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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 flows in low-pressure
turbine applications. The intermittent behavior of the transitional flows is taken into account and incorporated
into computations by modifying the eddy viscosity i, 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 profile. 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 flow transition under a variety of Reynolds number and freestream turbulence conditions.

Nomenclature

pressure coefficient, 2(Pow — p)/ 0 Ueth
skin friction

flow acceleration parameter, (v/U?)(dU/ds)
turbulence kinetic energy

suction surface length

axial chord length

nondimensional spot breakdown rate
parameter, no 63 /v

spot generation rate

static pressure

total pressure

Reynolds number, LU, /v

(s —s)U. /v

0,U,/v

distance along suction surface
turbulence intensity, u’ /U, %
boundary-layerstreamwise velocity
freestream velocity

exit exit velocity

w = inletvelocity

friction velocity

magnitude of vorticity

distance normal to the wall

Yulke [V

intermittency factor

momentum thickness

pressure gradient parameter, (6% /v)(dU /ds)
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I = molecular viscosity
s = eddy viscosity
v = u/p
v = w/p
0 = density
o = spot propagation parameter
Subscripts
e = freestream
s = onsetof separation
t = onsetof transition
I. Introduction

HE majority of flows in low-pressure turbine applications in-

volve flow transition under the strong influences of freestream
turbulence and Reynolds number effects. A thorough understand-
ing of the underlying physics and accurate prediction of this type
of complex flows 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 flows. One approach is to make use of “pure” turbulence
models. This method relies on the low-Reynolds-number modifi-
cations of turbulence models to predict transition. The studies by
Savill"-? and Westin and Henkes® showed, however, that none of the
available turbulence models could predict both the transition loca-
tion and transition length accurately under diverse flow conditions.

Another approach for modeling transitional flows is to incorpo-
rate the concept of intermittency into computations. This can be
accomplished either by using conditioned-averagedNavier-Stokes
equations(see Refs.4 and 5) or by multiplyingthe eddy viscosity 1¢,,
used in the diffusive parts of the mean flow equations, by the inter-
mittency factor y (Ref. 6). The former method requires the solution
of two sets of highly coupled conditioned Navier-Stokes equations.
Hence, this method is computationallyexpensiveand is not compat-
ible with the current computational fluid dynamics (CFD) method-
ologies. The latter approachmodifies the eddy viscosity i, , obtained
from a turbulence model, with the intermittency factor y. That s, a
modified eddy viscosity, ;7 = y 4, is used in the mean flow equa-
tions. In this approach, the intermittency factor y can be obtained
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from an empirical relation such as the correlation of Dhawan and
Narasimha,” or it can be obtained from a transport model.

Huang and Xiong® implemented the latter approach into the
TURCOM code of Huang and Coakley® and successfully simulated
the flows over a modern low-pressure turbine blade corresponding
to the experiments of Simon et al.' In their computations, turbu-
lence quantities were obtained from the shear stress transport (SST)
two-equation model of Menter!! and the streamwise intermittency
distribution was prescribed by the Dhawan and Narasimha’ corre-
lation

1 —exp [—(x — xt)zna/U] x>x)
y = (1)
0 x <x)

where U is the freestreamvelocity, x, is the point of transitiononset,
n is the turbulent spot formation rate, and o is the turbulent spot
propagation parameter. Note that the correlation of Dhawan and
Narasimha’ 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 currentresearch, we concentrateon the predictionof transi-
tional flows in low-pressure turbine applications by using a recently
developed transport model for intermittency.!>!* The main motiva-
tion in the development of this model is to predict flow transition
under the influences of freestream turbulence and Reynolds num-
ber effects. The model can reproduce the intermittency distribution
of Dhawan and Narasimha’ in the streamwise direction and is also
able to provide a proper variationof y in the cross-streamdirection.
Details of the development of the model and the validation of its
predicting capabilities against the T3 series experiments of Savill!-2
are given by Suzen and Huang.'>'® To further demonstrate the abil-
ity of the current model in predicting transitional flows, we focus
on calculationsof the recentexperiment of Simon et al.'” conducted
at the University of Minnesota (referred to as UMN data hereafter).
In the experiment, two-dimensional flows over a simulated, mod-
ern turbine blade were studied. The experiments covered a range of
flow conditions including Reynolds numbers varying from 5 x 10*
to 3 x 10° and freestream turbulenceintensities ranging from 0.5 to
10%.

In the next section some of the flow physics and the key features
of the experiment will be discussed. Section II illustrates how the
Reynolds number and freestream turbulence affect the onset and the
length of flow 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. I'V. Section V shows comparisons of the numerical predic-
tions and the experimental data of Simon et al.' for a number of
experimental flow conditions. These comparisons demonstrate the
capability of the current intermittency approach in predicting low-
pressure turbine flows under a range of flow 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.!® was performed to address the
need for improved performance of low-pressure turbines by means
of a better understanding of flow 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 positionsin 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%;location 10,67.9%;location 11, 73.8%;location 12, 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

Table1 Effects of Reynolds number and FSTI on flow separation
and transition, compiled from UMN data'®

Reynolds number Re

Flow 5x 10* Ix10°0 2x10° 3x10°

FSTI=0.5%
Onset of transition® 79.7% 72.6% 69.4% 53.7%
Onset of separation® 50.3% 51.6% 54.2% 54.9%
Length of separation®  no reattachment ~ 52.8% 25.6% 17.9%

FSTI=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%

FSTI=10%
Onset of transition 61.6% 56.4% 53.7% e
Onset of separation 54.9% 55.6% 56.2% —_—
Length of separation 29.2% 20.6% 12.9% e
4Indicated by the relative location on the suction surface s/Lgg.
bScaled by the suction surface length L.

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

Fig.2 Experiment setup!’: measured stations on the suction surface
of the blade.

1.8 times the Reynolds number defined by the inlet freestream ve-
locity and suction surface length) ranging from 5 x 10* to 3 x 10°
and for freestream turbulence intensity (FSTI) of the approaching
flow 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, flow 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 first value in Table 1 indicates the location of transition onset on
the suction surface of the blade, the second value denotes the posi-
tion of the onset of flow separation, and the third value shows the
approximate size of the separation zone. For all Reynolds numbers
and freestreamturbulenceintensity values Simon etal.'® studied, the
boundarylayeris essentiallylaminar from the leadingedge up to the
midspanofthe suctionsurface. As the Reynoldsnumber and/or FESTI
increases, the onset of transition moves upstream. Strong adverse
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pressure gradients downstream of the throat region of the wind tun-
nel cause deceleration of the flow and, hence, promote flow separa-
tion. If the flow separates in the laminar region, transition may take
placein the free shear layer over the separationbubble. Transitionto
turbulenceenhancesthe momentumtransportin the near-wallregion
and eventually leads to shortening of the separationbubble. In some
other circumstances, bypass transitionmay be observed before flow
separation due to elevated FSTI coupled with the high Reynolds
number of the approachingflow. This early transition would reduce
the separation zone and sometimes could prevent flow separation
entirely. According to UMN data, separation was observed in all
cases based on surface shear stress visualization with corroboration
from measured velocity profiles. In particular, for the two cases with
highest Reynolds number and turbulence intensity (Re =2 x 10*
and FSTI = 10% and Re =3 x 10° and FSTI = 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 shortening of transitionlength caused by the strong
adverse pressure gradient of the throat region, the separation bubble
was suppressedto a very short and thin region. For these two cases,
althoughthe measured velocity profiles indicated no separation, sur-
face visualizationshoweda shortseparationbubblein bothcases. An
observationbased only on the measured velocity profiles, suggesting
thatno separationbubbleexists for the two cases, may be misleading.
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-layer velocity, turbulence inten-
sity, and intermittency profiles on the suction surface (from P2 to
P13 stations, 0.045 < s /Ly < 0.93). It offers a good test case to val-
idate the current approach in predicting the physics involved in the
complex interplay between flow separation and transition.

III. Transport Model for the Intermittency

In this section, the transport model for intermittency is presented.
More detailed description of the development and implementation
of the model is given by Suzen and Huang.!>!?

The main objective in the development of the transport model is
to be able to predict flow transition under the effects of freestream
turbulence and Reynolds number variations. To accomplish this ob-
jective, the model must accurately produce the intermittency dis-
tribution under diverse operating flow conditions. Furthermore, the
model should reproduce the intermittency distribution of Dhawan
and Narasimha’ in the streamwise direction and at the same time
giverise to a realistic variation of intermittency in the cross-stream
direction. The intermittencytransportequationof Steelantand Dick®
posseses one of these desired properties: It is formulated such that
the model reproducesthe y distributionof Dhawan and Narasimha’
in the streamwise direction. However, the model does not take the
variation of y in the cross-stream direction into consideration. On
the otherhand, the y equationofthe k-e-y turbulencemodel of Cho
and Chung'* provides a realistic profile of y in the cross-stream di-
rection, and this model has been previously adopted by Savill'> and
used in combination with a low-Reynolds-number Reynolds stress
transport model in the computation of bypass transition flows.

The current intermittency transport model blends the transport
equation models of Steelant and Dick® and Cho and Chung'# into
one transport equation to combine the desired properties of each
model, namely, the ability to produce the streamwise y distribution
of Dhawan and Narasimha’ 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’s> model and Cho and Chung’s'* model. The transport
equation for intermittency has the following form:
dpy | Odpu;y

—_—+ =(1-pIAd-HT+FT -L)+T:+D, (2)
ot 0x;

The first term, Ty, is from Steelant and Dick.’ It aims to reproduce
the intermittency distribution of Dhawan and Narasimha.” The for-
mulation for Tj is given by

Ty = 2CopJurur f(s) f'(s) 3)

where p is the fluid density, u, is the velocity component, and the
distributed breakdown function f (s) has the form

as™ +bs® +cs?+ds' +e
= 4
) P )

where s =s —s,, s is the distance along the streamline coordinate
and s, is the transition location. The coefficients are
a=50/no/U,

b= —0.4906, ¢ =0204(no/U)""

d =0.0, e = 0.04444(no/U)~"3

h = 10e, g=150 (5)
Two major production terms from Cho and Chung’s'* model are T}
and 75. These two terms are used in the form (7} — 73) in the model.
The term 7| mimics the production of turbulence kinetic energy P
and is given by

Pk Cl}/ 8!4,‘
T =Cy—= =22, 77
VERY T TR iy, ©)
with the shear stresses defined as
ou; ou; 2 0uy 2
= — L S5, | = =pks;; 7
Mt|:8xj 8xi 38)Ck ]} 3/0 ! ( )

The term 75 represents the productionresulting from the interaction
between the mean velocity and the intermittency field and is given
by

3
k2 u; 8ui a
L= Cypm— ==L ®)
€ (ukuk)Z Xj 0Xj

The productionterms 7y and (77 — T3) are blended by using a func-
tion F to facilitate a gradual switching from 7 to (7} — 7T,) inside
the transitionregion:

P,=(1—FT,+ F(T, — Ty 9

A nondimensional parameter, K/ Wv, is chosen to construct the
blending function F, where k is the turbulencekineticenergy and 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 7, to (T} — T5), the following
blending function is proposed:

(10)

F = tanh4|: k/Wo i|

200(1 — 0103

As can be seen from Eq. (10), when k/ Wv > 200(1 — y%1)03,
F =1, and the model switches to Cho and Chung’s'* model; when
k/Wv «200(1 — y*)%3 F =0, and the model becomes Steelant
and Dick’s® model. Outside the transition zone, the model switches
to Cho and Chung’s'* model, except for the very thin region close
to the wall.

An additional diffusion-related production term is introduced by
Cho and Chung'* as

2
T3 =C3,0——— (11

This term is kept active over the entire flowfield, and no blending is
applied to this term.
Diffusion of y is represented by the following term:

0 0
D, = a_xj{[(l —pY)youu+ (1 — V)Uy/Mt]aTyj} (12)
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The final transport equation for intermittency takes the following
form:

) dpu;
% + % =(1- y>[(1 — F)2Cop/weuc f(s) f'(5)

J

3
C ou; k2 u; Ou; 0
+ F(if.._ —Czyp——,——y>i|

kY ox; € (upuy)? 0%; 0x;
k* oy oy Gl
+Cip———+ — |-
3P € Ox; 0x;  Ox; [( VY Okt
dy
1— —_— 1
+( V)Uy/Mt]axj} (13)
where,
o, =0, = 1.0, Cy=1.0, C, =16
C, =0.16, C;=0.15

The intermittency is incorporated into the computations by the use
of the eddy viscosity u;, whichis obtained by multiplying the eddy
viscosity obtainable from a turbulence model x, with the intermit-
tency factor y. That is, i/ (=y i) is used in the diffusive parts of
the mean flow equations.

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

The value of no used in evaluating the constants given by Eq. (5)
is provided by the Mayle'® correlation for zero-pressure gradient
flows:

o =18 x 10" Tu? (14)

The value of no is obtained with the definition 7 =nv?/U3. Note
that a value of 1.8 x 10! was used in the current work to give a
slightly better fit of the data of Gostelow et al.!” When flows are
subject to pressure gradients, the following correlation is used:

o M 1—exp(0.75x 10k, Tu=07)]

(10)zpg -

K, <0
K, >0

(15)

0.5985
—3227K,"
10 N

with M defined as
M = (850Tu~3 — 100Tu% + 120)

where (10 ) zp is the value for zero pressure gradient obtained from
Eq.(14)and K, = (v/U?2)(dU /dx), is the flow accelerationparame-
ter. The favorable pressure gradient part of the preceding correlation
(for K, > 0) is from Steelant and Dick.’ The portion of the correla-
tion for adverse pressure gradientflows, K, < 0, is formulated using
the transition data of Gostelow et al.!” and Simon et al.!° The data
and the correlation are shown in Fig. 3. The Gostelow et al. data are
for attached flat-plate boundary layers, and they are in a relatively
mild adverse pressure gradientrange when compared to the Simon
et al. low-pressure turbine experiments, where flow separation and
transition mostly occur. Note from Fig. 3 that Eq. (15) captures the
trend of two groups of data very well. The data show some scattering
in Fig. 3 for small K, with high Tu values, whereas the correlation
is forced to take a value of unity. The current study uses the inter-
mittency transport model to obtain the intermittency distribution for
the transitional flows, with the onset of transition defined according
to the following two flow possibilities.

A. Separated-Flow Transition
Roberts'® proposed a semi-empirical theory to predict onset of
transition within a laminar separation bubble over the airfoil suc-

10° g

A

nNo/(Nc)pg

A
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10! E 100k, 4.9+ 50k,5.3
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Fig.3 New transition length correlation.
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Fig.4 Correlation for attached-flow transition.

tion surface. The transition Reynolds number Reg, which is based
on the length defined 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 simplified by Davis et al.'® to only
a function of turbulence intensity:

Rey = 2.5 x 10* log,, coth(0.17327u) (16)

where Tu is the FSTI value at the onset of separation. Although
this model was originally proposed for swept wing flows, Simon
etal.!” observedthat the correlationmatches their experiments well.
The present paper, therefore, adopts the Davis et al.' correlation to
predict the onset of separated-flow transition.

B. Attached-Flow Transition

Abu-Ghannam and Shaw? suggested that the onset of transition
for attached flows can be obtained by correlatingthe boundary-layer
momentum thickness Reynolds number to the FSTI according to

Rey, = 163 + exp{F (Ag) — [F (Xy)/6.91]1Tu} an

where
F(hg) =691+ 12.751y + 63.642; for do <0
F(h) = 6.91 +2.48% — 12.27)] for Xo >0

Although the Abu-Ghannam and Shaw?” correlation showed good
agreement with experimental data for flows with zero and adverse
pressure gradients, the model is not very sensitive to flows with
strong favorable pressure gradients, as shown in Fig. 4, in which
one would expect the transition to be delayed as a result of flow
acceleration.
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To allow fora more sensitiveresponseto strong favorablepressure
gradients while maintaining the good features of the Abu-Ghannam
and Shaw?° correlation in an adverse pressure gradient region, the
transition criterion was recorrelated to the FSTI Tu and the acceler-
ation parameter K, according to

Rey, = (120 + 1507u3) coth[4(0.3 — K, x 10°)]  (18)

where K, was chosenas the maximum absolute value of the accelera-
tionparameterin the downstreamdecelerationregion. Equation (18)
was designed to have a better fit 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 fits the transition data well for flows under adverse
pressure gradients, it was purposely designed to rise rapidly as K,
becomes positive (favorable pressure gradients). This measure is
taken to reflect that the flow transition may be delayed when subject
to favorable pressure gradients.

Detailed comparisons of the current intermittency transport
model with the T3 benchmark test cases of Savill':> were conducted
by Suzen and Huang."® To illustrate the effectiveness of the inter-
mittency concept over the pure turbulence models (namely, the k-€
model of Launder and Sharma,?! the k-w model of Wilcox,?? and
the SST of Menter'!) in predicting flow transition, the T3C2 exper-
iment of Savill"? 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 flow, turbulence model, and inter-
mittency equations using a second-order finite volume method. In
the computations, 175 grid points, expanding from the wall to the
freestream, were used in the cross-stream direction. The y* values
for the first grid pointaway from the wall were between 0.1 and 0.15.
The solutions were obtained by using 1000 streamwise steps. This
corresponds to a maximum nondimensionalstep size of Ax+ = 37.

The T3C2 casehas an inletReynolds numberof3.5 x 10° perme-
ter and a freestream turbulenceintensity of 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 fixed
according to the experimental freestream turbulence level and the
matching of the freestream turbulence decay providedthe estimated
value of the dissipation rate of turbulence kinetic energy € (or the
value of /) at the inlet. After matching the decay of freestream
turbulence, it was determined that a value of u,/u =5 was needed
for the SST model'' and the Launder-Sharma®' k-e model, and
5.6 was used for Wilcox’s?? k- model at the inlet. The onset of
transition was specified at Re,, =297, according to Eq. (18).

The predicted skin-friction coefficient distributions were com-
pared with experimental data in Fig. 5. As can be seen from the
comparison,Menter’s!! SST model and Wilcox’s*? k-w model gave
immediate transition to turbulence at the leading edge, showing al-
most no laminar zone. The k-¢ model of Launder-Sharma?! 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 intermittency profiles. The predicted
intermittency profiles at various streamwise stations through the
transition zone are shown in Fig. 6. The profiles exhibit a peak be-
tween y/8* =1 and 2, then drop off toward zero near the edge of the
boundarylayer, around y /§* = 8. These features are consistent with
the trends observed in experimental data of Sohn and Reshotko®
and Gostelow and Walker.**

The resultsobtainedfor the T3C2 case clearly showed the superior
predicting capabilities of the current model and the effectiveness

0.012
i [w] T3C2 data
New Model
_— — Menter SST
—_-— — Wilcox k-o
—cemees — Launder-Sharma k-
0.008 =

0.004

0.000
0.0E+00 5.0E+05

Re,

1.0E+06

Fig.5 Comparisonof the skin-friction coefficient for variable pressure
gradient flow (T3C2 case).

1.2
- Tac2
1.0 Re,=410
Re =460
- Re ;=490
0.8 Re,=525
Re =550
Re,=580
Re =620
=06 Re =660
- Re,=720
Re,=775
0.4 Re =870
Re,=1000
Re,=1100
0.2
0.0

Fig. 6 Cross-stream intermittency profiles for variable pressure gra-
dient flow (T3C2 case).

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

To demonstrate the ability of the current intermittency model in
predicting general turbine configurations, the experiment of Simon
etal.'® was selected as a test case. In the prediction of more general
turbine flows in which transitioncan take place eitherin an attached-
or a separated-flow situation, the present study used a prediction-
correction scheme to compute flow transition. First, for a given
Reynolds number, numerical calculationis carried out under the as-
sumption that the entire flow is laminar. The resultantonset position
of separation is determined from the laminar solution and defined
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.' 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.'® 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 satisfies Eq. (16), the final solution is
established and a flow with separated-flow 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 calculationis performed with the correlation
for the onset of transition [Eq. (16)] being replaced by the attached-
flow correlation[Eq. (18)]. The final solutionmay or may notcontain
flow separation. If a flow separation indeed occurs, the onset of
transitionmay well be in the attached flow region, and, therefore, the
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use of Eq. (18) is justified. This updating scheme usually converges
after around 10 updates.

IV. Numerical Aspects

All computational results presented herein were obtained by the
TURCOM code developedby Huang and Coakley.” TURCOM con-
tains a variety of turbulence models, ranging from one-equationto
Reynolds stress transport equation models, and was designed to
validate the performance of turbulence models. This code has been
validatedagainsta wide range of flow configurations and conditions,
including several hypersonic, transonic, and subsonic flows.?23=27

In the present work, 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 fit of
the surface of the turbine blade was used to set up the pressure and
suction walls in the channel. A flat plate was attached to the trailing
edge of the suction surface to simulate the extended flow-guiding
wall used in the experiment. The computationaldomain downstream
of the pressure wall was allowed to expand at an angle of 15 deg in
an attempt to capture the shear flow development. The total pressure
and the total temperature were prescribedat the inletaccordingto the
experiment. A slip boundary condition was applied to the channel
surfacesahead of 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 calculations were made using the H grid. The grid sensitivity
study was first performed in a linear cascade situation by employ-
ing inviscid calculation for the same turbine blade used in the UMN
study. The predicted pressure coefficients were compared with the
design curve provided by the blade manufacturer, and the study
offers us a useful guide to the choice of optimal computational grid
distribution. Figure 7a shows the comparison of pressure coeffi-
cient profiles along the airfoil suction surface using 400 x 200 and
300 x 150 grids, in which the grids were uniformin the streamwise
direction and expanded in the cross-stream direction with the first
wall unit grid spacing y* approximately equal to 0.5. It can be seen
that the pressure coefficient distributions given by the two grids are
essentially the same. On the other hand, when the 200 x 100 and
100 x 50 grids are used, the pressure distributionsare slightly lower

------- 100x 50
200x100
300x150
.. 400x200
—  200x100°
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Fig.7 Grid sensitivity study comparison of the surface pressure coef-
ficient distributions: a) inviscid cascade, b) inviscid cascade, and c) vis-
cous calculation of the experiment of Simon et al.,'" Re=2 x 10° and
FSTI=10%.

than the fine-grid solutions. If the grid distributionalong the stream-
wise direction were clustered in both the leading-edgeand trailing-
edge regimes, the same pressure coefficients as obtained by the
400 x 200 grid could be achieved by a 200 x 100 grid. The solution
is marked by a superscriptc, that is, (200 x 100°), in Fig. 7a. This
result is compared with the experiment data, as shown in Fig. 7b.
Note that the pressure coefficients 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 x 100¢, we performed a viscous calculation of the experiment
setup (noncascade) for the flow with Re =2 x 10’ and FSTI = 10%.
Two sets of grids, 300 x 150¢ and 200 x 100, were used to per-
form the calculation. Note that both grids are clustered grids and
are indicated in Fig. 7c with a superscriptc. Note from Fig. 7¢ 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 x 100° grid.

One of the important details in UMN data is the bleeding of the
flow 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 numerical cal-
culations by the application of 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-
files in the first few stations. Numerical tests were carried out under
three differentReynolds numbers with and withoutthe 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-edge bleed 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-edge bleed can be made to match
the velocity profiles from P2 to P7 stations very well for all three
Reynoldsnumbers, as shownin Fig. 8. This adjustmentof the flow is
crucial because the downstream developmentof the flow 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-Sharma?! k-¢ model and the other with the
SST model.!' The UMN experimental flow with Re =1 x 10’ and
FSTI = 10% has been chosen for comparison. Predictions of veloc-
ity profiles for all measured stations,P2-P13, are givenin Fig. 9. Not
surprisingly,the main drawback of the SST modelis thatit predicted
a too early transition to turbulence. Because the model predicted a
too early flow transition to turbulence, the SST model predicted no
flow separation. On the other hand, although the k-¢ model pre-
dicted the upstream development of the flow very well, the velocity
profilesin the downstreamportion were poorly represented. 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, 6, to predict attached flow transition, the
ability of the model in predictingmomentum thicknessbecomesim-
portant and needs verification. Figure 10 shows the comparison of
the momentum thickness along the suction surface for three repre-
sentativecases: Re = 2 x 10° and FSTI =2.5%, Re = 2 x 10’ and
FSTI=10%, and Re = 3 x 10° and FSTI =2.5%. As can be seen
from Fig. 10, the agreementbetween predictionsand measurements
is excellent, especially in the upstream laminar flow region.

V. Results and Discussion

The current transition model was applied to predict the UMN ex-
periment under a range of flow 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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Two FSTI values were considered: one with FSTI =10% and
the other with FSTI=2.5%. For the cases with FSTI = 10%,
three Reynolds numbers were chosen, Re =5 x 10*, 1 x 10°, and
2 x 10°. For the FSTI=2.5% cases, Reynolds numbers selected
were Re =1 x 10°,2 x 10°, and 3 x 10°. These cases were selected
to test the model’s ability to capture the desired behavior of flow pat-
tern variations caused by the changes in flow conditions. Figure 11
shows velocity vectors and streamlines against changes of FSTI and
Reynoldsnumber predictedby the intermittencyapproach.Note that
these plots were magnified by a factorof eightin the cross-streamdi-
rection. The predicted onset position of transition for each flow was
denoted by ¢ in the insets of Fig. 11. For the low-Reynolds-number
case (Re =5 x 10* and FSTI = 10%), the flow exhibits a remark-
able separationregion 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 keptthe same while the Reynoldsnumberis increased
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Fig. 11 Overall view of a low-pressure turbine flow subject to effects of Reynolds number and freestream turbulence intensity.

to Re=1 x 10°, it is observed that the transition onset moves up-
stream (still between the P9 and P10 positions), and the separation
bubbleis suppressed(Fig. 11b). If the Reynolds number is increased
to Re =2 x 10° 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 tiny and thin separation(Fig. 11¢). On the otherhand, if
the Reynolds number is kept at Re =2 x 103 while FSTI is dropped
from 10 to 2.5%, the transitiononset moves 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 =2 x 10° to 3 x 10°, 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 decreased from Re =2 x 10° to 1 x 10°, the transition onset point
moves downstream to a location between stations P10 and P11, and
the separation bubble becomes larger (Fig. 11d).

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

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

The (laminar) velocity profiles 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 flow at this low Reynolds number. The differences between
the calculation and the experiment observed in the P4 and PS5 sta-
tions may be caused by the uncertainties of measurements because
they are accompanied by an unusual small drop of the experimental
freestream velocity, as shown in Fig. 12b.

The comparison of the velocity profiles over P8-P13 stations
shows a good prediction of the separation bubble (Fig. 12d). The
present computation reconfirms that the flow 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 flow.!” The predicted profiles at the P12
and P13 stations do not agree very well with the experiment. We
consideredthat these errors may be caused by the following two 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 turbulence intensity (regions with tur-
bulence intensity larger than 30%). Second, the current turbulence
model is incapable of predicting flow recovery after reattachment.
(Huang® reported that none of the popular one- and two-equation
models, including the SST model, can correctly predict flow recov-
ery after flow reattachment.)

When the Reynolds number Re was increased to 1 x 10° while
FSTI was kept at 10%, the velocity adjacent to the suction surface
of the blade increased due to the increasing momentum transportin
the near-wall region. As a result, a smaller separation bubble was
observedas comparedto the flow with Re =5 x 10*. As canbe seen
from Fig. 13a, the measured pressure coefficient distribution gave a
shorter plateauin the region from the P9 to P10 stations, followed by
asuddendrop of pressurecoefficientin 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) velocity profiles in the upstream portion of the suction
surface agree very well with the experiment. The onset of transition
predicted by the Davis et al.'” 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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of the separation bubble is reduced. Figure 13d shows that the flow
reattached at the P11 station, agreeing very well with the experi-
mental observation. The predicted velocity profiles at the P12 and
P13 stations agreed better with the experiment than they did in the
flow with Re =5 x 10*.

As the Reynolds number was further increased to Re =2 x 103,
while FSTI was kept at 10%, the calculation showed that the sep-
aration bubble disappeared. Note that, to predict this case, we first
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 coefficient 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 profiles on the suction surface are predicted
reasonably well, as can be seen from Figs. 14c and 14d. The ex-
perimentdid suggest, however, that a very tiny separation zone was
observed between the P9 and P10 stations. Because the separation
bubble was very tiny, the measured velocity profiles in both the P9
and P10 stations did not show signs of reversed flow (Fig. 14d).

Next, the Reynoldsnumber was maintainedat Re =2 x 10° while
FSTI was reduced to 2.5%. The measurement and the prediction
both showed that this flow had a separation zone starting before the
P9 and ending downstream of the P10 stations. Comparisons of the
pressure coefficient distribution and the variation of the freestream
velocity showed good agreement between the prediction and the
measurement (Figs. 15a and 15b, respectively). Figure 15¢ shows
that the agreement of the (laminar) velocity profiles in the upstream
portion of the suction surface is excellent. The agreement of the
velocity profiles in the downstream portion 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 flows,
as mentioned before.

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

For turbulenceintensity FSTI =2.5%, the final case was with the
lowest Reynolds number, Re =1 x 10°. The pressure coefficient
and the freestream velocity distributions compared very well with
the experimental data as shown in Figs. 17a and 17b, respectively.
The computed velocity profiles along the suction surface were com-
pared with the experimental data in Figs. 17c and 17d. The flow
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=2.5%, Re=2 x 10° and 3 x 10° cases.

The turbulence kinetic energy k predicted by the current ap-
proach was reported for two cases: Re =1 x 10°> and 2 x 10°, both
with FSTI =10%. In Fig. 18, the results were compared against
the measured turbulenceintensity. 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 turbulence quan-
tities were adjusted to match the decay of freestream turbulence. In
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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 flows in the intermittent region giv-
ing artificially high values of turbulence intensity.'” 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 profiles in the recovery region as shown
in the velocity profile 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 flow recovery after flow
reattachment >

VI. Conclusions

A transport equation for the intermittency factor is employed to
predict the transitional flows in low-pressure turbine applications.
The intermittent behavior of the transitional flows is taken into ac-
countby modifying the eddy viscosity with the intermittency factor.
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 profile.

A comparison of the prediction and the experimental data for the
T3C2 case, which has the representativepressure gradients of an aft-
loaded turbineblade, has demonstrated the superiority of the current
model over the pure turbulence models, namely, the k-¢ model of
Launder and Sharma,?! the k- model of Wilcox,?> and the SST
model of Menter.!! The intermittency model is further applied to
predictions of a real turbine experiment of Simon et al.!® Com-
parisons of surface pressure coefficients and velocity profiles show
good agreement with the experimental data. Complex interactions
between flow separation and transition are captured by computa-
tions. The study demonstrates the capability of the current inter-
mittency model in predicting transitional flows in the low-pressure
turbine over a range of Reynolds number and FSTI flow conditions.
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