig. 10(b) also shows a weak tendency for loss to increase at
Cox [6] respectively. Remarkably good agreement with the high flow coefficients, which is evident as a slight curling of
trends of the original Smith chart in Fig. 1 is achieved. This the contours in the bottom right of the chart. This effect is
result supports the use of the circulation coefficient rather than driven by variations in Reynolds number (Fig. 3(d)) and exit
Zweifel. In many ways this conclusion is unsurprising: blade dynamic pressure (from Fig. 3(d)).
design typically focuses on the shape of the surface velocity or Fig. 10(c) shows the profile lost efficiency predicted by the
Mach number distributions, rather than the Zweifel coefficient. method of Ainley and Mathieson [2], who interpolated between

loss charts for “nozzle” blades with axial inlet flow (i.e.
5 THE INFLUENCE OF FLOW ANGLES : (
. : . ) a,; =0 for a stator), and impulse bladesgr,(=-a,) for
The remainder of this paper examines several profile and . ) . .
: . different flow angles and pitch-to-chord ratios. A correction is
secondary loss correlations from the literature. Although the

. ; then made for the trailing edge thickness. The overall trend of
accuracy of each model cannot be evaluated directly without ar, 10(c) is somewhat similar to Fig. 10(a) and (b) except that
large experimental dataset, any successful model shbtte g g P

very least be able to predict the correct trends with respect to Ir:\?vhyllo)s S\?v?]iirrweisrigijcstsg E)r Ltz(v;;ur(;;:;% deti'gn;e(:ﬁgzng the
flow angles, blade lift and Reynolds number. This section ’ y b g

: L . i itch-to- i h ign¥h i
examines the variation in profile and secondary losses acrosshlgh pitch-to-chord ratios of these desinghe predicted

the Smith chart (Fig. 1). The analysis is performed for the caseprofIIe losses _for designs with .hlgh turning (lggvand high
in Fig. 9, with a constant circulation coefficient@f = Q70 ¢ ) are very high. In fact, even if the secondary lossesero,

) this model predicts lower efficiency than was observed by
Profile Loss Models

. ) _ Smith for such designs (Fig. 1).
While the overall trend of the Smith chart is well Fig. 10(d) and (e) show two later modifications of the

established, the contribution of the profile and secondarylossesAinley and Mathieson method. Dunham and Came [3]

is less obvious. However, Denton [13] employed a simple ;.. nted for Reynolds number and Mach number variations,
analytical approach to examine the trends in profile loss across ;i-h makes only small changes to the predictions (Fig.

the Smith chart design space. From entropy considerations, thelO(d)). This model therefore suffers from the same problems as
profile loss coefficient may be calculated by integrat the original method. Kacker and Okapuu [4] suggested
over the blade surfaces: . multiplying the Dunham and Came predictions by 2/3 (Fig.
~ S 3 10(e)), which produces more reasonable levels of efficiency.

p= 2&;%5 scosa, J(;Cd (Vs Vo Fa(s/ ) (25) However the increase in losses for high-turning designs (high
¢ and low ¢) and low-turning designs (low and highg¢)
is far more rapid than either the Coull and Hodson or the
simple Denton methods suggest, and therefore does not appear
to be realistic.

The profile lost efficiency predicted using the correlations
of Craig and Cox [6] is presented in Fig. 10(f). Although the
loss increases for high-turning designs, it also increases
strongly as the flow coefficient rises, which does not match the
simple Denton analysis in Fig. 10(a). (The kink in the data is
due to extrapolation errors from Craig and Cox’s charts.)

This comparison shows that the model of Coull and
Hodson [5] gives the most realistic predictions of profile loss

The dissipation coefficientC4 will vary over the surface,
depending on the boundary layer development and the
Reynolds number. However an approximate prediction may be
made by assuming that it takes a constant value typical of fully
turbulent flow, C4 = 0002 (For the fixed velocity
distributions in the current analysis, this assumption effectively
excludes Reynolds number influencé&he result in Fig. 10(a)
shows that the lost efficiency increases as the flow turning
increases, reaching a maximum in the top left of the Smith
chart. This trend may be largely understood from equation
(25). The loss coefficient rises strongly towards the top left of
the Smith chart, where the exit flow angte increases and
the ratio of pitch to suction Sur_face I_engsthSo decr_eases_ (in 'For a high speed datum turbine, this effect is slightly magnified due to the
order to perform more flow turning with constant circulation).  high Mach numbers in this region of the Smith chart.

Note that these designs have low flow turning, so for a constant circulation
they must have a high pitch-to-chord ratio.

7 Caopyright © 2011 by ASME



across the design space. This method also has higher fidelityexpressions, but the trends of Fig. 11(a) are driven by variation

than the others, since it depends on the shape of the bladén the following parameters, in approximately decreasing order

velocity distributions rather than just the pitch. of influence:

Secondary Loss Models (1) \eocity ratio through the blade row. Secondary losses
Fig. 11(a) shows the predicted lost efficiency due to the tend to be higher when there is a low overall acceleration

secondary loss model of Craig and Cox [6]. This plot shows through the stage. Designs with high flow coefficient and low

that secondary losses are largely responsible for the observedtage loading therefore have high secondary losses.

drop in efficiency at high flow coefficients. Together with the (2) Exit dynamic pressure. Pressure losses scale with the

increase in profile loss with the stage loading coefficient (Fig. dynamic pressure, which is high for designs with high flow

10(b)), the overall trend of the Smith chart is reproduced (Fig. coefficient and low stage loading (see Fig. 3(b)).

9). The variation across the design space in Fig. 11(a) is due td3) Aspect ratio. Secondary losses increase as the aspect ratio

a combination of competing effects. The Craig and Cox IS decreased. A constant aspect rati€C, has been specified

correlations are presented graphically rather than as analyticalin this study, but the Craig and Cox correlation is sensitive to
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Fig. 10 Predicted lost efficiency due to profile loss for Fig. 11 Predicted lost efficiency due to secondary loss for
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the ratio of span to camberlinB/b, which decreases for  of questionable validity. In contrast Craig and Cox correlation
highly cambered blades, driving a slight increase in secondaryexamined a much wider range of blade designs.
losses towards the top left of the Smith chart. Fig. 11(c) shows the predictions according to Dunham and
(4) Blade pitch. Increasing the blade pitch causes the Came [3], who updated the Ainley and Mathieson secondary
secondary flow structures to develop to a larger size (since theyloss model to account for aspect ratio. Predictions using the
are less restricted by the blade surfaces) and penetrate furthesubsequent modification by Kacker and Okapuu [6] are
towards the midspan region. Craig and Cox use the pitch-to-presented in Fig. 11(d). Despite subtle differences, both of
camberline ratio, which tends to be larger for designs with low these methods suffer from the same flaws as the original (Fig.
stage loading coefficient. 11(b)).
(5) Lift coefficient. Highly loaded blades exhibit a stronger Predictions using the correlation of Traupel [7] are
pressure difference between the suction and pressure surfaceg@resented in Fig. 11(e). This method successfully captures the
this pressure difference drives the overturning of the endwall loss of efficiency at high flow coefficient and low stage
flow. According to the Craig and Cox definition, designs with loading, and the predictions are very similar to those of Craig
a higher stage loading coefficient have higher lift coefficients, and Cox. (The very slight kinks at high stage loading
and so tend to have higher secondary losses. coefficient are a result of extrapolating from Traupel’s graphs.)
(6) Reynolds number. The Craig and Cox model assumes Fig. 11(f) shows the predictions of the recent secondary
modest changes in secondary loss with Reynolds number,loss correlation of Benneet al. [17], assuming that the
approximately following a turbulent trend~Re_°'2). displacement thickness of the inlet endwall boundary layer is
The predicted secondary lost efficiency using the method Jd*= 005h. This method correctly captures the increase in loss
of Ainley and Mathieson [2] is presented in Fig. 11(b). Quite at high flow coefficients. Although promising, it is not clear
unexpectedly, the observed trend is almost exactly the oppositehow to select an appropriate value &f at the preliminary
of the Craig and Cox method. One is left wondering why the stages of design, which has a large influence on the
two methods give such different results, and which is more predictions.
representative of reality. Considering the trends across the design space, the
The details of the Ainley and Mathieson secondary loss secondary loss models of Craig and Cox and Traupel are the
model are given in [14]. They chose the following form for the most reasonable of those considered. This analysis says
secondary loss coefficient, based on the work of Carter [15]:  nothing of the absolute accuracy of these correlations, which

cL 2 c052a2 may only be determined by direct comparison of predictions
s = [%j ofa (26) and test data. It should also be noted that both methods are
m inherently approximate as they take no account of the shape of
where A is a function of the effective inter-row flow areasla the surface velocity distributions, which are known to have a
the hub-to-tip ratio. The mean flow directian, is defined as: significant impact on the secondary losses. For example, Gier
Q= tan_l(tanal+tana2) (27) et al. [11] compared two high-lift LP turbine cascades with

similar flow turning and loading. The velocity peak on the
T162 design was relatively far forward on the surface, and this
s exhibited a 30% higher secondary loss coefficient than the aft
C_= [2—j( tamry - tamz)cosam (28) loaded T161. The mean-line secondary loss models considered
C L . - .
here lack the fidelity to capture this variation, and will
therefore be prone to (significant) errors. There is therefore
significant scope to develop improved methods in the future.

The lift coefficient C; is analogous to that for an external
wing section, and is defined relative to the mean flow:

The square of the lift coefficient in equation (26) drivies t
large increases in secondary loss at low flow coefficient and
high stage loading (Fig. 11(b)). A similar effect was noted in
point (5) above for the Craig and Cox method, but here the 6 THE INFLUENCE OF BLADE LOADING AND
influence of lift coefficient dominates over the other effécts. REYNOLDS NUMBER

One problem with the Ainley and Mathieson method is This section examines variations in blade loading and
that the definition of lift coefficientC, (equation (28)) is not ~ Reynolds number effects. The trends predicted by each loss
appropriate for moderate or highly cambered blades, as theycorrelation are critically examined and the predictions are used
themselves pointed out in [14]. Furthermore, equation (26) wasto examine the likely sensitivity of performance to blade
formulated for relatively low turning blades and it is therefore loading and Reynolds number.
Blade Loading

In recent years a great deal of research has examined the

%It should be noted that Ainley and Mathieson account for the machine hub- performance of high-|ift blade designs for LP turbines. Such
to-tip ratio rather than the aspect ratio.
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designs require fewer blades and therefore offer a weight andDunham and Came [3] methods both predict very high profile
cost saving for the engine, but tend to have lower efficiency. losses. For this particular set of flow angles, the Kacker and
This section examines the trade-off between lift and efficiency. Okapuu [4] correlation predicts similar values to the Coull and
Calculations are shown in Fig. 12 for designs with the Hodson method.
same flow angles as the datum turbige=(09, ¢ =2) but The secondary lost efficiency is presented in Fig. 12(b) for
varying lift. Fig. 12(a) shows the lost efficiency due to profile the models considered in the previous section. Of these, Ainley
loss alone. (Noting that these designs have velocity and Mathieson [2] predict very high losses. The models of
distributions of the style shown in Fig. 5, the diffusion factor Dunham and Came [3], Kacker and Okapuu [4] and Beener
for each design is also indicated on the horizontal axes.) Theal. [17] (assuming an inlet endwall boundary layer with
method of Denton [13] predicts the lowest loss, which is oJ*= 005h) predict that secondary loss stays almost constant
unsurprising since it assumes fully turbulent boundary layers. with increasing lift. These predictions are contrary to
The Coull and Hodson [5] model indicates a modest increaseexperimental experience (e.g. [11]). The Craig and Cox [6]
in profile loss with increasing lift, consistent with such and Traupel [7] models predict a rise in secondary flow losses
forward-loaded designs. However, there is a slight drop off in with lift, but the increase is significantly less than that
loss for designs with low lift DF < 020), which is unlikely to observed by Gieet al. [11] and Praisneet al. [19] for high-
be physical. Such designs are close to the limit of the high-lift lift LP turbine blades. Despite this inadequacy, these methods
experimental data used to formulate this method ([5]). The give the most realistic trends of the models considered.
method of Craig and Cox [6] predicts a rapid rise in loss above To show the influence of the lift coefficient on theigh
C, = 077, probably due to extrapolating beyond their chart design space, Fig. 13 shows efficiency contours for 3
experimental design space. The Ainley and Mathieson [2] and circulation coefficientsC, = 0.70 075 080 (implying DF =

008 008 0.23, 0.29, 0.36) using the profile loss model of Coull and
007k VT Hodson [5] and secondary model of Craig and Cox [6]. (A
oosk T I Saaasanaiil similar chart may be obtained using the Traupel secondary loss
- f 3 model.) As the lift is increased the contours retreat towards the
o . . . .
SO%F T iaaazatl S0P ecemccaaae e bottom left of the chart, indicating that the efficiency decreases
© s 0 -0=0m0r O 00 £ F A A : A
Eonf o7 & ooaf for a given set of flow angles. The retreat is not uniform, being
—— o N . .
Sosf T = o0sf far more gradual for the highly turning blades at the top left of
2 - 3 f : the plot than elsewhere on the chart. These designs have low
£ 002E | e and Hodson (2010) SO%E T R mdwatbisson i i i i i i i
S R Caganicoriory | & - - - Aileyand Watheson 1957) pitch-to-chord ratios and high exit angles, causing high profile
L — —v = Ainley and Mathieson - - —<= = Kacker an apuu H i
PUF D o caneiory R S iraukpel((liﬁzo"%)‘m’ losses. Equation (14) shows that profile loss tends to reduce
T T R O e Lo with increasing pitch (due to a reduction in wetted area),
PR I S I I S which partly mitigates the increase in loss with lift.
0.65 0.7 0.75 0.8 0.85 0.65 0.7 0.75 0.8 0.85
G G Reynolds number lapse rate
(a) Profile loss (b) Secondary loss As an aircraft flies at higher altitudes, the changes in

engine inlet conditions causes the blade Reynolds numbers to
drop. It is therefore important that to predict the drop in LP
turbine efficiency, the so-called “Reynolds number lapse”.

Fig. 12 Predicted lost efficiency with increasing lift for
the datum flow angles ¢ =0.9, w =2).

3
i In the International Standard Atmosphere model, the
e G variation of temperature with altitude is approximated by
£ :g-;g assuming that it decreases linearly with height:
g ¥ ~-0.80 T =Tea — 0006% @ltitudein m) (29)
% ’ The pressure is then given by:
ki 5256
fis LA U (30)
Psea Tsea
! where Py, and Ty, are the sea-level pressure and

temperature, and the exponent (5.256) is related to the earth’s
gravitational field and the properties of air.

To examine the influence of Reynolds number, it is
0.70, 0.75 0.80), using the profile loss model of Coull and assumed that the non-dimensional operating point of the
Hodson [5] and secondary model of Craig and Cox [6].

Flow Coefficient

Fig. 13 Efficiency contours for three levels of lift (C, =
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turbine is constant, so that the same temperature and pressuresses generally show some increase in secondary losses at low
ratios exist through the engine. The conditions at the inlet of Reynolds number (e.g. [20]) but there is no universally-
the repeating turbine stagePy;, Tyq) at altitude are then  observed trend. The Craig and Cox [6] and Traupel [7]
governed by equation (30). Furthermore, for a given stage methods are therefore more reasonable than the others, but it is
geometry the following non-dimensional groups will remain not clear how realistic they are.

constant: The Reynolds number dependency of the models has been
WsTmean  MYIRTo1 W examined by performing mean-line analysis for the 3-stage

' ' 2 high-lift (HL) and ultra-high-lift (UHL) turbines examined b

VIRToy (rrnean)2 Fo1 (rmean) Pow/RTo1 ) y ( ) y

Haselbackhet al. [9]. The two turbines had similar performance

These groups control the variation of dimensional shaft speed,at sea level conditions, but the UHL design had a far more
mass flow rate and stage power as the stage inlet total pressurgapid drop-off in performance at lower Reynolds numbers.
Po1 and temperatur&g; vary. Table 2 compares the measured lapse rates to predictions using

Calculations have been performed for the datum turbine the Secondary loss models of Craig and Cox [6] and Traupe|
operating at varying Reynolds number. Fig. 14(a) shows the[7]. In both cases the UHL design is predicted to have a larger
predicted lost efficiency due to profile loss alone. The influence drop in efficiency. However, the correlation of Traupel achieves
of Reynolds number on each model may be summarized asfar closer agreement with the experiments than Craig and Cox,
follows: Denton [13] and Ainley and Mathieson [2] have no syggesting that it has a more realistic Reynolds number
Reynolds number dependency; Dunham and Came [3] anddependency.
Kacker and Okapuu [4] assume a turbulent trendR¢ °%) To illustrate the influence of blade loading, Fig. 15 shows
for Reynolds numbers below 200,000; Craig and Cox [6] the Reynolds dependency for designs with the datum flow
predict a turbulent trend across the whole Reynolds numberangles ¢ = 09, ¢ =2) using the profile and secondary loss
range. In fact the measurements of Coetl al. [10] madels of Coull and Hodson [5] and Traupel [7] respectively,
demonstrated that high-lift LP turbines of this style tend to The efficiency due to profile loss alone, due to secondary loss
exhibit a laminar trend £Re™%%) at low Reynolds numbers  alone and the overall efficiency are presented for four levels of
and a turbulent trend{Re"*?) at high Reynolds numbers, an  Jift. In line with experimental experience [10], the profile

effect which is captured in Fig. 14(a) by the Coull and Hodson efficiency drops strongly at low Reynolds numbers particularly
[5] correlation. This method is probably the most realistic.

. - . Secondary Efficiency change, sea level to crdise
The loss in efficiency due to secondary loss alone is Loss Model AL UHL
presented in Fig. 14(b). Again, significant differences between -
. : Craig & Cox [6] -2.35% -2.52%
the models are evident. The models based on Ainley and
Mathieson ([2], [3], [4]) and the Bennet al. [17] correlation Traupel [7] -1.39% -1.53%
Lo i Experiments [9] -0.9% -1.3%

indicate no variation with Reynolds number. Craig and Cox [6]
predict a turbulent trend across the whole Reynolds number
range, while Traupel [7] assumes a laminar treﬁcR(e_O's)

Table 2. Predicted and measured Reynolds number lapse
for the turbines examined by Haselbaclet al. [9].

below Re: = 2x10°. In reality, measurements of secondary )
008 0.08~ 1 >
0.964 %
. 1 ¢
0.06|- _ 008 g 0947 o
P 2 I} 1 %
2 2 5 ooeq &
:qﬁ &= Q ]
£ o.0af & 0.0af s !
P 2 2 0o
g > g
2 g 1 =
§ 0.02f-  |——— Denton (1993) g 0.02f- | —=s—— craig and Cox (1971) O'st g
a L =+=0-= Coull and Hodson (2010) 4 - =v = Ainley and Mathieson (1957) ] 6 / datum
T Aoy mananeonosn| 2222 Kacker and Okap (1962) — e
F - —v = Ainley and Mathieson F — —< — Kacker an apuu 0.86 1
T e oy [T e e ] Rowr Ree
TR IENII I I SR T N NI ORI AN NN R T T T T T T T T T T T T T T T T T T T T
0 100000 _ 200000 300000 0 100000 _ 200000 300000 0 100000 200000 0000 400000 500000
F Rotor Re 3 Rotor Re Stator R€c
° “SatorRe 0 e tor Re™™° Fig. 15 Reynolds number lapse for varying lift, showing
(a) Profile loss (b) Secondary loss efficiency when considering profile loss alone ([5]),
Fig. 14 Predicted lost efficiency with varying Reynolds secondary loss alone ([7]) and the ovedagfficiency; datum
number for the datum turbine. flow angles (p =0.9, w =2).
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for the highest lift design. The secondary efficiency shows a [2] Ainley, DG and Mathieson, GCR, 1957, “A Method of
similar trend but with a slightly weaker dependency on Performance Estimation for Axial-Flow Turbines”, ARC Reports
Reynolds number. and Memoranda No. 2974

While the existing methods can give reasonable results, it [3] Dunham, J, and Came, PM, 1970, “Improvements to the
is highly likely that the arbitrary dependence of the Traupel Ainley-Mathieson method of turbine performance prediction”,

and Craig and Cox models can be improved upon in future rans. ASME, Jnl. Eng. Power, July 1970 _
correlations. [4] Kacker, SC and Okapuu, U, 1982, “A Mean Line

Performance Method for Axial Flow Turbine Efficiency”, Journal of

7 CONCLUSIONS Engineering for Power Vol. 104 pp.111-119

For the range of flow coefficient and stage loading [5] Coull, JD and Hodson, HP, 2010, “Predicting the Profile Loss
examined in this study, a single value of the Zweifel lift of High-Lift Low Pressure Turbines”, ASME paper GT2010-22675
coefficient describes a range of blade designs, from very[6] Craig, HRM, and Cox, HJA, 1971, “Performance estimation
lightly-loaded designs with attached laminar flow boundary of axial flow turbines”, Proc. |. Mech. E., Vol. 185 32/71, 1970-71
layers to excessively-loaded designs featuring turbulent [71 Traupel, W, 1977, “Thermische Turbomaschinen” Springer-
separation on the suction surface. The Zweifel coefiicient is Verag - . _ _
therefore not an appropriate parameter to measure bladdS ,Sm'tr," SF, 1965, “A Simple Correlation of Turbine
loading. An alternative lift coefficient based on circulation has Efficiency”, Journal of the Royal Aeronautical Society, Vol. 69, pp.

. . .., 367-370

been formulated in an analogous fashion to the Zweifel

_ . . . . . [9] Haselbach, F, Schiffer, HP, Horsman, M, Dressen, S Harvey,
coefficient. This Clrt_:L_llatlon Coefficient is directly related to N and Read, S, 2002, “The Application of Ultra High Lift Blading
the freestream velocities over the blade surface.

o ; in the BR715 LP Turbine” ASME Journal of Turbomachinery, Vol.
Several existing profile and secondary loss models have 124(1), pp. 45-5

been examined for their suitability to mean-line design. In the [10] Coull, JD, Thomas, RL and Hodson, HP, 2010, “Velocity
absence of a large set of test data, this discussion has examinedistributions for Low Pressure Turbines”, Journal of
the predicted efficiency trends with respect to flow angles, Turbomachinery, Vol. 132(4), 041006

blade lift and Reynolds number. The analysis demonstrates thaf11] Gier, J, Franke, M, Hiibner, N, and Schroder, T, 2008,
the correlations derived from Ainley and Mathieson ([2], [3], “Designing LP turbines for optimized airfoil lift’, ASME paper
[4]) do not capture the correct trends for profile and secondary GT2008-51101

losses, and should therefore not be used for design purposed12] Horlock, JH, 1966, “Axial Flow Turbines: Fluid Mechanics
The profile loss model of Coull and Hodson [5] and the and Thermodynamics”, SBN 0-88275-097-6

secondary models of Craig and Cox [6] and Traupel [7] were [13] Denton, JD, 1993, “Loss Mechanisms in Turbomachines”
the most promising of those examined. The Reynolds numberASME Journal of Turbomachinery, Vol. 115(4), pp. 621-656
dependency of the Traupel model appears to be superior to thatl4l Ainley, DG, and Mathieson, GCR, 1951, "An Examination of
of Craig and Cox. the Flow and Pressure Losses in Blade Rows of Axial-Flow

The analysis indicates that designs with high flow turning Turbines’, ARC Reports “and MemoranQa No. 2891 . .
o . L . [15] Carter, ADS, 1948, “Three-dimensional flow theories for axial
have the lowest sensitivity to increases in lift. Encouragingly,

th vsis al i th id d i effici ¢ compressors and turbines”, Proc. |. Mech. E. Vol. 159
€ analysis also caplures Ine rapid decrease in efficiency Or[16] Thwaites, B, 1949, “Approximate Calculation of the Laminar

high-lift des_igr_ws at low Reynolds_numbers. Several d_eficie_n_cies Boundary Layer’, Aeronaut. Quart., Vol. 1, pp. 245-280

in the existing loss correlations have been identified, [17] Benner, MW, Sjolander, SA, and Moustapha, SH, 2006, “An
particularly for secondary loss, indicating significant scope for mpirical Prediction Method For Secondary Losses In Turbines —
developing improved methods. Part Il: A New Secondary Loss Correlation”, Journal of
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