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Abstract. The problem of predicting the quasi-2D performance of turbomachinery blade

cascades is presently the object of a
considerable amount of research, especially for off-design

conditions where separation is occurring frequently. This interest is particularly vivid for the case

of multi-blade
row

axial machines, where upstream wakes affect the blade operation, especially
the transition and separation processes. This paper presents a

fast modelling method, based

on a strong coupling between
a

potential flow calculation and an integral approach for the

boundary layer and separation regions, taking into account the main effects of the upstream

wakes. Comparisons of global (loss and deviation) and local performance (local boundary layer

parameters including the transition and separation regions) with and without upstream wakes

effects are presented as
well as with the scarce -and not always reliable- experimental data

available.

Nomenclature

c
chord length L Truckenbrodt form factor

CD dissipation factor L~ characteristic length for transition

Cf skin friction coefficient LT total transition length

f flow integral quantity LT,,,,,, minimum transition length

g spot production function n turbulent spot production rate

H12 shape factor
=

(ii /b2) P static pressure

H32 shape factor
= (b3 /b2) Pt total pressure

I incidence angle Re Reynolds number

K acceleration parameter s arc length in stream wise direction

TV turbulence intensity in percent U incident velocity

TV
=

@
u' fluctuation term in velocity

z surface co-ordinate in stream wise X energy related quantity (Eq. 4)
direction
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Greek Symbols

a angle of attack

fl flow angle from axial direction

ii displacement thickness

b2 momentum thickness

b3 energy thickness

~ intermittency factor or stagger angle
7l2 averaged Pohlhausen parameter
lo pressure gradient parameter

v
kinematic viscosity

&i loss coefficient

uJ
wake passing frequency

uJr reduced frequency

a solidity orland Emmon's

spot propagation parameter
6 turning angle

T wake passing period

Subscripts

cr critical

e external

E end of transition

I at instability
lam laminar

n neutral (Schlichting's)
or quantity related to the

normal modes of transition

sep at separation

t, T at transition (onset)
trans transitional

turb turbulent

w quantity related to wake-induced transition

z surface co-ordinate in stream wise direction

0 surface value

I cascade inlet

2 cascade outlet

Modifying marks

ensemble-averaged quantity

m~

time-averaged quantity

Abbreviations

DCA Double Circular Arc

LE Leading Edge
PS Pressure Side

SS Suction Side

TE Trailing Edge
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Introduction

The generalized radial equilibrium approach remains one of the tools currently in use for

the calculation of axial flow turbomachines performance. In that context, the problem of

predicting correctly the quasi 2D performance of turbomachinery blade cascade has to be

addressed especially for off-design condition where separation is occurring frequently. As most

of axial turbomachines are multi-blade row, the effect of upstream wake on the performance
must be taken into account at least approximately.

We describe below a fast (75 s per data point on a PC 486 DX2 66) approach for modelling
this type of flow. It resorts on a strong coupling between an inviscid potential flow calculation

and an integral boundary layer approach, which restores the mean features of the flow such

as losses and turning, boundary layer and separation region characteristics for the laminar,
transitional, turbulent and separated flows including the effect of the wakes of the upstream
blade-row-

After a short description of the method, its partial validation is described. The method is

then used to predict the effect of free-stream and upstream-wake turbulence on the performance
of typical compressor and turbine cases.

1. Flow Model

1. I. GENERAL LAYOUT. The viscous-inviscid interaction method used in the present work

was designed to model the phenomena typically occuring in a subsonic, incompressible, steady
flow in cascades of airfoils. The inviscid flow is simulated by a singularity method using
the potential flow equations in two versions, one compressible and one incompressible used

in this study. The incompressible potential equations are solved using the incompressible
panel method developed by Van Den Braembussche iii, based on the theory of Martensen [2].
The code of Van Den Braembussche exhibits a remarkable computational stability and allows

the implementation of the free streamline model for separation in a straightforward way [3].
Between 30 and 60 panels are used, more closely spaced near the leading and trailing edges.

The viscous solver is built up from integral models of the boundary layer development. These

include:

the laIninar boundary layer development from the leading edge stagnation point up to the

transition onset,
the transitional boundary layer development (natural, by-pass, periodic unsteady or by the

formation of a laminar separation bubble which may reattach after transition ends or burst

into a separated flow region),
the attached turbulent boundary layer development, until its separation if it occurs,

the separated flow region which extends until the trailing edge, if it exists.

1.2. BOUNDARY LAYER CALCULATIONS

Lammar Region

The laminar boundary layer is computed by solving the Von Karman integral incompressible
boundary layer equations [4].

u2
d (b2Uj) + biUedUe

=
Cfj ds II)

d (~~" =
CD

~
ds (2)

2

~ ~
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Fig. I. Schematic representation of Le Foll's L(X) plane.

These equations are solved using the integral method developed by Papailiou [5] and Huo [6]
based on the theory formulated by Le Foll [7]. In this theory, Le Foll transforms the above

equations using the Truckenbrodt form factor (L) which is defined by a total differential as a

function of boundary layer shape factors, namely:

dL
= ~

~)~ (3)
12

1
32

and its linear combination with the energy thickness Reynolds number logarithm (X):

X
=

In (Refi~) + 2L (4)

Le Foll presented all the boundary layers on a plane using those two parameters (L,X).
With L as ordinate and X as abscissa, he obtained a plane where each point represents one

station of the boundary layer development (see Fig. I, a schematic representation of Le Foll's

L, X image plane). If the points from station to station are traced, one obtains a curve
L(X),

which represents the boundary layer development. Since L is calibrated so that L
=

0 at

separation, therefore all the points on this plane lying above the abscissa (L
=

0) represent all

the unseparated boundary layers. The boundary layer computations start from the stagnation
point. Papailiou [8] has determined a value of L at this point (L

=
0.04362).

Finally, the Falkner-Skan boundary layer profiles [4) are used for the closure of the integral
equations.

7Fansition Region

The treatment of this region is one of the main topics of this paper and it is dealt with in

detail in the next Section.

Turbulent Region

The turbulent boundary layer development is simulated using the integral incompressible
boundary layer equations where the normal fluctuation terms are taken into account. These

equations are solved using a method analogous to the one used for computing the laminar
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boundary layer [5,6]. The closure of the integral equations is obtained using a family of

turbulent boundary layer velocity profiles, proposed by Le Foll which give results quite similar

to the Coles [9] family.

Turbulent Separation

When turbulent separation is reached, and in order to avoid complex and lengthy viscous-

inviscid interaction methods, a simple free streamline theory is used. This type of model has

been used both for the external flow applications [10], and for the cascades by Janssens and

Hirsch ii Ii, Geller [12). After testing several models [13-15], the most suitable is that of Jacob.

It consists in simulating the separated zone as an isobaric streamline, emanating from the

separation point which is evaluated iteratively. A standard source distribution is made on the

profile surface downstream of the separation point. Its intensity is imposed in such way as to

have a constant pressure at the borderline of the separation region.

2. ~Yansition

The laminar turbulent transition in gas turbine engines develop over a major part of the

blade surfaces, so it is important to take into account a procedure modelling the transitional

flow regions.

In the present study, four types of transition are considered. The first and most known

is natural transition. This type of transition begins with a weak instability in the laminar

boundary layer as described first by Tollmien-Schlichting [4] and proceeds through various

stages of amplified instability to the fully turbulent flow. The second type, frequently called

"by-pass" transition following Morkovin [16], is caused by large disturbances in the external

flow (such
as free-stream turbulence) and completely bypasses the Tollmien-Schlichting mode

of instability. This is the common type of transition in gas turbines due most of the time

the existence of high level free-stream turbulence in those environments. The third type is

separated flow transition. This type of transition occurs in a separated laminar boundary

layer and may or may not involve the Tollmien-Schlichting mode of instability. This type of

transition also occurs in both compressor and turbines of gas turbine engines. The fourth

type is "wake-induced transition" following Mayle & Dullenkopf [17]. This type of transition

is caused by the periodic passing of wakes from upstream blade rows or obstructions. The

periodic passing of a shock wave can also produce this type of transition.

2. I. NATURAL AND /oR BY-PAss TRANSITION. In the present study, for the two first type,

the prediction of transitional flow is carried out in two steps: transition onset and transition

length. First the start of transition is predicted by using several transition onset criteria. Then

Emmons' Intermittency concept is used in order to predict the transitional values of boundary

layer integral parameters such as thicknesses and shape factors. Several criteria are used for

predicting the intermittency distribution which corresponds to the transition length.

Emmons [18) provided an expression for the fraction of time during which the flow at any

location on the surface is turbulent, which is called "Intermittency ~f". Since the flow in the

transition region is part of the time laminar and part of the time turbulent in the relative

proportion of ii ~f)/~f, Emmons presumed that the time-averaged flow at any stream wise

position may be considered as a superposition of the two, according to:

f
"

Ii -'f) fiam +'f fturb (5)
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Table I. Summary of the transition criteria.

Authors

or pressure
M>chef

~~(1952) =
1.535 Re~T ,xT. kom the origin ofthe boundary layer up to x~, Re5

=
l 180 gives good

with theory ofstability
on flat plate I) and pressure gradtent (0,+,-),

jcousteix
(1989)] Re5,~

~ ~~~~~
=

f (te, Tu) for 0.0<Tu<3 o

onset, Theory of stabiltty, flat plate, Re5
=

f( Tu) and implicitly pressure gradicnt j-,+,0)

Abu 0tlsct, Expenmental data and experimental tnvesttgations, incomp flow, flat

(~~~~'~ type of instabtltties, semi empincal expression of Re5,j
=

f la, Tu) for the range of pressure grad>ents

3<Tu<5

span,

~~~)~
=

f Re6,,~
>

Ai, Tu) for Pressure grad'etlt (°>~>") °~~ ~° °~~~ °~

Dha,van & Length, E;periments on flat

~""~'~~
Natural transition, y =

f x~
,

L, ), semi~cmpincal expressions required for L, Transition ends ,vith y =
0.99

($
Ttt lcvel Natural transition, y =

f(Re~j
,

Re~ ), semi emptrical cxpression for the prediction of

( ~~°) end Re~~ =
f Re~, for pressure grad (0)

=
,

la for pressure grad (+,-),

~~~~
transit>on, =

transition ends ,vith y =
0 99

Narasimha, 2D, incomp flow, pressurc
~~

Natural orland Bypass transition, y =
transition ends with 99

where f is a boundary layer flow integral parameter, fiarr is its local laminar value, and fturb

is its local fully turbulent value. Using this concept, the boundary layer integral parameters
through transition were obtained such as:

~ltrans
"

(I ~f)dltam +'f ~lturb

H12trans
"

(1- ~f)H121am + ~f H12turb

Cf<,a,m "
(1 lf)Cfia,,, + lf Cf<,,>i~

For natural and/or by-pass type of transition, several criteria concerning the onset and

length of transition region were tested. These are Michel [19], Abu Ghannam & Shaw [20),
Wilkinson (Papailiou [5]), Van Driest & Blumer [21], Granville (Cousteix [22], Amal et at. [23]

for the transition onset prediction and Arnal et at. [24], Abu Ghannam & Shaw [20], an

advanced modified form of Dhawan & Narasimha [25], Mayle [26] for the transition length

prediction. Table I sum up the main characteristics of various criteria, for both onset and

length of transition.

A preliminary study, not reported here, lead us to keep for comparison (with experimental

data and between themselves) two transition onset (Arnal et at. and Wilkinson's) and three
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transition length (Arnal et at. Dhawan & Narasimha and Mayle) criteria which have been

discussed by the present authors in an ASME paper [27].
In this study, we have chosen to discuss only, Wilkinson's onset and Dhawan & Narasimha's

length criteria.

Onset Criterion

Wilkinson's criterion has been presented by Papailiou [4] using Le Foll's (L, X) plane where

Schlichting's neutral stability curve

Ln(X)
=

0.005X 0.011 (6)

and the characteristic curve
L(X) of any laminar boundary layer can be represented.

Once L(X)
curve is below the Ln(X) curve, the laminar boundary layer becomes unstable

and transition will take place at a position depending on the turbulence level. Here, Wilkinson

postulated a point transition where laminar boundary layer stops and the turbulent calculation

begins.
The sketch of this situation is given in Figure I (after Huo [6]), where instability begins at

point I, which is the point of the intersection of L(X) and Ln(X). Transition will take place
if the integral In (the shadowed area below the Ln(X) curve):

In
=

/
~(Ln L) dX (7)

attains a value which is explicitly a function of turbulence level (also see Fig. I)

In
=

In (Tu) (8)

but also implicitly of pressure gradient because of the past flow history taken into account by

two curves
L(X) and Ln(X).

Length Criterion

Dhawan & Narasimha [25) expressed the (universal) intermittency distribution through nat-

ural transition by:

~tl~)
=

i exP -0.412 (~ ~

~~
l19)

~

~

where, ~ is the distance along the surface, It = z~=o is the location of natural transition

which is calculated by a transition onset criterion, here is that of Wilkinson, and L~ is the

characteristic length for transition. To consider also by-pass type of transition, a relation must

be found between L~ and the most influent parameters acting on transition such as pressure

gradient and free-stream turbulence level. This is made from the review of literature which

follows.

Recently Gostelow et at. [28] proposed an extended correlation evaluated from Walker's [29]

minimum transition length model. The correlation is:

~~
=

9.412 exp[-3.12 ~gt In(Tu) + 33.692 ~gt + 0.248 In(Tu)] (10)
LT,,,,,,

JOURNAL DE mYsiQ1JB m T. 3, No to, ocToJ1m iw3 w
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where ~et is the pressure gradient parameter at the start of transition, TV is turbulence level

(Sl), LT is total transition length which is given by Walker [29] as a function of characteristic

length by

LT
=

3.36 L~ (II)

and LT,»,,, is the predicted minimum transition length.
Walker and Gostelow [30] expressed that the theoretical minimum value is given for LT,n,,,

that can be given by a relation

~~lT>n»> ~'~ ~~fi»~~~ ~~~~

where bit is the displacement thickness at the start of transition.

2.2. SEPARATED FLow TRANSITION. In the present method, the laminar separation bub-

bles are computed using the semi-empirical method developed by Roberts [31-33) based on the

previous work of Horton [34]. When laminar separation is detected, the location of transition,
the boundary layer characteristics at transition and the re-attachment point are determined

from the value of 62 at separation, the semi-empirical theory of Roberts and the potential flow

velocity distribution.

2.3. WAKE INDUCED TRANSITION. Wakes from upstream blade rows or obstructions are

important source of the unsteadiness in flow in gas turbines. This unsteadiness leads to time-

averaged losses which can differ appreciably from those measured in isolated blade row
(steady

flow). For example, Hodson [35] reported that this effect leads to a 50 percent increase in the

time-averaged loss of his rotor. It has been shown by several authors that the transition, as a

result of the unsteady passing of wakes from the upstream airfoils, is unsteady and cannot be

predicted using steady flow boundary layer analysis. Several investigators found also that the

wakes directly influenced the onset of transition. This type of transition is called "wake-induced

transition". In order to simulate the unsteady effects of passing wakes, in the semi-steady form,
Pfeil and Herbst's approach [36] and Mayle and Dullenkopf's theory 11?, 26] are used in the

present work.

Pfeil and Herbst [36] and later Pfeil et at. [37] showed that the wakes caused the boundary
layer to become turbulent during their impingement on the surface. This formed wake-induced

transition zones, which propagated downstream at a velocity less than the wake passing velocity.
These authors implied that the time-averaged condition of the boundary layer may be obtained

from:

f
"

Ii I)Ram + I fturb (13)

which is similar to equation 5 except that § is now the time-averaged intermittency. Pfeil

and Herbst discovered regions of natural transition occurring between those induced by the

wake. This implies that multiple modes of transition can occur independently of one another

on the same surface at the same instant. The situation is shown in Figure 2 [26] where the

normal-mode transition is considered to originate at ztn (for example natural transition), while

the wake induced transition is now considered to originate at ztw. At the instant depicted, the

boundary layer, which is first laminar (to the left of ztw), becomes turbulent (at ztw), then

laminar (between ztw and a~tn) and turbulent again.
As for Mayle and Dullenkopf

11
7,26), they proposed a

model based on Emmons [18] turbulent

spot theory that considered a coalescence of turbulent spots into turbulent "strips" which

propagated and grew along the surface within the laminar boundary layer. They formulated
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wAKE-iwouceo

y NATUR&

~ ~W ~W X

j, ,,j.,. ....................,
LAMINAR TRANsrnDwAL TUREULeW

Fig. 2. Combined wake-induced and natural transition on a surface [26].

the idea that the wake is a production source of turbulent spots so dense that the spots
immediately form a turbulent "strip" and once the turbulent strip is formed by the wake, its

propagation and growth are independent of the wake propagation in the outside flolir (see Fig.
3 of Mayle & Dullenkopf [26]). As

a result, their theory predicts a wake-induced intermittency
distribution without any need to calculate the wake position after the impingement which

allows to use the time-averaged flow for calculating the boundary layer characteristics.

Their extension of Emmons' theory consists of two main points. First, they considered

that transition can occur in multiple modes such that two or more types of transition can

be occurring simultaneously as shown in Figure 2. Second, they considered a production of

turbulent spots from two types of sources. In particular,the turbulent spots are produced both

normally (through
a normal "steady" mode) and by the periodic passing of wakes imbedded in

the free-stream (wake-induced transition). They assumed that the production functions from

each source are independent of one another and that the function associated with each source

could be linearly superposed such that:

9 " 9n + gw (14)

where gn and gw are the individual production functions associated with natural and wake-

induced transition, respectively. So they proposed the time-averaged intermittency I(a~) such

as:

ij~)
=

i ii ~~ja~)j ii iwja~)j jis)

where ~fn and iw are the intermittency functions associated with the individual source functions

for natural and wake-induced transition and the tilt refers to a time averaged quantity over

the wake passing period.

The intermittency ~fn can be chosen such as one given by equation 9 for instance, where (~t
the onset of transition and (L~ characteristic length for transition are given by the expressions
for the appropriate normal mode of transition (natural

or
by-pass).
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For the time averaged wake induced intermittency §w, Mayle & Dullenkopf [26] uses an

expression of the form:

iw(z)
=

I exp I-1.9 (~
~~~ (16)

UT

where, U is the airfoil's time averaged (or steady) incident velocity and
T

is the wake-passing
period.

Later, Hodson et al. [38] showed that this correlation defines well unsteady transition in

particular when the dependence on wake-width is weak.

Expressing
T in terms of the wake-passing frequency, uJ, and introducing a chord length, c,

Mayle & Dullenkopf [26] obtained an equation incorporating the reduced frequency uJr:

§w(a~)
=

I exp -0.302 uJr
~ ~~~ ii?)

C

where

uJr =

"~ (18)
U

From this, it can be deduced that the time-averaged wake-induced intermittency depends
only on the reduced frequency (uJr) which is an input for the problem, and the beginning of

transition ztw which must be evaluated.

The evaluation of this point is based on the following observations. First, as discussed

above, the unsteadiness of the external flow due to the wakes, is of secondary importance on the

development of the boundary layer which can be calculated using a time-averaged or the steady
flow at least for the range of reduced frequencies encountered in most of the turbomachinery
(Obremski & Fejer [39)

~

Pfeil & Herbst [36] ). Secondly, the effect of the turbulence level in the

external flow on the beginning of transition for the steady flow is important (Abu Ghannam &

Shaw [20], Schubauer & Skramstad [40), Hodson [41), Gostelow and Walker [42], Mayle [43)).
From those two points it can be supposed that, in fact, the effect of the wake on the boundary

layer is essentially due to the high-local instantaneous level of turbulence acting as a switch to

generate turbulent spots as ascertained by Hodson [41). Consequently, in agreement with Pfeil

and Herbst [36), the beginning of transition due to the wakes is calculated by the steady flow

approach mentioned above using a very high level of turbulence typically 5 to 10$l. The first

value is used in our calculations.

3. Performance Evaluation

3.I. SCOPE OF THE EVALUATION. The coupling method described above allows to obtain

the local characteristics of the boundary layer as well as the global performance.
The local performance are the local boundary layer thicknesses, shape factors, the existence,

position and length of laminar separation bubbles when appropriate, beginning of transition,
length of transition region, the turbulent separation point when existing. The global perfor-

mance are the exit angle, (fl2), and the loss coefficient, &i, which is defined as:

2 =

~~ ~~
(19)

Pti P~

where I
=

I is for compressor cascades and I
=

2 is for turbine cascades. The exit angle is

obtained from the calculated outlet flow angle at the end of the convergence process involving
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both potential and the boundary layer type of calculation. The loss coefficient is obtained by
calculating the mass-weighted averaged total pressure at the cascade exit-plane, the reduction
of the total pressure being due to the boundary layer and the separation region. For the latter,
the boundary layer computation stops at the separation point. The value of the displacement
thickness at the trailing edge is known as it is equal to the dividing streamline height from

the blade surface, while the momentum thickness at trailing edge is obtained from the shape
factor H12 which is calculated using an empirical model based on NACA results (NACA TN

3916):

H12
=

37.82
a~)~~

73.83 x~~p + 38.02

0.5 < a~~~p < 1.0 (20)

In this second order polynomial function x~~p represents the separation point, in percent
chord. The above expression gives a good approximation compared to that of Simpson [44]
and Heillman [45)

If a large body of cascade global performance is available in the literature both for compres-

sors and turbines (for instance, NACA TN 3916 and NACA TN 3802), there is a dramatic lack

of reliable experimental data on local performance.

Comparison of global performance calculation with the experimental data, selected from

some 250 data points treated (Yazigi, [46]), is given for compressor (NACA 65) and turbine

(NACA A3K7) cascades.

For the NACA 65 compressor cascade the classical data of Herrig et at. [47] has been used.

The measurements have been taken in a cascade tunnel where two dimensionality and periodic-
ity could be achieved by boundary layer suction on the walls. Due to the tunnel configuration,
the tests are carried out for discrete air inlet angles pi and the angle of attack a is changed
by varying the blade stagger angle j. The test Mach number is about o-I and the Reynolds
number, based on the chord and the inlet velocity, is about 0.25 x

10~. For the NACA A3K7

turbine cascade the data of Dunavant and Erwin [48] has been used. The test Mach number

is about 0.I and the Reynolds number, based on the chord and the inlet velocity, is about

0.35 x10~.

The accuracy of NACA data is estimated to be +1° for the exit angle and +0.01 for the losses,

except for the separated cases where the inaccuracies are higher. The results of computation is

considered as correct, when the difference between calculated and measured data falls within

those brackets.

The measurement on a compressor blade in cascade by Deutsch and Zierke [49-52) is used

for comparison of local and global performance. In the tests, a
periodic, two-dimensional

flow field has been achieved, except apparently in the highest incidence separated case, at

a chord Reynolds number of o.5 x
lo~. Measurements are taken at the incidence angles of

I
=

5.o, -1.5 and -8.5 degrees on a highly loaded, five double circular arc compressor blade

cascade. Deutsch and Zierke measured both the global performance using five-hole probes and

the local boundary layer and near wake parameters using a single component LDV.

Using those data, we considered first, the performance evaluation without wake effects. We

first compared measured and calculated data without taking into account wake-induced type
of transition. For the latter, some parametric studies have been carried out considering both

the free stream and wake turbulence effect on the performance.
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Table II. Comparison on tocal performance basis without wake.

A 31 / 39 9 / 21 42 / 50 8 / 19

FLOW B 38 / 39 20 / 21 49 / So 17 / 19

MODEL C 84 97

D 14 / 46 27 / 82

E 60

A 3 / 9 14+6 / 38+5 35 / 60 >4 / <l0 <3 / 13

DCA B <9 / 9 <38+5 / <61 55 / 60 >4 / <l 0 <13 / 13

DATA ~ 86 -92 66+4

D 64+4 /

E

3.2. NO-WAKE PERFORMANCE EVALUATION

Locat PerforYnance Euatuation
'

Deutsch & Zierke's DCA test data is used for comparison on local performance basis. Table II

represents this comparison by means of the main boundary layer features, I.e.:

A the laminar separation bubble onset lend

B the onsetlend of transition in the bubble

C the turbulent separation point (if it exists) in case of bubble transition

D the natural and/or bypass transition onsetlend

E the turbulent separation point for the normal mode transition

I
=

-1.5°: on the suction and pressure sides, due to the calculated detection of lamihar

separation bubbles, the normal mode (natural and/or bypass type) transition criteria are not

applicable. On the suction surface, the laminar separation bubble is predicted using Roberts'

separated flow transition approach, to occur between 31-39Sl chord, but the test data indicates

this bubble earlier (3-9Sl) near the leading edge. A turbulent separation is detected at 84Sl

chord by the calculations and between 70 to 86Sl chord by the tests. For the pressure surface,
the laminar separation bubble is detected between 9-21$io by the calculation which falls within

the large bracket of the experimental data. There is no turbulent separation detected for ioth

calculated and measured data for this surface. The test results also indicate that separated
flow transition in the bubble is not complete and extent even after the bubble re-attachment.

I
=

-8.5°: for the suction surface a laminar separation bubble is detected somewhat later

and shorter than the test data results. For both calculated and measured data, transition is

of the separated flow type and its length is small with respect to the bubble length and the

turbulent separation takes place after 90$io chord. For the pressure side, both calculated and

measured data indicate that the bubble onset takes place in the vicinity of the leading edge,
transition is short and there is no turbulent separation.
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Fig. 3. Comparison of boundary layer integral parameters.

I
=

5.o°: for the suction surface, the calculation predicts a normal mode of transition

beginning at 14$l and ending at 46Sl chord. The turbulent separation is predicted at 60Sl

chord. While, the test results indicate the existence of a laminar separation bubble which is

in vicinity of the leading edge region and a turbulent separation at nearly 66Slo as well. The

pressure side for this incidence is the only one for which there is clearly no bubble detected

experimentally. The measurement indicates a very late (at 64%) and uncompleted transition,
while the onset criterion indicates the beginning of transition at 27% and the length criterion

gives the end of transition at 82% chord.

The flow method described above is also able to predict the local boundary layer thicknesses

and shape factors. This is typified by Figure 3 corresponding to the case of -8.5° incidence

angle of DCA cascade. The agreement is very good for the shape factor on the pressure side

and for the momentum thickness on the suction side. The shape factor evaluation on the

suction side is somewhat underestimated in the separation bubble region. For the cases where

the main features
are not well predicted, it is evident that there are also discrepancies on the

local integral boundary layer parameters.

For the cases where laminar separation bubbles have been identified experimentally, their

position (onset and length) is correctly predicted within the expected accuracy on the pressure
side. For the suction side, the tendency of the calculation is to give a later onset and a nearly

correct length. We believe that this is due to the difficulties of the potential flow method to

deal with very thin leading edges.

Not withstanding our efforts, we are still unable to explain the failure of our method to pre-

dict the boundary layer behaviour for the incidence angle I
=

5.o°, both suction and pressure

sides. Nevertheless, we believe that the free stream turbulence level, used in the experimental
investigation for this particular incidence angle, which has not been clearly given by the inves-

tigators, may cause those types of differences due to its influence on the calculation results in

particular for transition region.
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Global PerforYnance Evaluation

On the global performance basis, NACA 65 compressor and NACA A3K7 turbine as well as

Deutsch & Zierke's DCA data have been used for comparison. For NACA data, a sketch of

the comparison of the turning angle (6
=

fl2 Pi and loss coefficient (17) with various angle
of attack in) is presented in Figure 4. A very good agreement is obtained for both the turning
angle and the loss coefficient except for the higher angle of attack. For this point, the accuracy
of the measurement is questionable, due to the large separation zone existing on the blade

surface (compressor case).

Table III represents a typical comparison with NACA and DCA data. NACA compressor
data is that of 65 l8Aio lo with a =

14°, pi
=

60°, a =
1.0 and the turning angle 6 is

22°. Naca turbine data is that of A3K7 with a =
47.2°, pi

=
0°, a =

1.5 and the turning
angle 6 is 61°.

For Deutsch & Zierke's test data the cases of I
=

-1.5° and -8.5° correspond to a bubble
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Table III. Comparison on global performance basis without wake.

LOSSES (%) EXIT ANGLE (°)

AUTHORS

D .8.5° 28 34 -06 32

c -1.5° 94 104 21 31

A 5.0 ° IS 141 4 0 3

NACA 65 9 17 38 38 7

NACA A3K7 2 0 2 8 61 2 60 0

transition. For i =
-1.5°, the exit angle (calculated: 3.1°, measured: 2.1°) and the losses

(calculated 10.4$l
vs. measured 9.4%) are well predicted within the estimated accuracy. For

the case of I
=

-8.5° the losses are also well predicted (3.4% calculated vs.
2.8% measured),

while the exit angle (3.2°) is much larger than that the experimental one
(-0.6°). Note that

the experimental overturning is a bit surprising as there is no pressure side separation. For the

case oft
=

5.0°, where experimental transition is of separated flow type on the suction surface

and natural and uncompleted on the pressure surface, both measured and calculated losses

(14.I% calculated vs. 15.I% measured) and exit angles (3.1° calculated vs. 4.0° measured) are

satisfactory predicted not withstanding the poor local prediction on the pressure side. This

agreement is due, of course, to the fact that it is a case dominated by turbulent separation on

the suction surface.

For the NACA data, within the estimated accuracy of measurements, there is a good agree-

ment between calculated and measured values for both losses and exit angles.

3.3. PARAMETRIC STUDY ON TURBULENCE AND WAKE EFFECTS. The method having
been validated as much as it was possible, it can be used as a tool for comparative parametric
studies which can complement the existing experimental information and can provide a data

base when
no experiments exist. Here, the cases of the effect of free stream turbulence and

turbulence due to the upstream wakes are treated.

Effect of£kee-Stream Turbulence level

Although the fully laminar and fully turbulent part of the boundary layer are affected by
the external turbulence (and this is taken into account in the corresponding models), the main

effect is on the transitional region as it affects the point of the beginning of transition, the

intermittency factor and therefore the length of transition region.
A parametric study on a range of the free-stream isotropic turbulence from 0.I% up to 7.0%,

has been carried out for Deutsch & Zierke DCA compressor cascade ii
=

-8.5°) and for NACA

A3K7 turbine cascade (a
=

47.2°) both used in the previous part.
The results are presented in the form of plots giving the position on pressure and/or suc-
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tion surface of the beginning and end of the transition region, the beginning of the laminar

separation bubble and of the end of transition in this bubble when appropriate (Fig. 5 and

Fig. 6 respectively). Those plots are complemented by plots of the loss coefficient in function

of turbulence level (Fig. 7), as well as the evolution of intermittency factor (Fig. 8).

At low turbulence level, there are always laminar separation bubbles which disappear with

increasing turbulence level (Fig. 5 and Fig. 6). The level of turbulence at which this appears,

being a function of the external velocity distribution, as seen comparing the compressor and

turbine cases. The compressor case involves a turbulent separation -on suction side- (Fig. 5a),
the point of separation is first moved towards the leading edge when the turbulence level

increase, to remain constant above 2.0% of turbulence.

For the compressor case, the loss coefficient (Fig. 7), first increases slightly, then diminishes

when a bubble is present, then increases again, but this time sharply, with turbulence in the

nc-bubble domain to reach an asymptotic value above 5.0% of turbulence. For the turbine

case (Fig. 7), there is first a slight increase and then an asymptotic increase with the increase

of turbulence level. The increase of turbulence level moves the beginning of transition towards

the leading edge as well as the end of transition, while the length of transition first diminishes

and then becomes independent of the turbulence level. This asymptotic character can also be

seen in the plot of the intermittency factor (Fig. 8).

Effect of Upstream Wake Turbulence

It has been ascertained above that the upstream wake effects were mainly to induce a periodic
early start of transition due to the trigger effect of the turbulence in the wake and to add a

periodic intermittency, while the unsteadiness of the external flow was of secondary importance,
following Mayle's reasoning, although the reduced frequency comes into the picture. The whole

problem is to calculate the wake intermittency.

The wake effect is also indicated in Table IV for the cases treated in the preceding paragraph.
The calculations are presented for a free-stream turbulence of 0.2Sl for the compressor case

-DCA I
=

-8.5°- (in order to magnify the effect) and of 2.0Sl for the turbine case -NACA

A3K7
a =

47.2°- and for a reduced frequency of 10.0, which is typical for turbomachines, for

both cases. The main results are presented below:

The laminar separation bubbles disappear whatever the value of the external flow turbulence.

The equivalent, steady beginning of transition is moved towards the leading edge.
For the compressor case (which, without wake effect, corresponds to a transition with bubble

on both suction and pressure side), the end of transition moves towards the trailing edge and

therefore the length of transition is increased. For the turbine case (and for the compressor

case when there is no bubble according to our calculation not reported here), the end of

transition moves towards the leading edge and the transition length is reduced. According

to our experience, this reduction decreases with the increase of the external turbulence level

and disappears when the external level of turbulence is of the order of 5.0Sl. This particular
value comes from the criteria built in the method for the external turbulence level. This

behaviour is confirmed by the plot of the intermittency factor (Fig. 9) which gives the resulting
intermittency with and without wake effect and by Figure 10, which gives the contribution to

the global intermittency (~fw,n) of the wake intermittency (~fw) and the normal (natural or

by-pass) intermittency (~fn). This plot shows that the normal intermittency dominates, the

influence of the wake intermittency being important only in the early stage of transition.

Except near the beginning of transition, the normal mode of transition (without wake effect)
still dominates the process. This is confirmed by Mayle's and Hodson's data.

For the losses: In the compressor case (corresponding to 0.2Sl free-stream turbulence level),
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the losses are considerably increased due to the increase of the length of transition (resulting
from to the disappearance of the bubble) and essentially, to the increase of the separated
region on suction surface for this particular level of the external turbulence. This effect would

be strongly reduced for the high levels of external turbulence.

For the turbine case (corresponding to 2.osl free-stream turbulence level), the increase of the

loss coefficient is moderate. Our experience shows that the large increase in losses, due to the

wake, occurs when, without the wake effect, the boundary layer remains transitional at the

trailing edge which corresponds to Hodson's [35] case cited above (50 percent increase in the

time-averaged loss of the rotor).
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Table IV. Comparison with and without wake.

DCA -8.5° NACA A3K7

FLOWPATTERN

(X~C) 42 08

ONSET (~c) 0 49 0 17 0 28 07 0 IS 0 08

(~C) 0 50 0.20 0 80 0.60 0 43 0 28

(X~C) 0 01 0 03 0 52 0 53 0 28 0 20

SEPARATION (~c) 0 97 0 83

(°%) 95 4 78 84 93

Conclusions

A rapid method of (max. 75 s on PC 486 DX2-66 per data point) computing the global and

local performance of axial turbomachinery cascade in incompressible flow has been presented.
It has been validated extensively for global performance and compared with success on one of

the rare documented cases for local -boundary layer- performance.
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The method has been validated extensively for global performance against NACA and DCA

data. The local performance has been compared with Deutsch & Zierke's data which was the

only detailed information at our disposal. This data is invaluable even if the accuracy of the

measurement cannot always be assessed for the boundary layer and the wake characteristics

which show sometimes either abnormal evolutions
or

discrepancies between the different mea-
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suring techniques. However, the agreement is good for the case of I
=

-8.5°, for the suction

side at I
=

5.0° and for the pressure side at I
=

-1.5°. It is to be noted that the test conditions

were such as to lead to a separated flow type of transition (due apparently very low level of

turbulence intensity Tu m 0.2Sl) except for the pressure side at I
=

5.0°.

The method provides a useful tool to estimate the cascade performance for a large range of

Reynolds number and turbulence level, and can also be used to detect, in advance of testing,
if the experimental condition will show some unwanted character such as bubble transition in

the study of the transition region.
A parametric study on the effect of free stream turbulence -without upstream wake effect-

and on the effect of upstream wakes -shown to be essentially due to the periodic impact of

the wake turbulence- has been presented for two extreme cases one of compressor and one

of turbine. The present study showed that the effect of free-stream turbulence level has an

asymptotic character above 5.0Sl for thk onset and length of transition region and this is

so whatever the type of transition. Additionally, the wake-induced intermittency dominates

transition process only in its early stages. For the rest of the process, the normal mode of

intermittency dominates completely the phenomenon.
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