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Predictions of Transitional Flows in Low-Pressure Turbines
Using Intermittency Transport Equation
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A transport equation for the intermittency factor is employed to predict the transitional � ows in low-pressure
turbine applications. The intermittent behavior of the transitional � ows is taken into account and incorporated
into computations by modifying the eddy viscosity ¹t with the intermittency factor °. Turbulence quantities are
predicted by using Menter’s shear stress transport two-equation turbulence model, and the intermittency factor
is obtained from the solution of a recently developed transport equation model. The transport equation model not
only can reproduce the experimentally observed streamwise variation of the intermittency in the transition zone,
but it also provides a realistic cross-stream variation of the intermittency pro� le. The current model is applied to
predictions of a modern low-pressure turbine experiment, and detailed comparisons of the computational results
with the experimental data are presented. The model has been shown to be capable of predicting the low-pressure
turbine � ow transition under a variety of Reynolds number and freestream turbulence conditions.

Nomenclature
C p = pressure coef� cient, 2.ptotal ¡ p/=½U 2

exit
c f = skin friction
K t = � ow acceleration parameter, .º=U 2/.dU=ds/
k = turbulence kinetic energy
L ss = suction surface length
L x = axial chord length
N = nondimensionalspot breakdown rate

parameter, n¾ µ 3
t =º

n = spot generation rate
p = static pressure
ptotal = total pressure
Re = Reynolds number, LssUexit=º
Rest = .st ¡ ss/Ue=º
Reµ t = µtUe=º
s = distance along suction surface
Tu = turbulence intensity, u 0=U , %
U = boundary-layerstreamwise velocity
Ue = freestream velocity
Uexit = exit velocity
Uin = inlet velocity
u¿ = friction velocity
W = magnitude of vorticity
yn = distance normal to the wall
yC = ynu¿ =º
° = intermittency factor
µ = momentum thickness
¸µ = pressure gradient parameter, .µ 2=º/.dU=ds/
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¹ = molecular viscosity
¹t = eddy viscosity
º = ¹=½
ºt = ¹t=½
½ = density
¾ = spot propagation parameter

Subscripts

e = freestream
s = onset of separation
t = onset of transition

I. Introduction

T HE majority of � ows in low-pressure turbine applications in-
volve � ow transition under the strong in� uences of freestream

turbulence and Reynolds number effects. A thorough understand-
ing of the underlying physics and accurate prediction of this type
of complex � ows are important elements in the analysis of turbine
blades, in the performance evaluation of turbines, and, ultimately,
in the design of jet engines.

Several methods have been proposed for the prediction of tran-
sitional � ows. One approach is to make use of “pure” turbulence
models. This method relies on the low-Reynolds-number modi� -
cations of turbulence models to predict transition. The studies by
Savill1;2 and Westin and Henkes3 showed, however, that none of the
available turbulence models could predict both the transition loca-
tion and transition length accurately under diverse � ow conditions.

Another approach for modeling transitional � ows is to incorpo-
rate the concept of intermittency into computations. This can be
accomplished either by using conditioned-averagedNavier–Stokes
equations(seeRefs. 4 and 5) or by multiplyingthe eddyviscosity¹t ,
used in the diffusive parts of the mean � ow equations, by the inter-
mittency factor ° (Ref. 6). The former method requires the solution
of two sets of highly coupledconditionedNavier–Stokes equations.
Hence, this method is computationallyexpensiveand is not compat-
ible with the current computational � uid dynamics (CFD) method-
ologies.The latterapproachmodi� es the eddyviscosity¹t , obtained
from a turbulence model, with the intermittency factor ° . That is, a
modi� ed eddy viscosity, ¹¤

t D ° ¹t , is used in the mean � ow equa-
tions. In this approach, the intermittency factor ° can be obtained
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from an empirical relation such as the correlation of Dhawan and
Narasimha,7 or it can be obtained from a transport model.

Huang and Xiong8 implemented the latter approach into the
TURCOM code of Huang and Coakley9 and successfullysimulated
the � ows over a modern low-pressure turbine blade corresponding
to the experiments of Simon et al.10 In their computations, turbu-
lence quantitieswere obtained from the shear stress transport (SST)
two-equation model of Menter11 and the streamwise intermittency
distribution was prescribed by the Dhawan and Narasimha7 corre-
lation

° D

(
1 ¡ exp

£
¡.x ¡ xt /

2n¾=U
¤

.x ¸ xt /

0 .x < xt /
(1)

where U is the freestreamvelocity,xt is the point of transitiononset,
n is the turbulent spot formation rate, and ¾ is the turbulent spot
propagation parameter. Note that the correlation of Dhawan and
Narasimha7 is a good representation of streamwise intermittency
distribution. However, it does not provide any information about
the variation of intermittency in the cross-stream direction.

In the current research,we concentrateon the predictionof transi-
tional � ows in low-pressure turbine applicationsby using a recently
developed transport model for intermittency.12;13 The main motiva-
tion in the development of this model is to predict � ow transition
under the in� uences of freestream turbulence and Reynolds num-
ber effects. The model can reproduce the intermittency distribution
of Dhawan and Narasimha7 in the streamwise direction and is also
able to provide a proper variationof ° in the cross-streamdirection.
Details of the development of the model and the validation of its
predictingcapabilitiesagainst the T3 series experimentsof Savill1;2

are given by Suzen and Huang.12;13 To further demonstrate the abil-
ity of the current model in predicting transitional � ows, we focus
on calculationsof the recent experimentof Simon et al.10 conducted
at the University of Minnesota (referred to as UMN data hereafter).
In the experiment, two-dimensional � ows over a simulated, mod-
ern turbine blade were studied. The experiments covered a range of
� ow conditions including Reynolds numbers varying from 5 £ 104

to 3 £ 105 and freestream turbulenceintensities ranging from 0.5 to
10%.

In the next section some of the � ow physics and the key features
of the experiment will be discussed. Section II illustrates how the
Reynolds number and freestreamturbulenceaffect the onset and the
length of � ow transition and how transition can affect the size of
the separation bubble on the suction surface of the turbine blade.
In Sec. III, details of the intermittency transport model and its im-
plementation are described along with the empirical correlations
employed for the onset of transition. The numerical details of the
calculations used to predict the turbine experiments are illustrated
in Sec. IV. Section V shows comparisons of the numerical predic-
tions and the experimental data of Simon et al.10 for a number of
experimental � ow conditions. These comparisons demonstrate the
capability of the current intermittency approach in predicting low-
pressure turbine � ows under a range of � ow conditions. Finally,
conclusions are provided in Sec. VI.

II. Experimental Observation: The Complex Interplay
Between Flow Separation and Transition

The experiment of Simon et al.10 was performed to address the
need for improved performance of low-pressure turbines by means
of a better understanding of � ow separation and transition. The
experimental setup is shown in Fig. 1, where a simulated, modern
low-pressure turbine blade (Pratt and Whitney’s Pak-B blade) is
studied. Measurements were made on the suction surface of the
blade at locations from P2 to P13, as shown in Fig. 2, and their
exact positions in terms of the suction surface length are as follows:
location 2, 4.5%; location 3, 17.8%; location 4, 29%; location 5,
35%; location6, 40.9%; location7, 47%; location8, 52.9%; location
9, 59%; location10, 67.9%; location11, 73.8%; location12, 82.1%;
and location 13, 92.6%.

The results were reported for Reynolds numbers Re (based on
the exit velocity and length of the suction surface, which is about

Table 1 Effects of Reynolds number and FSTI on � ow separation
and transition, compiled from UMN data10

Reynolds number Re

Flow 5 £ 104 1 £ 105 2 £ 105 3 £ 105

FSTI D 0.5%
Onset of transitiona 79.7% 72.6% 69.4% 53.7%
Onset of separationa 50.3% 51.6% 54.2% 54.9%
Length of separationb no reattachment 52.8% 25.6% 17.9%

FSTI D 2.5%
Onset of transition 67.0% 67.9% 54.6% 53.7%
Onset of separation 53.6% 53.8% 55.2% 55.2%
Length of separation 37.8% 26.8% 16.3% 12.9%

FSTID 10%
Onset of transition 61.6% 56.4% 53.7% ——
Onset of separation 54.9% 55.6% 56.2% ——
Length of separation 29.2% 20.6% 12.9% ——

aIndicated by the relative location on the suction surface s=L ss.
bScaled by the suction surface length L ss .

Fig. 1 Experiment setup (Simon et al.10): test rig.

Fig. 2 Experiment setup10: measured stations on the suction surface
of the blade.

1.8 times the Reynolds number de� ned by the inlet freestream ve-
locity and suction surface length) ranging from 5 £ 104 to 3 £ 105

and for freestream turbulence intensity (FSTI) of the approaching
� ow varying from 0.5 to 10%. Table 1 summarizes some of the key
experimental results that demonstrate the complex interplay among
Reynolds number, freestream turbulence,� ow separation, and tran-
sition. The horizontal and vertical downward directions of Table 1
are in the increasing Reynolds number and turbulence intensity di-
rections, respectively.For each pair of Reynolds number and FSTI,
the � rst value in Table 1 indicates the location of transitiononset on
the suction surface of the blade, the second value denotes the posi-
tion of the onset of � ow separation, and the third value shows the
approximate size of the separation zone. For all Reynolds numbers
and freestreamturbulenceintensityvaluesSimon et al.10 studied, the
boundarylayer is essentiallylaminar from the leadingedgeup to the
midspanof the suctionsurface.As theReynoldsnumberand/orFSTI
increases, the onset of transition moves upstream. Strong adverse



256 SUZEN, XIONG, AND HUANG

pressure gradients downstreamof the throat region of the wind tun-
nel cause decelerationof the � ow and, hence, promote � ow separa-
tion. If the � ow separates in the laminar region, transition may take
place in the free shear layer over the separationbubble.Transitionto
turbulenceenhancesthemomentumtransportin thenear-wallregion
and eventually leads to shorteningof the separationbubble. In some
other circumstances,bypass transitionmay be observedbefore � ow
separation due to elevated FSTI coupled with the high Reynolds
number of the approaching� ow. This early transition would reduce
the separation zone and sometimes could prevent � ow separation
entirely. According to UMN data, separation was observed in all
cases based on surface shear stress visualizationwith corroboration
from measuredvelocitypro� les. In particular,for the two caseswith
highest Reynolds number and turbulence intensity (Re D 2 £ 104

and FSTI D 10% and Re D 3 £ 105 and FSTI D 2.5%), even though
transition moved farther ahead, separation did occur. Nevertheless,
partly because of the transition taking place before separation and
partly due to the shorteningof transition length caused by the strong
adversepressuregradientof the throat region, the separationbubble
was suppressed to a very short and thin region. For these two cases,
althoughthe measuredvelocitypro� les indicatedno separation,sur-
facevisualizationshoweda shortseparationbubblein bothcases.An
observationbasedonlyon themeasuredvelocitypro� les, suggesting
thatno separationbubbleexistsfor the two cases,may bemisleading.

The UMN data not only covered a useful range for the Reynolds
numbers and FSTI values, but also provided detailed measurements
of pressure distribution, boundary-layervelocity, turbulence inten-
sity, and intermittency pro� les on the suction surface (from P2 to
P13 stations, 0:045 < s=Lss < 0:93). It offers a good test case to val-
idate the current approach in predicting the physics involved in the
complex interplay between � ow separation and transition.

III. Transport Model for the Intermittency
In this section, the transportmodel for intermittencyis presented.

More detailed description of the development and implementation
of the model is given by Suzen and Huang.12;13

The main objective in the development of the transport model is
to be able to predict � ow transition under the effects of freestream
turbulenceand Reynolds number variations.To accomplish this ob-
jective, the model must accurately produce the intermittency dis-
tribution under diverse operating � ow conditions. Furthermore, the
model should reproduce the intermittency distribution of Dhawan
and Narasimha7 in the streamwise direction and at the same time
give rise to a realistic variation of intermittency in the cross-stream
direction.The intermittencytransportequationofSteelantandDick5

posseses one of these desired properties: It is formulated such that
the model reproducesthe ° distributionof Dhawan and Narasimha7

in the streamwise direction. However, the model does not take the
variation of ° in the cross-stream direction into consideration. On
the other hand, the ° equationof the k–²–° turbulencemodelofCho
and Chung14 provides a realistic pro� le of ° in the cross-streamdi-
rection, and this model has been previouslyadoptedby Savill15 and
used in combination with a low-Reynolds-numberReynolds stress
transport model in the computation of bypass transition � ows.

The current intermittency transport model blends the transport
equation models of Steelant and Dick5 and Cho and Chung14 into
one transport equation to combine the desired properties of each
model, namely, the ability to produce the streamwise ° distribution
of Dhawan and Narasimha7 and to provide a realistic variation of
intermittency in the cross-stream direction.

The blending is achieved by formulating the generation term of
the model as a combination of the generation terms of Steelant
and Dick’s5 model and Cho and Chung’s14 model. The transport
equation for intermittency has the following form:

@½°

@t
C

@½u j °

@x j
D .1 ¡ °/[.1 ¡ F/T0 C F.T1 ¡ T2/] C T3 C D° (2)

The � rst term, T0 , is from Steelant and Dick.5 It aims to reproduce
the intermittency distributionof Dhawan and Narasimha.7 The for-
mulation for T0 is given by

T0 D 2C0½
p

uk uk f .s/ f 0.s/ (3)

where ½ is the � uid density, uk is the velocity component, and the
distributed breakdown function f .s/ has the form

f .s/ D
as 04 C bs 03 C cs 02 C ds 0 C e

gs 03 C h
(4)

where s 0 D s ¡ st , s is the distance along the streamline coordinate
and st is the transition location. The coef� cients are

a D 50
p

n¾=U ; b D ¡0:4906; c D 0:204.n¾=U /¡0:5

d D 0:0; e D 0:04444.n¾=U /¡1:5

h D 10e; g D 50 (5)

Two major production terms from Cho and Chung’s14 model are T1

and T2 . These two terms are used in the form .T1 ¡ T2/ in the model.
The term T1 mimics the productionof turbulence kinetic energy Pk

and is given by

T1 D C1°
Pk

k
D

C1°

k
¿i j

@ui

@x j

(6)

with the shear stresses de� ned as

¿i j D ¹t

µ
@ui

@x j
C

@u j

@xi
¡ 2

3

@uk

@xk
±i j

¶
¡ 2

3
½k±i j (7)

The term T2 represents the productionresulting from the interaction
between the mean velocity and the intermittency � eld and is given
by

T2 D C2°½
k

3
2

²

u i

.uk uk/
1
2

@ui

@x j

@°

@x j

(8)

The production terms T0 and .T1 ¡ T2/ are blended by using a func-
tion F to facilitate a gradual switching from T0 to .T1 ¡ T2/ inside
the transition region:

P° D .1 ¡ F/T0 C F.T1 ¡ T2/ (9)

A nondimensional parameter, k=Wº, is chosen to construct the
blendingfunction F , where k is the turbulencekineticenergyand W
is the magnitude of the vorticity. This parameter increases rapidly
with distance away from the wall inside the transition region. To
achieve a gradual switching from T0 to .T1 ¡ T2/, the following
blending function is proposed:

F D tanh4

µ
k=Wº

200.1 ¡ ° 0:1/0:3

¶
(10)

As can be seen from Eq. (10), when k=Wº À 200.1 ¡ ° 0:1/0:3,
F D 1, and the model switches to Cho and Chung’s14 model; when
k=Wº ¿ 200.1 ¡ ° 0:1/0:3 , F D 0, and the model becomes Steelant
and Dick’s5 model. Outside the transition zone, the model switches
to Cho and Chung’s14 model, except for the very thin region close
to the wall.

An additional diffusion-relatedproduction term is introduced by
Cho and Chung14 as

T3 D C3½
k2

²

@°

@ x j

@°

@x j

(11)

This term is kept active over the entire � ow� eld, and no blending is
applied to this term.

Diffusion of ° is represented by the following term:

D° D @

@x j

»
[.1 ¡ ° /° ¾°l ¹ C .1 ¡ ° /¾°t ¹t ]

@°

@x j

¼
(12)
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The � nal transport equation for intermittency takes the following
form:

@½°

@t
C

@½u j °

@x j
D .1 ¡ ° /

µ
.1 ¡ F/2C0½

p
ukuk f .s/ f 0.s/

C F

³
C1°

k
¿i j

@ui

@x j
¡ C2°½

k
3
2

²

ui

.uk uk /
1
2

@u i

@x j

@°

@ x j

´¶

C C3½
k2

²

@°

@x j

@°

@x j
C @

@x j

»£
.1 ¡ ° /° ¾°l ¹

C .1 ¡ ° /¾°t ¹t

¤ @°

@x j

¼
(13)

where,

¾°l D ¾°t D 1:0; C0 D 1:0; C1 D 1:6

C2 D 0:16; C3 D 0:15

The intermittency is incorporated into the computations by the use
of the eddy viscosity ¹¤

t , which is obtained by multiplying the eddy
viscosity obtainable from a turbulence model ¹t with the intermit-
tency factor ° . That is, ¹¤

t .D° ¹t ) is used in the diffusive parts of
the mean � ow equations.

To allow the intermittency to have full control of the transitional
behavior, the turbulence model selected to obtain ¹t must produce
fully turbulent features before the � ow transition takes place. The
SST model of Menter11 is found to satisfy this requirement. It pro-
duces fully turbulent � ow behavior immediately after the leading
edge of the boundary layer, and, therefore, it is used as a base-
line model to compute ¹t and other turbulence quantities in the
calculations.

The value of n¾ used in evaluating the constantsgiven by Eq. (5)
is provided by the Mayle16 correlation for zero-pressure gradient
� ows:

On¾ D 1:8 £ 10¡11Tu
7
4 (14)

The value of n¾ is obtained with the de� nition On D nº2=U 3 . Note
that a value of 1:8 £ 10¡11 was used in the current work to give a
slightly better � t of the data of Gostelow et al.17 When � ows are
subject to pressure gradients, the following correlation is used:

On¾

. On¾ /ZPG
D

(
M [1¡exp.0:75£106 K t T u¡0:7 /]; K t < 0

10¡3227K 0:5985
t ; K t > 0

(15)

with M de� ned as

M D .850Tu¡3 ¡ 100Tu¡0:5 C 120/

where . On¾ /ZPG is the value for zero pressure gradientobtained from
Eq. (14) and K t D .º=U 2

t /.dU=dx/t is the � ow accelerationparame-
ter. The favorablepressuregradientpart of the precedingcorrelation
(for K t > 0) is from Steelant and Dick.5 The portion of the correla-
tion for adversepressuregradient� ows, K t < 0, is formulatedusing
the transition data of Gostelow et al.17 and Simon et al.10 The data
and the correlationare shown in Fig. 3. The Gostelow et al. data are
for attached � at-plate boundary layers, and they are in a relatively
mild adverse pressure gradient range when compared to the Simon
et al. low-pressure turbine experiments, where � ow separation and
transition mostly occur. Note from Fig. 3 that Eq. (15) captures the
trendof two groupsof data very well. The data showsome scattering
in Fig. 3 for small K t with high Tu values, whereas the correlation
is forced to take a value of unity. The current study uses the inter-
mittency transportmodel to obtain the intermittencydistributionfor
the transitional� ows, with the onset of transition de� ned according
to the following two � ow possibilities.

A. Separated-Flow Transition
Roberts18 proposed a semi-empirical theory to predict onset of

transition within a laminar separation bubble over the airfoil suc-

Fig. 3 New transition length correlation.

Fig. 4 Correlation for attached-� ow transition.

tion surface. The transition Reynolds number Rest, which is based
on the length de� ned between the onset location of separation and
that of transition, is correlated as a function of a turbulent factor
representing effects of the external turbulence level and its distur-
bance spectrum. The model was simpli� ed by Davis et al.19 to only
a function of turbulence intensity:

Rest D 2:5 £ 104 log10 coth.0:1732Tu/ (16)

where Tu is the FSTI value at the onset of separation. Although
this model was originally proposed for swept wing � ows, Simon
et al.10 observedthat the correlationmatches their experimentswell.
The present paper, therefore, adopts the Davis et al.19 correlation to
predict the onset of separated-�ow transition.

B. Attached-Flow Transition
Abu-Ghannam and Shaw20 suggested that the onset of transition

for attached� ows can be obtainedby correlatingthe boundary-layer
momentum thickness Reynolds number to the FSTI according to

Reµ t D 163 C expfF .¸µ / ¡ [F.¸µ /=6:91]Tug (17)

where

F.¸µ / D 6:91 C 12:75¸µ C 63:64¸2
µ for ¸µ < 0

F.¸µ / D 6:91 C 2:48¸µ ¡ 12:27¸2
µ for ¸µ > 0

Although the Abu-Ghannam and Shaw20 correlation showed good
agreement with experimental data for � ows with zero and adverse
pressure gradients, the model is not very sensitive to � ows with
strong favorable pressure gradients, as shown in Fig. 4, in which
one would expect the transition to be delayed as a result of � ow
acceleration.
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To allowfor a more sensitiveresponseto strongfavorablepressure
gradientswhile maintaining the good featuresof the Abu-Ghannam
and Shaw20 correlation in an adverse pressure gradient region, the
transition criterion was recorrelated to the FSTI Tu and the acceler-
ation parameter K t according to

Reµ t D
¡
120 C 150Tu¡ 2

3

¢
coth

£
4
¡
0:3 ¡ K t £ 105

¢¤
(18)

where K t was chosenas themaximumabsolutevalueof theaccelera-
tionparameterin thedownstreamdecelerationregion.Equation (18)
was designed to have a better � t of the available experimental data.
As can be seen from Fig. 4, except for data with very low FSTI
values (less than 1%), Eq. (18) seems to correlate well with the ex-
isting experimental data. For transition under very low turbulence
intensity, the current correlation exhibits more characteristics of
natural transition behavior than bypass transition.Finally, although
the correlation � ts the transition data well for � ows under adverse
pressure gradients, it was purposely designed to rise rapidly as K t

becomes positive (favorable pressure gradients). This measure is
taken to re� ect that the � ow transitionmay be delayedwhen subject
to favorable pressure gradients.

Detailed comparisons of the current intermittency transport
model with the T3 benchmark test cases of Savill1;2 were conducted
by Suzen and Huang.13 To illustrate the effectiveness of the inter-
mittency concept over the pure turbulencemodels (namely, the k–²
model of Launder and Sharma,21 the k–! model of Wilcox,22 and
the SST of Menter11) in predicting � ow transition, the T3C2 exper-
iment of Savill1;2 is repeated here as a test case. The T3C2 case is
one of the test cases specially designed to test the ability of turbu-
lence models in predicting transition with continuous variation in
pressure gradient, representing an aft-loaded turbine blade.

The computationsfor this case were performed with a boundary-
layer code that solves the mean � ow, turbulence model, and inter-
mittency equations using a second-order � nite volume method. In
the computations, 175 grid points, expanding from the wall to the
freestream, were used in the cross-stream direction. The yC values
for the � rst grid pointaway from the wall werebetween0.1 and 0.15.
The solutions were obtained by using 1000 streamwise steps. This
corresponds to a maximum nondimensionalstep size of 1xC D 37.

The T3C2 casehasan inletReynoldsnumberof 3:5 £ 105 perme-
ter and a freestreamturbulenceintensityof 2.8% at the leading edge.
The inlet conditions for the turbulence length scale were calibrated
to match the experimental freestream turbulence decay. For exam-
ple, in the present study, the turbulence kinetic energy was � xed
according to the experimental freestream turbulence level and the
matching of the freestream turbulencedecay providedthe estimated
value of the dissipation rate of turbulence kinetic energy ² (or the
value of ¹t=¹) at the inlet. After matching the decay of freestream
turbulence, it was determined that a value of ¹t=¹ D 5 was needed
for the SST model11 and the Launder–Sharma21 k–² model, and
5.6 was used for Wilcox’s22 k–! model at the inlet. The onset of
transition was speci� ed at Reµt D 297, according to Eq. (18).

The predicted skin-friction coef� cient distributions were com-
pared with experimental data in Fig. 5. As can be seen from the
comparison,Menter’s11 SST model and Wilcox’s22 k–! model gave
immediate transition to turbulenceat the leading edge, showing al-
most no laminar zone. The k–² model of Launder–Sharma21 pre-
dicted a too early transition, and the length of transition to turbu-
lence is somewhat too short when compared to experimental data.
In contrast, the current transition model predicted the length of the
transition region well and showed very good comparison with the
data.

One of the major features of the current model is its ability to re-
produce realistic cross-stream intermittencypro� les. The predicted
intermittency pro� les at various streamwise stations through the
transition zone are shown in Fig. 6. The pro� les exhibit a peak be-
tween y=±¤ D 1 and 2, then drop off toward zero near the edge of the
boundary layer, around y=±¤ D 8. These features are consistentwith
the trends observed in experimental data of Sohn and Reshotko23

and Gostelow and Walker.24

The resultsobtainedfor theT3C2 caseclearlyshowedthe superior
predicting capabilities of the current model and the effectiveness

Fig. 5 Comparisonof the skin-friction coef� cient for variablepressure
gradient � ow (T3C2 case).

Fig. 6 Cross-stream intermittency pro� les for variable pressure gra-
dient � ow (T3C2 case).

of the intermittency concept over the pure turbulence models for
predicting transitional � ows.

To demonstrate the ability of the current intermittency model in
predicting general turbine con� gurations, the experiment of Simon
et al.10 was selected as a test case. In the predictionof more general
turbine� ows in which transitioncan take place either in an attached-
or a separated-�ow situation, the present study used a prediction–

correction scheme to compute � ow transition. First, for a given
Reynolds number, numerical calculationis carried out under the as-
sumption that the entire � ow is laminar. The resultantonset position
of separation is determined from the laminar solution and de� ned
as the laminar separation point. In the current study, this location
was not very sensitive to the Reynolds number range considered
because separation was mainly determined by the geometry of the
blade.Second,by applying the Davis et al.19 correlation,Eq. (16), to
the laminar solution, the onset point of transition was determined.
Whereas the computation was started using the laminar solution,
the onset point of transition was updated at each 100 iterations by
reapplying the Davis et al.19 correlation to the most recent solution.

As the transition point moves upstream, there is a tendency for
the separation point to move downstream. If the process converges
to a solution in which the length between the onset of separation
and the onset of transition satis� es Eq. (16), the � nal solution is
established and a � ow with separated-�ow transition is assumed.
On the other hand, as the newly predicted separation point moves
downstream of the prescribed transition point, or as the separation
bubble disappears, the calculation is performedwith the correlation
for the onset of transition [Eq. (16)] being replacedby the attached-
� owcorrelation[Eq. (18)].The � nal solutionmay ormay notcontain
� ow separation. If a � ow separation indeed occurs, the onset of
transitionmay well be in the attached� ow region,and, therefore,the
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use of Eq. (18) is justi� ed. This updating scheme usually converges
after around 10 updates.

IV. Numerical Aspects
All computational results presented herein were obtained by the

TURCOM codedevelopedby Huang and Coakley.9 TURCOM con-
tains a variety of turbulence models, ranging from one-equation to
Reynolds stress transport equation models, and was designed to
validate the performanceof turbulence models. This code has been
validatedagainsta wide rangeof � ow con� gurationsand conditions,
including several hypersonic, transonic, and subsonic � ows.9;25¡27

In the presentwork, we have made a special attempt to mimic the
exact experimental conditions (see Fig. 1). The calculations were
performed in a channel with the inlet boundary provided at one
chord length upstream of the turbine blade. A cubic spline � t of
the surface of the turbine blade was used to set up the pressure and
suctionwalls in the channel. A � at plate was attached to the trailing
edge of the suction surface to simulate the extended � ow-guiding
wall used in the experiment.The computationaldomaindownstream
of the pressure wall was allowed to expand at an angle of 15 deg in
an attempt to capture the shear � ow development.The total pressure
and the total temperaturewere prescribedat the inletaccordingto the
experiment. A slip boundary condition was applied to the channel
surfacesaheadof the blade surfaces.The two blade surfaces,as well
as the downstream extension wall, were assumed to be adiabatic
with the no-slip condition.A constant pressure boundary condition
was applied to the exit plane and the outer entrainment boundary
downstream of the pressure surface.

All calculationswere made using the H grid. The grid sensitivity
study was � rst performed in a linear cascade situation by employ-
ing inviscid calculation for the same turbine blade used in the UMN
study. The predicted pressure coef� cients were compared with the
design curve provided by the blade manufacturer, and the study
offers us a useful guide to the choice of optimal computationalgrid
distribution. Figure 7a shows the comparison of pressure coef� -
cient pro� les along the airfoil suction surface using 400 £ 200 and
300 £ 150 grids, in which the grids were uniform in the streamwise
direction and expanded in the cross-stream direction with the � rst
wall unit grid spacing yC approximatelyequal to 0.5. It can be seen
that the pressure coef� cient distributionsgiven by the two grids are
essentially the same. On the other hand, when the 200 £ 100 and
100 £ 50 grids are used, the pressuredistributionsare slightly lower

a)

b)

c)

Fig. 7 Grid sensitivity study comparison of the surface pressure coef-
� cient distributions: a) inviscid cascade, b) inviscid cascade, and c) vis-
cous calculation of the experiment of Simon et al.,10 Re = 2 £ £ 105 and
FSTI = 10%.

than the � ne-grid solutions.If the grid distributionalong the stream-
wise direction were clustered in both the leading-edgeand trailing-
edge regimes, the same pressure coef� cients as obtained by the
400£ 200 grid could be achievedby a 200 £ 100 grid. The solution
is marked by a superscript c, that is, (200 £ 100c ), in Fig. 7a. This
result is compared with the experiment data, as shown in Fig. 7b.
Note that the pressure coef� cients obtained here are essentially the
same as those of the design curve given by the blade manufacturer
and UMN data. Using the same numerical grid clusteringas used in
200£ 100c , we performed a viscous calculation of the experiment
setup (noncascade) for the � ow with Re D 2 £ 105 and FSTI D 10%.
Two sets of grids, 300 £ 150c and 200£ 100c , were used to per-
form the calculation. Note that both grids are clustered grids and
are indicated in Fig. 7c with a superscript c. Note from Fig. 7c that
the solutions obtained from these two grids were almost the same,
and they both agree with the experiment fairly well. All numerical
results reported hereafter were based on the 200 £ 100c grid.

One of the important details in UMN data is the bleeding of the
� ow upstream of the airfoil surfaces (see Fig. 1). The purpose of
the bleeds is to eliminate the incoming boundary layers. However, it
was found that the bleed at the leading edge of the suction wall has
a large effect on the solution in the upstream region of the suction
surface.The leading-edgebleed was simulated in the numericalcal-
culations by the applicationof a uniform suction to a small gap just
upstream of the leading edge of the suction wall. The magnitude
of the suction was adjusted to match the experimental velocity pro-
� les in the � rst few stations. Numerical tests were carried out under
threedifferentReynoldsnumberswith and without the leading-edge
bleed, and the results are shown in Fig. 8 together with UMN data.
As can be seen from Fig. 8, without the leading-edgebleed the so-
lutions exhibit a (laminar) boundary layer that is much too thick in
the beginning portion of the airfoil surface. On the other hand, the
results obtained with the leading-edgebleed can be made to match
the velocity pro� les from P2 to P7 stations very well for all three
Reynoldsnumbers,as shown in Fig. 8. This adjustmentof the � ow is
crucial because the downstreamdevelopmentof the � ow is strongly
dependent on the events taking place in the upstream region of the
blade.

Figure 9 shows the comparison of results obtained by the current
transition model with two other pure turbulence model predictions,
one with the Launder–Sharma21 k–² model and the other with the
SST model.11 The UMN experimental � ow with Re D 1 £ 105 and
FSTI D 10% has been chosen for comparison. Predictions of veloc-
ity pro� les for all measuredstations,P2–P13, are given in Fig. 9. Not
surprisingly,the main drawbackof the SST model is that it predicted
a too early transition to turbulence. Because the model predicted a
too early � ow transition to turbulence, the SST model predicted no
� ow separation. On the other hand, although the k–² model pre-
dicted the upstream developmentof the � ow very well, the velocity
pro� les in the downstreamportionwere poorlyrepresented.Overall,
the current transition model showed the best performance through-
out the airfoil suction surface.

Finally, because the current approach uses an integral parame-
ter of the boundary layer, µ , to predict attached � ow transition, the
abilityof the model in predictingmomentum thicknessbecomes im-
portant and needs veri� cation. Figure 10 shows the comparison of
the momentum thickness along the suction surface for three repre-
sentativecases: Re D 2 £ 105 and FSTI D 2.5%, Re D 2 £ 105 and
FSTI D 10%, and Re D 3 £ 105 and FSTI D 2.5%. As can be seen
from Fig. 10, the agreementbetween predictionsand measurements
is excellent, especially in the upstream laminar � ow region.

V. Results and Discussion
The current transition model was applied to predict the UMN ex-

periment under a range of � ow conditions, covering four Reynolds
numbers and two FSTI values. The objectives of this study are
twofold. First, the approach is validated against the experiment
to address the issue of Reynolds number and freestream turbu-
lence effects. Second, the parametric study of Reynolds number
and freestream turbulence effects serves to provide useful physical
insights into the complex interplay between transition and separa-
tion over the airfoil suction surface.
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a)

b)

c)

Fig. 8 Boundary treatment of the leading-edge bleed: a) Re = 5 £ £ 104 and FSTI = 10%, b) Re = 1 £ £ 105 and FSTI = 10%, and c) Re = 2 £ £ 105 and
FSTI = 10%.

a)

b)

Fig. 9 Comparison of velocity pro� les, transition model vs pure turbulence models: a) P2–P7 stations and b) P8–P13 stations.

Fig. 10 Comparison of boundary-layer momentum thickness.

Two FSTI values were considered: one with FSTI D 10% and
the other with FSTI D 2.5%. For the cases with FSTI D 10%,
three Reynolds numbers were chosen, Re D 5 £ 104; 1 £ 105 , and
2 £ 105. For the FSTI D 2.5% cases, Reynolds numbers selected
were Re D 1 £ 105; 2 £ 105, and 3 £ 105 . These cases were selected
to test the model’s ability to capture the desiredbehaviorof � ow pat-
tern variations caused by the changes in � ow conditions.Figure 11
shows velocityvectorsand streamlinesagainst changesof FSTI and
Reynoldsnumberpredictedby the intermittencyapproach.Note that
theseplotswere magni� ed by a factorof eight in the cross-streamdi-
rection.The predictedonset positionof transitionfor each � ow was
denoted by t in the insets of Fig. 11. For the low-Reynolds-number
case (Re D 5 £ 104 and FSTI D 10%), the � ow exhibits a remark-
able separation region that begins in a location between the P8 and
P9 stations and extends to the P12 station (Fig. 11a), and transition
occurs between the P9 and P10 positions in the separation bubble.
When FSTI is kept the samewhile the Reynoldsnumber is increased
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Fig. 11 Overall view of a low-pressure turbine � ow subject to effects of Reynolds number and freestream turbulence intensity.

to Re D 1 £ 105, it is observed that the transition onset moves up-
stream (still between the P9 and P10 positions), and the separation
bubble is suppressed(Fig. 11b). If the Reynoldsnumber is increased
to Re D 2 £ 105 while the same FSTI is kept, the prediction shows
that the transition onset moves even farther upstream (before the P8
position), and the separationbubble disappears,whereas the experi-
mentshowsa tinyand thinseparation(Fig.11c).On theotherhand, if
the Reynolds number is kept at Re D 2 £ 105 while FSTI is dropped
from 10 to 2.5%, the transitiononsetmoves downstreamclose to the
P10 position, and the separation bubble reappears (Fig. 11e). If the
same value of FSTI is kept while the Reynolds number is increased
from Re D 2 £ 105 to 3 £ 105 , the transition onset moves upstream
again to approximately the P8 position, and the separation bubble
again disappears (Fig. 11f). On the other hand, if Reynolds number
is decreasedfrom Re D 2 £ 105 to 1 £ 105 , the transitiononset point
moves downstream to a locationbetween stationsP10 and P11, and
the separation bubble becomes larger (Fig. 11d).

Detailed comparisons of the pressure and velocity pro� les be-
tween the computation and the experiment are provided as follows:
Figures 12a, 13a, 14a, 15a, and 16a correspond to pressure coef-
� cient distribution along the suction surface; Figs. 12b, 13b, 14b,
15b, and 16b are variations of the freestream velocity; Figs. 12c,
13c, 14c, 15c, and 16c are velocity pro� les for P2 to P7 stations;
and Figs. 12d, 13d, 14d, 15d, and 16d are velocity pro� les for P8 to
P13 stations.

The � ow with Re D 5 £ 104 and FSTI D 10% displaysa large sep-
aration bubble, although its FSTI is high. The experiment showed
that the � ow did not turn fully turbulent by the end of the suction
wall. In the calculation,the onset of transitionpredictedby Eq. (16)
was locatedbetween the P9 and P10 stations.The calculationsseem
to agree with the experimental observations. As can be seen from
Fig. 12a, themeasurementexhibiteda pressureplateauin the separa-
tion region (between P9 and P11) and a sudden drop of the surface
pressure coef� cient at the P12 station due to � ow reattachment.
These features were well captured by the calculation.

The (laminar) velocity pro� les of the boundary layer in the up-
stream portion of the suction surface compared fairly well with the
data, with the exception that some small differences were observed
in the P2, P4, and P5 stations, shown in Fig. 12c. The small dis-
crepancy in the P2 station may be because the boundary condition
treatment of the leading-edgebleed is more sensitive to the solution

for the � ow at this low Reynolds number. The differences between
the calculation and the experiment observed in the P4 and P5 sta-
tions may be caused by the uncertainties of measurements because
they are accompaniedby an unusual small drop of the experimental
freestream velocity, as shown in Fig. 12b.

The comparison of the velocity pro� les over P8–P13 stations
shows a good prediction of the separation bubble (Fig. 12d). The
present computation recon� rms that the � ow separates between the
P8 and P9 stations, reattaches after the P12 station, and returns
a correct size of the separation bubble. The strange experimental
behavior (all positive values) in the near-wall region at the P11
and P12 stations was due to the inability of the single hot-wire
probe to resolve reverse � ow.10 The predicted pro� les at the P12
and P13 stations do not agree very well with the experiment. We
consideredthat these errorsmay be causedby the followingtwo fac-
tors. First, the experiments suggested that the turbulence intensity
in these regions may be very high, and, therefore, the errors may
be caused by the experimental measurements. To clarify this issue,
we have shown a number of vertical error bars in Figs. 10–14 to
indicate regions of high local turbulenceintensity (regions with tur-
bulence intensity larger than 30%). Second, the current turbulence
model is incapable of predicting � ow recovery after reattachment.
(Huang25 reported that none of the popular one- and two-equation
models, including the SST model, can correctly predict � ow recov-
ery after � ow reattachment.)

When the Reynolds number Re was increased to 1 £ 105 while
FSTI was kept at 10%, the velocity adjacent to the suction surface
of the blade increased due to the increasingmomentum transport in
the near-wall region. As a result, a smaller separation bubble was
observedas comparedto the � ow with Re D 5 £ 104. As can be seen
from Fig. 13a, the measured pressure coef� cient distributiongave a
shorterplateau in the region from the P9 to P10 stations,followedby
a suddendrop of pressurecoef� cient in the P11 station.Again, these
features were well captured by the current calculation. Figure 13b
shows that the predicted variation of the freestream velocity is in
very good agreement with the experiment. Note from Fig. 13c that
the (laminar) velocitypro� les in the upstreamportion of the suction
surface agree very well with the experiment.The onset of transition
predicted by the Davis et al.19 correlation [Eq. (16)] moved slightly
farther upstream than that in the earlier case. As a combined result
of an increased Reynolds number and an earlier transition, the size
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a) b)

c)

d)

Fig. 12 Prediction of the low-pressure turbine experiment: Re = 5 £ £ 104 and FSTI = 10%.

a) b)

c)

d)

Fig. 13 Prediction of the low-pressure turbine experiment: Re = 1 £ £ 105 and FSTI = 10%.
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a) b)

c)

d)

Fig. 14 Prediction of the low-pressure turbine experiment: Re = 2 £ £ 105 and FSTI = 10%.

of the separation bubble is reduced. Figure 13d shows that the � ow
reattached at the P11 station, agreeing very well with the experi-
mental observation. The predicted velocity pro� les at the P12 and
P13 stations agreed better with the experiment than they did in the
� ow with Re D 5 £ 104 .

As the Reynolds number was further increased to Re D 2 £ 105,
while FSTI was kept at 10%, the calculation showed that the sep-
aration bubble disappeared. Note that, to predict this case, we � rst
used Eq. (16) to locate the onset of transition by starting from the
laminar solution. As the solution advanced, the separation bubble
disappeared (even though the experiment suggested a small sepa-
ration zone), and we switched to Eq. (18) to predict the onset of
transition. In this case, the onset of transition was located just be-
fore the P8 station, which is the farthest upstream position for all of
the cases we have considered.As can be seen from the comparison
of the pressure coef� cient distribution shown in Fig. 14a, there is
no apparent pressure plateau. Figure 14b shows that the predicted
variation of the freestream velocity is in excellent agreement with
the data. The velocity pro� les on the suction surface are predicted
reasonably well, as can be seen from Figs. 14c and 14d. The ex-
periment did suggest, however, that a very tiny separationzone was
observed between the P9 and P10 stations. Because the separation
bubble was very tiny, the measured velocity pro� les in both the P9
and P10 stations did not show signs of reversed � ow (Fig. 14d).

Next, theReynoldsnumberwas maintainedat Re D 2 £ 105 while
FSTI was reduced to 2.5%. The measurement and the prediction
both showed that this � ow had a separationzone starting before the
P9 and ending downstream of the P10 stations. Comparisons of the
pressure coef� cient distribution and the variation of the freestream
velocity showed good agreement between the prediction and the
measurement (Figs. 15a and 15b, respectively). Figure 15c shows
that the agreementof the (laminar) velocity pro� les in the upstream
portion of the suction surface is excellent. The agreement of the
velocity pro� les in the downstreamportion of the suction surface is
also reasonable (Fig. 15d). The reason for the defect of the experi-

mental data as appeared in the near wall region of the P10 station is
attributed to the inability of the hot wire to measure reversed � ows,
as mentioned before.

The next case holds FSTI D 2.5% while the Reynolds number
is increased to Re D 3 £ 105 . Because the calculation showed no
� ow reversal (whereas the experiment suggested a very small sep-
arated � ow region), the computation was performed following the
same procedure as described in the case with Re D 2 £ 105 and
FSTI D 10%. In this particularcase, the onset of transitionpredicted
by Eq. (18) was located right after the P8 station. Again, compar-
isons of the pressure coef� cient distribution and the freestream ve-
locity variation, as shown in Figs. 16a and 16b, were very good.
Figures 16c and 16d showed that comparisons of the velocity pro-
� les were good with the exceptionof some slight discrepancyin the
last few stations.

For turbulenceintensity FSTI D 2.5%, the � nal case was with the
lowest Reynolds number, Re D 1 £ 105 . The pressure coef� cient
and the freestream velocity distributions compared very well with
the experimental data as shown in Figs. 17a and 17b, respectively.
The computedvelocitypro� les along the suction surface were com-
pared with the experimental data in Figs. 17c and 17d. The � ow
separated just before station P9 and reattached between P11 and
P12 stations, resulting in a larger separation bubble when com-
pared to the higher Reynolds number cases under the same value
of FSTI. The onset of transition was located between stations P10
and P11, a position farther downstream as compared to those of the
FSTI D 2.5%, Re D 2 £ 105 and 3 £ 105 cases.

The turbulence kinetic energy k predicted by the current ap-
proach was reported for two cases: Re D 1 £ 105 and 2 £ 105, both
with FSTI D 10%. In Fig. 18, the results were compared against
the measured turbulence intensity. As can be seen from Fig. 18, the
freestream decay of the turbulence kinetic energy throughout the
suction surface agrees very well with the experimental data. This is
not surprising because the inlet conditions for the turbulencequan-
tities were adjusted to match the decay of freestream turbulence. In
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a) b)

c)

d)

Fig. 15 Prediction of the low-pressure turbine experiment: Re = 2 £ £ 105 and FSTI = 2.5%.

a) b)

c)

d)

Fig. 16 Prediction of the low-pressure turbine experiment: Re = 3 £ £ 105 and FSTI = 2.5%.
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a) b)

c)

d)

Fig. 17 Prediction of the low-pressure turbine experiment: Re = 1 £ £ 105 and FSTI = 2.5%.

a)

b)

c)

d)

Fig. 18 Comparison of the turbulence kinetic energy: a) and b) with
Re = 1 £ £ 105 and FSTI = 10% and c) and d) with Re = 2 £ £ 105 and
FSTI = 10%.

general, predictions of the turbulence kinetic energy are fair. The
excessive experimental values of turbulence intensity in the middle
of the P10 station may be caused by the switching back and forth
between laminar and turbulent � ows in the intermittent region giv-
ing arti� cially high values of turbulence intensity.10 Note that the
measurement showed more spread of turbulence after the P11 sta-
tion than the current calculation,and this feature was accompanied
by fuller boundary-layer pro� les in the recovery region as shown
in the velocity pro� le comparisons (Figs. 13d and 14d). As dis-
cussed earlier, this problem may be associated with the failure of
the current turbulence model to predict the � ow recovery after � ow
reattachment.25

VI. Conclusions
A transport equation for the intermittency factor is employed to

predict the transitional � ows in low-pressure turbine applications.
The intermittent behavior of the transitional � ows is taken into ac-
countby modifying the eddy viscositywith the intermittencyfactor.
The current transport model can not only reproduce the experimen-
tally observed streamwise variation of the intermittency in the tran-
sition zone, but it also provides realistic cross-stream variation of
the intermittency pro� le.

A comparison of the predictionand the experimental data for the
T3C2 case,which has the representativepressuregradientsof an aft-
loaded turbineblade,has demonstratedthe superiorityof the current
model over the pure turbulence models, namely, the k–² model of
Launder and Sharma,21 the k–! model of Wilcox,22 and the SST
model of Menter.11 The intermittency model is further applied to
predictions of a real turbine experiment of Simon et al.10 Com-
parisons of surface pressure coef� cients and velocity pro� les show
good agreement with the experimental data. Complex interactions
between � ow separation and transition are captured by computa-
tions. The study demonstrates the capability of the current inter-
mittency model in predicting transitional � ows in the low-pressure
turbine over a range of Reynolds number and FSTI � ow conditions.
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