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Numerical simulation has been performed to investigate the unsteady � ow physics associated with the nozzle–

rotor wake interaction in turbines. A comparison between the predicted and the experimental unsteadypressure on
the blade surface presented by Lakshminarayanaet al. (Lakshminarayana,B., Chernobrovkin, A., and Ristic, D.,
“Unsteady Viscous Flow Causing Rotor-Stator Interaction in Turbines, Part 1: Data, Code Pressure,” Journal
of Propulsion and Power, Vol. 16, No. 5, 2000, pp. 744–750) shows good agreement. The predicted � ow� eld also
correlates well with the blade-to-blade laser Doppler velocimetry data. Results of the numerical prediction in
conjunction with the experimental data have been used to gain a better understanding of the unsteady � ow
physics. An assessment of the viscous and the inviscid contribution to the nozzle wake decay and the unsteady loss
distribution in the rotor passage reveals the dominant effect of the viscous decay upstream of the leading edge.
Inside the passage, the inviscid effects have a signi� cant in� uence. The numerical solver has been able to predict
most of the features associated with the unsteady transition on a turbine blade. The predicted � ow at the off-design
conditionhas been interpreted to understand the nature of the unsteady � ow� eld at a high negative incidence angle.

Nomenclature
C f = skin friction coef� cient, s w / ( q 1W̄ 2

1 )
C p = pressure coef� cient, ( p ¡ p̄1) / ( q 1W̄1 /2)
Cx = axial chord length
i = incidence angle
k = turbulent kinetic energy
P0 = total pressure in relative frame
p = static pressure
Re = Reynolds number based on chord
S = rotor blade spacing
S1 = local passage width (rotor)
s = surface length from the leading edge
T = period
Tu = turbulence intensity based on inlet total relative velocity
Tur = unresolved unsteadiness
Tut = turbulence intensity based on local total relative velocity
t = physical time
Um = rotational velocity at midspan
V = absolute total velocity
W = total relative velocity
x = axial length measured from rotor leading edge
y = distance in pitchwise direction
a = absolute � ow angle
b = relative � ow angle
D V = wake defect
D C p = C p ¡ Cpav

e = dissipation rate
f = loss coef� cient, = ( P̄01 ¡ P0) / ( q W̄ 2

1 / 2)
l t = eddy viscosity coef� cient
m = kinematic viscosity
s = pseudotime
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X = reduced frequency, x Cx / Vx0

x = wake passing frequency

Subscripts

av = time average
dis = viscous dissipation
inv = inviscid
loc = local
max = maximum outside rotor wake
pot = pressure gust effect
str = inviscid stretching
t = turbulent
vis = viscous
wake = nozzle wake center
x = axial
d = at the edge of the boundary layer
0 = inlet to the nozzle, freestream, reference point
1, inl = rotor inlet, time, mass average
2 = rotor outlet

Superscripts

» = ensemble average
0 = unresolved unsteadiness
– = time average

Introduction

A BRIEF description of the experimental facility, laser Doppler
velocimetry (LDV) measurement of the � ow� eld, and the dy-

namic pressure on the blade at the midspan location is presented
by Lakshminarayanaet al.1 Details of the Navier–Stokes code and
the sensitivity study carried out to assess its accuracy in predict-
ing the unsteady � ow, including the transition, is also covered by
Lakshminarayanaet al. The objective of this paper is to provide an
integrated interpretationof the data and the numerical prediction to
understand the � ow physics associated with the nozzle wake–rotor
interaction. The velocity and pressure � eld is interpreted to derive
information on the sources and effects of unsteady � ow, the nozzle
wake decay through the rotor passage, rotor–wake decay charac-
teristics, and the unsteady transition on the blade. The approach
followed in this paper is to examine both the surface properties
and the � ow� eld within the passage to interpret the � ow physics. In
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addition,an attempthas been made to examine the losses associated
with the unsteady � ow. Additional simulations include the effect of
inlet turbulence on the nozzle wake–blade interaction.

Unsteady Flow� eld due to Rotor–Stator Interaction
A brief descriptionof the data acquired from the LDV inside the

passage at the midspan of the turbine rotor is given in Refs. 1 and
2. These data are compared with predictions in this section.

To enable a comparison of the measured rotor shaft phase-locked
blade-to-blade� ow� eldwith thenumericalprediction,thedata from
the computation were processed in the same way as the experimen-
tal technique. The derived blade-to-bladedistributionsof the wake
defect and the unresolved unsteadiness [Eq. (1), Ref. 1] in the ab-
solute frame of reference are shown in Figs. 1 and 2, respectively.
Note that the unresolvedunsteadinessconsists of both random � uc-
tuationsdue to turbulenceas well as � uctuationsnot associatedwith
the rotor blade passing frequency. The velocity � eld is shown for
the position N1 (Fig. 1, Ref. 1, bottom station), whereas the un-
resolved unsteadiness distribution is plotted for the position N 4.
Because of the blade shadow and lack of seeding, no experimental
data are availablein theunshaded(white) region.The velocityrepre-
sents the periodicunsteadinessdue to the nozzle wake Ṽ [ensemble
average minus the time average, Eq. (1), Ref. 1]. A comparison be-
tween the data and the prediction shows good agreement with the
location and the defect in the nozzle wake. The numerical predic-
tion moderately underpredicts the level of the wake defect between
x / Cx =0 and x / Cx =0.2 (Fig. 2). The measured unresolved un-
steadiness and the predicted turbulence intensity (Fig. 2) indicates
that the peak intensities are predicted reasonablywell, but the wake
width based on the unsteadiness shows that the computation has a
larger nozzle wake diffusion (into the freestream) compared with
the experimental data.

Even though the rotor shaft phase-locked � ow� eld can be used
to analyze the development of the unsteady � ow in a rotor passage

Fig. 1 Nozzle wake defect at the nozzle LDV position N1.

Fig. 2 Unresolved unsteadiness at nozzle LDV position N4.

due to the wake–rotor interaction, it is more appropriate to consider
the instantaneous � ow� eld. In this paper, rotor shaft phase-locked
representation is used only to compare the measured velocity � eld
with the numerical prediction. All subsequent discussion is based
on the time accurate (instantaneous) � ow� eld.

Discussion of Unsteady Flow Physics
As indicatedearlier, the vane–blade ratio used in the computation

is 4:5; hence, the unsteady � ow� eld is computed in � ve rotor pas-
sages.Hence,all of the simulationdatashown in this andsubsequent
sections show predictions in � ve rotor passages.

The unsteady velocity, pressure, and turbulence � elds, shown in
Figs. 3, 4, and 5, respectively, reveal the development of the rotor
unsteady � eld caused by the nozzle wake–rotor interaction. Based
on the unsteady velocity, the nozzle wake appears as a negative jet
moving toward the suctionside (Fig. 3). The natureof such impinge-
ment dependson the inlet velocity triangle and the wake defect.The
locationand propagationof thenozzlewake can be clearly identi� ed
by examining all of the instantaneousproperties: unsteady velocity
(V ¡ V̄ ), static and stagnation pressure, and turbulence � eld. The
shape of the turbulence wake is very close to that of the entropy
wake, which is normally used to identify the wake position. For the
sake of brevity, the unsteady entropy distribution is not shown.

The wake segment is initially straight (Fig. 3). Because of the
potential effect and the blockage caused by the leading edge, it is
stretched, distorted, and diffused as it approaches the rotor leading
edge. Farther downstream, the wake is chopped and transported
at the local convection speed as a separate segment. Because of
the large convection velocity near the suction side, spreading of
the suction leg of the wake segment is much faster. When the wake
segmentreaches the trailingedgeof the pressuresurface,the wake is
chopped on the suction side of the leading edge (Fig. 3).

As observedby other investigators,the wake propagationthrough
a passage generates a system of counter-rotatingvortices. Analysis
of the unsteady � ow shows two main sources of unsteady pressure
on the blade surface. The interaction of counter-rotating vortices
with the passage � ow is the primary source of the unsteadypressure
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Fig. 3 Unsteady velocity � eld in the rotor passage.

Fig. 4 Unsteady pressure � eld inside the rotor passage.

Fig. 5 Transport of the nozzle wake turbulence in the rotor passage.

� eld beyond 20% of the chord (Fig. 4). The second source is the
interactiondue to the pressuregust associatedwith the nozzle wake.
A rapiddecayof the inlet unsteadypressure� eld limits the in� uence
of the pressure gust to the leading-edge region. The interaction of
the pressuregust with the blade at the leading edge generatesa zone
of high pressure on the suction side (Fig. 4).

Additional simulations were carried out to investigate the contri-
bution of the velocity gust and the pressure gust due to the nozzle
wake and the rotor blade. In the � rst case, only the velocity defect
is present; the second case has only the pressure gust. Distribution
of the instantaneousvelocity and pressure � elds for these three inlet
conditionsare shown in Fig. 6. In the absenceof the velocitydefect,
the pressure gust generates a system of counter-rotating vortices
with rotation in a direction opposite to those induced by velocity
gust. Near the leading edge, the variation in the surface pressure
due to the velocity gust and the pressure gust has a phase angle
variation of nearly 180 deg, as shown in Fig. 7, at x / Cx =0.71. At
this location, the pressure gust has a dominant effect. As a result,
combined � ow has only one peak related to the pressure gust. An
interesting feature of the pressure gust–blade interaction is that it
generatesa signi� cantly smaller pressureoscillationon the pressure
side near the leading edge in comparisonwith the suction side. This
can be explainedby the shorter interactiontime on the pressureside.

In the absenceof the pressuregust, pressureoscillationsare small
within the initial 15% of the chord.The only signi� cant effect of this
interaction is the decreased skin-frictioncoef� cient on the pressure
surface.At moderatelyoff-design� ow conditions,thisphenomenon
may lead to an earlier development of the separation bubble due
to the nozzle–wake blade interaction and may generate signi� cant
additional losses.

Beyond 20% of the chord, the pressure gust has a minimal im-
pact on the unsteady pressure � eld on the suction surface (Fig. 8).
Downstream of this location, the interaction between the nozzle
wake-induced counter-rotating vortices develop a high-pressure
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Fig. 6 Unsteady velocity and pressure � eld with different inlet bound-
ary condition.

Fig. 7 Predicted time history of the surface pressure with different
inlet boundary condition.

Fig. 8 Unsteady pressure coef� cient, suction surface.

zone upstream of the nozzle wake center and a low-pressure zone
downstream.This unsteadypressuresystempropagatesdownstream
on the suction surface at the convectionvelocity, that is, velocity at
the boundary-layeredgenear the suctionsurface.The locationof the
maximum pressure is close to the location of the maximum wake
defect. Downstream of x / Cx =0.7, the unsteady pressure decays
due to a decreased intensity of counter-rotatingvortices.

Interactionbetween the passing wake and the pressure surface is
signi� cantlyweaker becauseof a very small variationof the velocity
� eld in the vicinity of the blade downstream of x / Cx =0.3%. The
resultingamplitudeof the unsteadypressureon the pressure surface
is less than one-third of those at the suction surface.

The measured and predicted unsteady pressure coef� cient on the
suction surface at the design condition is shown in Fig. 8. Many
of the features were described earlier.1 The measurement does not
show the effect of the pressure gust near the leading edge, because
there are no data available at this location. However, the trend from
5–20% of the chord indicates that the distribution is similar to the
predictions. The distribution beyond 20% of the chord shows the
major in� uence of the velocity gust and the associated counter-
rotating vortices. Predictions are in good agreement with the data.
Both measurementsand predictionsindicate thatunsteadypressures
are negligible beyond about 70% of the chord.

Nozzle Wake Decay Through the Rotor Passage
The nozzle wake is a source of additional mixing losses in tur-

bine passages. The physics of the wake mixing consists of two
main components: viscous dissipation and inviscid effects (chop-
ping, stretching,distortion,area changes, etc.). The wake decay due
to the viscous dissipation results in losses, whereas the inviscid ef-
fects are the reversible process. In some cases, wake ingestion can
be used to increase the ef� ciency of the propulsion system.3

Based on experimental and analytical investigations, Hill et al.4

suggested a wake decay model in a diffusing � ow that includes
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both the viscous and the inviscid effects. Van Zante et al.5 devel-
opedan inviscidwake model for two-dimensionalcompressorblade
row. This model estimates the inviscid decay of the wake defect as
a function of the cascade � ow parameters. The wake propagation
in a turbine is more complex in nature when compared to that in
a compressor. Because of a strong variation of the � ow velocity in
both the streamwise and the pitchwise directions, the wake is highly
distorted and can not be considered as straight or slightly bent seg-
ments. To analyze the wake stretching in a turbine, it should be
considered as a set of segments undergoingstretching/compression
under signi� cantly different local conditions.

An understanding of the viscous and inviscid contributions to
the wake mixing is essential for minimization of the mixing losses.
An analysis of the wake mixing based on the viscous and inviscid
predictionis carriedout to investigatethe physicsof the nozzlewake
decay in a rotor passage.The three followingcases are simulated:1)
base � ow, viscoussimulation(includesinviscideffect); 2)base � ow,
inviscid simulation; and 3) modi� ed base � ow, viscous simulation,
no unsteady pressure variation at inlet. Case 3 is denoted as no
pressure gust.

A comparisonof thewakedecayin theabsoluteframeof reference
for all cases is shown in Fig. 9. At the trailing edge, the nozzle wake
defect based on the inviscidpredictionis three times larger than that
predicted by the viscous simulation.

Viscous and inviscid predictionshave a differentwake decay rate
inside the rotor passage, but a similar wake � ow pattern exists at all
locations. This enables a comparison between the inviscid and the
viscous wake decay at different locations inside the rotor passage,
even thoughthe localwake defect is different in viscousand inviscid
predictions. It is assumed (and veri� ed through the numerical mod-
eling) that at each particular location the inviscid rate of the wake
decay is not a function of the local wake velocity defect. Thus, the
inviscid contribution to the wake decay from the viscous solver can
be compared with that based on the inviscid simulation despite the
difference in an amplitude of the local wake defect.

Different mechanisms contribute to the wake decay and mixing
in a rotor passage. There are signi� cant variations in the viscous/
inviscid effects at each axial location. It is possible to segregate the
rotor passage into zones based on the characteristics of the noz-
zle wake decay. The boundaries of the various zones are shown in
Table 1. The � rst zone extends from the inlet computational plane
to x / Cx = ¡ 10% upstream of the leading edge. In this region, the
nozzle wake is advanced as a set of parallel segments convectedby
the mean � ow. The wake segment transported along path I (Fig. 3)
undergoes stretching in the streamwise direction due to a 20% de-
crease in the streamwisevelocity.This effect is clearlyseen in Fig. 9
(line 2), in the formof the increasedinviscidwake defect.A decrease
in the inviscidwake defectbeyond x / Cx = ¡ 0.15 is associatedwith

Fig. 9 Decay of nozzle wake defect.

Table 1 Zone boundaries

Zone
number Beginning x /Cx End x /Cx

1 ¡ 0.24 ¡ 0.1
2 ¡ 0.1 0.05
3 0.05 0.25
4 0.25 0.6
5 0.6 Outlet

Fig. 10 Wake decay budget.

the potentialeffect,which is describedhereafterfor the secondzone.
The wake segment traveling along path II (Fig. 3) undergoes an op-
posite process. Flow acceleration (40% increase in the local veloc-
ity) upstream of the suction surface results in a signi� cant decrease
in the wake defect (Fig. 9). The ratio of the maximum to minimum
inviscidwake defect at x / Cx =0.1 is equal to 1.45.Viscousdissipa-
tion has a more profound in� uence on the wake propagation along
path I in comparison with path II.

For each zone, the contributionof the viscous dissipation can be
calculated:

For wake decay due to the viscous dissipation,

d D Vdis = d D Vvis ¡ d D Vinv

For change in the wake defect due to the inviscid effect,

d D Vstr = d D Vinv

where D V = (Vwake ¡ V̄ ) / V̄ is a local wake defect, d D V is the
change in wake defect between the two axial locations, and sub-
scripts inv and vis denote the inviscid and viscous solutions, respec-
tively.

Viscous contributions to the wake mixing, presented in Fig. 10,
are de� ned as follows:

d D Vdis

d D Vdis + j d D Vinv j

and inviscid

d D Vstr

d D Vdis + j d D Vinv j

For zone N ¸ 2, the predicted inviscid wake at the inlet to
the zone is scaled by the predicted viscous wake defect at
the current location, that is, ( d D Vinv) 0 = d D Vinv £ ( D Vvis / D Vinv).
Contributions of the potential effect are calculated as d D Vpot =
( d D Vvisnopot ¡ d D Vvis) / d D Vvis , where the subscript visnopot de-
notescase3. A positivesign indicatesthat thepressuregust increases
the wake decay. Similar to the precedingequations, the wake defect
scaling is used to normalize the wake d D Vvisnopot.

The inviscidmixing is responsiblefor30%of the total wakedecay
along path I (denoted as zone 1 in Fig. 10 ). For path II, intense
stretching of the wake segment increases the inviscid contribution
to about 50%. Downstream of x / Cx =0.1, only the propagation of
the maximum wake defect is considered.

The essential difference between the � rst and the second zone
(from 10% upstream of the leading edge to 5% of the chord from
the leading edge) is the increased contributionby the pressure gust.
Viscous simulation, without the unsteady pressure � eld at the inlet
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Table 2 Wake decay zones 4 and 5

Zone Inviscid stretching
number Predicted (estimated)

4 0.64 0.68
5 1.08 1.20

(case 3) predicts a signi� cant increase in the maximum wake de-
fect over the baseline (case 3, Fig. 9). The comparison, shown in
Fig. 6, can be used to interpret the in� uence of the moving pressure
gust on the nozzle wake decay. This in� uence can be separated into
two parts. The � rst effect is the generation of an additional favor-
able pressure gradient, resulting in enhanced mixing. At the inlet,
the wake segment is located in the region of high pressure. When
the wake is convected downstream, the region of high pressure is
replaced with a zone of low pressure due to relative nozzle–rotor
movement. A numerical simulation with no-wake boundary condi-
tions reveals another contributing factor in increased wake decay
due to the pressure gust. Even though no time-dependent velocity
component was presented at the inlet, the moving pressure � eld
generates the jet-wake structure shown schematically in Fig. 6. The
jet, associated with the moving pressure � eld, is located above the
nozzle wake. Thus, the velocity at this side of the wake is increas-
ing, contributing to the decay of the wake defect. Counterclockwise
rotation of the wake segment leads to a compression of the wake
segment near the leading edge of the pressure side. This counter-
balances the decay in the wake defect due to the pressure gust. The
combination of these two effects results in a smaller net change in
the inviscid decay of the wake defect. Overall, the contribution of
the viscous and inviscid mechanisms is approximatelyequal in this
region (Fig. 10).

In the third region (zone 3, Table 1), which extents from 5% of
the chord up to 25% of the chord, the location of the maximum
nozzle wake defect is moving rapidly from the pressure side to the
suctionside (Fig. 3). After the nozzlewake is choppedat the leading
edge, two counter-rotatingvortices develop in the rotor passage. At
x / Cx =10%,the slipvelocityvector(Figs.1 and3, Ref. 1) ispointed
in the directionof the suctionsurface.Transportof a low-momentum
� uid from the pressure surface to the suction side is the dominant
mechanism responsible for the ampli� cation of the wake defect
in this region. The acceleration of the convection velocity in the
directionof wake propagationleads to wake thickeningand a further
increase of the wake defect. A viscous dissipation contribution is
only 60% of the inviscid one in this region (Fig. 10).

At x / Cx =30% (Fig. 3), the wake is strongly bent with two
legs extending from the suction to the pressure surface. A maxi-
mum wake defect is located on the suction side, closer to the wake
center. The slip velocity is parallel to the streamwise direction.
Further propagation of the wake segment containing a maximum
wake defect can be consideredthrough its rotation-freeelongation–

compression in the streamwise direction. Following the velocity
� eld, the wake defect is decreasing from x / Cx = 30 to 60%. The
wake defect increases from x / Cx = 60 to 100% because the stream-
wise total velocity decelerated by 13% (Fig. 9).

In both zones 4 and 5, the inviscid phenomenon is the major
mechanism for the wake decay (Fig. 10) and is responsiblefor more
than 70% of the changes in the wake defect. In zones 4 and 5,
the wake decay can be estimated using the formula for inviscid
stretching. The estimated values are as follows (Table 2): Within
the blade passage, the inviscid stretching results in a net increase of
the wake defect (Fig. 9, line 2). In summary, the viscous dissipation
is responsible for 60% of the wake decay within the passageand for
75% from the inlet (upstream) to the trailing edge.

The data on the interaction of the nozzle wake with rotor wake
are presented and interpreted in the preprint version of the paper
(Ref. 6).

Loss Generation due to Unsteady Flow
The loss estimate is one of the most challengingtasks for compu-

tational � uid dynamicists.Numerical simulation based on different

Fig. 11 Mass average loss coef� cient.

numerical solvers may result in an appreciablevariation in the pre-
dicted losses (see, for example, Ref. 7). However, the prediction of
the trend in losses is consistent.Based on a comparisonbetween the
predictedand measured � ow characteristicspresented in this paper,
a certain level of con� dence is achieved in the predicted loss distri-
bution. However, the absolute level of the predicted loss should be
veri� ed through a comparison with measurements. An additional
inviscidnumerical simulationwas carried out to assess the presence
of the nonphysical losses due to the numerical errors (arti� cial dis-
sipation,grid in� uence, etc.). A grid identical to those in the viscous
solver was used to ensure consistency. It was found that the time
mean (the pitchwise mass averaged) loss coef� cient based on an
inviscid calculation is found to be less than 0.01 or less than 4% of
the maximum ¯f at the outlet based on the viscous solver. This is
an acceptable level of inaccuracy. The predicted � ow and the pres-
sure � eld can be used to analyze the distribution of losses through
the passage, as well as additional losses due to the presence of the
nozzle wake.

The pitchwise averaged loss coef� cient, shown in Fig. 11, can be
used to identify sources of increased losses due to unsteady � ow.
The loss coef� cient with unsteady � ow is based on the unsteady
inlet total pressure. Thus, it includes only losses in the rotor pas-
sage. There is a sharp increase in ¯f upstream of the leading edge,
an indicationof the intense mixing in this region. This contribution
accounts for 55% of the increased total loss coef� cient in compar-
ison with those based on the steady � ow prediction. This loss can
be represented as a loss due to the nozzle wake dissipation in the
absence of the rotor–stator interaction and its modi� cation due to
the presence of the rotor. Comparison of the predicted losses up-
stream of the leading-edge location with and without a rotor shows
that the differences is below the accuracy threshold. Therefore, no
attemptwas made to make a quantitativeestimateof the rotor–stator
interactioncontributionto the loss distributionupstreamof the rotor
leading edge. Additional losses within the blade passage contribute
35% to the totalunsteadylosses.The steadyand unsteadylossdistri-
bution is practicallyparallel from 25 to 50% of the chord. Thus, the
pro� le losses due to the rotor boundary layer are dominant in com-
parison to the mixing losses due to the nozzlewake decaywithin the
passage.The time-averagedboundary-layerpropertiesrevealhigher
values of suction surface momentum thickness in comparison with
the steady � ow predictionbeyond x / Cx = 0.4. This correlates well
with the differences in ¯f based on the steady and the unsteady � ow
prediction. There is a moderate increase ( ¯f » 0.07) in the loss co-
ef� cient downstream of the trailing edge. This may be attributed to
the nozzle wake–rotor wake interaction. However, this level of ¯f
increase is too small to be considered reliable.

Unsteady Transitional Flow on the Suction Surface
An accurate prediction of the unsteady transitional � ow is cru-

cial in evaluating losses, ef� ciency, and cooling requirements of
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Fig. 12 Maximum turbulence kinetic energy in the boundary layer,
suction surface.

Fig. 13 Unsteady skin-friction coef� cient, suction surface.

turbines.Very few attempts have been made to predict the unsteady
transitionalboundary layer on a turbine blade using the full Navier–
Stokes solver.

A major feature of the unsteady � ow in the present turbine rotor
is the locationof the maximum unsteadinessin the surface pressure,
which is close to x / Cx = 0.3 (s / Cx = 0.45) (Fig. 8). This is close
to the location of the transition onset; thus, the � ow in the transi-
tion region is signi� cantly affected. An accurate prediction of the
pressure � eld is crucial to the predictionof the unsteady transitional
zone.

Space– time distribution of the unsteady turbulence � eld, due to
the interaction of the nozzle wake with blade surface boundary
layer, is shown in Fig. 12. Here, the t / T =0 line corresponds to
the � ow conditions in Fig. 3. Various zones in the unsteady bound-
ary layer can be classi� ed as follows (shown in Figs. 12 and 13): L
is laminar region, TR1 wake-induced transitional strip, TU1 wake-
induced turbulent strip, TR3 transition between wakes, TR2 wake
turbulence-induced transition between wakes, TU2 turbulent � ow
between wakes, and TR4 transitional strip behind passing wake.

The unsteady nature of the transitional process makes it dif� cult
to identify the beginning and the end of the transition. For steady
� ow simulation, the identi� cation of the inception and the end of
the transition can be based on the local turbulence � eld and veri� ed
through an analysis of the other � ow characteristics, that is, skin-

friction coef� cient, shape factor, etc. It is found that this approach
cannotbe used in an unsteady� ow due to a phase lag betweendiffer-
ent � ow variables and properties in the transitional region. Hence,
the locationof the onset and the end of the transition is basedonly on
the predicted turbulence � eld. The position of the transition incep-
tion is calculatedas the positionwhere F( l m

t ) reaches its maximum
value along the path on a space– time diagram (Fig. 12). F( l m

t ) is
the � rst derivativeof l m

t along the wake path at the boundary-layer
edge, and l m

t is the maximum value of the eddy viscosity inside the
bladeboundary layer at any given space–time position.The location
of the maximum value of k at the end of the transitional zone was
chosen as the location of the end transition. This criteria correlates
well with the predicted value of the local maximum skin-friction
coef� cient.

The variation of the predicted unsteady skin-friction coef� cient
on the suction surface is shown in Fig. 13. As indicated earlier,
from x / Cx =0 to 0.25 the pressure gust is the primary source of
unsteady pressure in the blade (Fig. 8). Beyond x / Cx =0.2, the
wake defect and the counter-rotatingvortex system generate a com-
binationof high-pressureand low-pressurezones that are convected
in the streamwise direction. In the laminar region, the surface pres-
sure variation is the primary source of boundary-layerdisturbance.
The observed variation of skin-friction coef� cient along path 1–2
and 1a–2a, as well as 3–4 and 3a–4a, shown in Fig. 13, can be ex-
plained on the basis of an unsteadypressuregradient (favorableand
adverse) at these locations (Fig. 8).

Near x / Cx =0.3 (s / Cx =0.45) interactionof the bladeboundary
layer with the nozzle wake increases the velocity at the boundary-
layer edge (Fig. 3). At this location (Figs. 8 and 12), the Reynolds
number, based on the momentum thickness (Reh ), is 12% higher
over the time-averaged value, reaching a value of Reh = 230. The
boundary-layerdevelopmentalong this path (going through point 1
in Fig. 13)undergoeswake-inducedtransitionat s / Cx = 0.68. Tran-
sition within the wake-induced transitional strip TR1 is character-
ized by a maximum increase in the turbulence kinetic energy, as
well as the maximum value of the unsteady skin-friction coef� -
cient. After the boundary layer becomes fully turbulent, the nozzle
wake disturbance leads to a wake-induced turbulent strip TU1. The
transformationof the kinetic energy of the velocity � uctuation into
the turbulencekineticenergygeneratesan increasedlevelof k across
the boundary layer in comparison with the zone of turbulent � ow
between wakes TU2. Declining pressure � uctuations and wake de-
fect decay are the reasons for the vanishingshear stress � uctuations
in the wake-induced strip beyond 80% of the chord.

Laminar � ow in the region following the wake has a moderately
decreased level of Reh = 200 at 30% of the chord (this location
corresponds to point 2, Fig. 13). The boundary-layer development
behind the nozzle wake is characterized by a signi� cantly delayed
transitioninceptionthat occursat s / Cx = 0.98 (TR4). Flow remains
transitional up to the trailing edge. Unlike the wake-induced tran-
sition strip or the transition region between wakes, the turbulent
kinetic energy does not undergo a rapid increase in the transi-
tion region, but rather further relaxation to the level of that in the
developed turbulent boundary layer. The turbulent kinetic energy
increases monotonically, rising from a low laminar value to one
corresponding to those in the end of the transitional zone. An anal-
ysis of the boundary-layer development in this region leads to the
conclusion that the diffusion of the turbulence kinetic energy be-
tween the freestream and the turbulent zones upstream and down-
stream is the primary mechanism responsible for the ampli� cation
in k.

The zone in between the passing wakes is not subject to an ad-
ditional pressure gradient or other disturbance associated with the
wake–blade interaction. Nevertheless, there is an earlier transition
inception near s / Cx =0.70 and t / T =0.5. A comparison of the
turbulent kinetic energy in the boundary layer (Fig. 12) and the
blade-to-blade turbulence � eld (Fig. 5) shows an elevated level of
turbulence in the boundary layer due to the maximum diffusion
of the nozzle wake turbulence at this location. In the absence of
the velocity disturbance, this high-turbulence level (about 5% in-
crease in Tut ) is the primary source of earlier transition in zone



758 CHERNOBROVKIN AND LAKSHMINARAYANA

TR2. A numerical simulation with no turbulence � uctuation in the
nozzle wake con� rmed this hypothesis. If there is no elevated level
of turbulence in the nozzle wake, zone TR2 moves upstream and
closer to zone TR1, merging with zone TR3 (transition between
wakes). The boundary layer in zone TR2 has a lower increase in
the momentum thickness and has a lower level of eddy viscosity.
Thus, losses in this region are lower in comparison to those at the
wake-induced transition/turbulent strips, but a little higher than that
in the region of pure transition between wakes (zone TR3).

The � ow in the Pennsylvania State University turbine has a high
level of freestream turbulence. For this type of � ow, the transition
occurs through the bypass mechanism. The transition inception oc-
curs at the location where an outer disturbance causes generation
and growth of turbulent spots. The length of the transitional re-
gion depends on the spots’ spreading angle and their growth. These
characteristics are functions of a number of parameters: local mo-
mentum thickness, pressure gradient, Mach number, etc. At zero
pressure gradient, the leading edge of the turbulent spot propagates
at 0.88W d (where W d is the wake propagation velocity at the edge
of the boundary layer), whereas the trailing edge has propagation
velocity equal to 0.5W d . The low Reynolds number k ¡ e model,
originally developed for the fully turbulent � ow, models the tran-
sitional process through the diffusion of the freestream turbulence
and a local balance between the turbulence production and the dis-
sipation rate, which depend on the distributionof the velocity in the
boundarylayer.The unsteady� ow results in unsteadytransitionon a
blade surface. Disturbances,caused by the passing wake, lead to an
earliergenerationof the turbulentspots,which may form a turbulent
strip.Turbulentspot growth and propagationmechanismsare essen-
tially the sameas in thecaseof the steadytransition.The propagation
velocityof the leadingand the trailing edgeof the wake-inducedtur-
bulent strips are equal to those of the turbulent spot, that is, 0.88W d

and 0.5W d , correspondingly.This is con� rmed by the measurement
(see, for example, Ref. 8). Development of the calmed region that
is located behind the wake-induced transitional/turbulent strips, is
another crucial element in the unsteady transitional process. The
trailing edge of the calmed region propagates at 0.3W d . This re-
gion has laminar characteristics, but has an elevated level of shear
stresses. This can be considered the relaxation zone between the
turbulent and the laminar zones. Higher resistance to the separation
and low boundary-layer losses associated with a calmed region are
bene� cial.

The low Reynolds number k ¡ e model lacks the physics associ-
ated with the turbulence spot development and can model the tran-
sition process only in a global fashion. In the numerical prediction,
the unsteady velocity � uctuation caused by the wake–blade inter-
action is the primary source of the earlier transition.The maximum
value of the average turbulence kinetic energy and the maximum
value of the k � uctuation across the boundary layer occur at the
same location. After the transition inception, two major mecha-
nisms are responsible for the further development of the predicted
transitional strip. The � rst mechanism is the convectionof the tran-
sitional zone at the local propagation speed, which is smaller than
the wake propagation speed W d at the boundary edge. The sec-
ond mechanism is the advection of the velocity disturbance with
variable velocity across the boundary layer. It was found that the
propagation speed of the transitional strip TR1, de� ned as a path
along maximum k in Fig. 12, is equal to 0.66W d . This is higher
than the propagation velocity equal to 0.55W d at the location of
the maximum turbulent kinetic energy across the boundary layer.
Investigationof the time–space distribution of the velocity and tur-
bulenceacrossthe boundarylayersreveals that this increaseis due to
a greater speed of the velocity disturbance propagation, the second
contributor to the development of the unsteady transitional zone.
From Figs. 12 and 13, the leading-edge velocity of the transitional
strip is estimated to be 0.9–1. 0W d , whereas the trailing-edgeveloc-
ity is about 0.5–0.55W d . As stated earlier, the transitionin zone TR2
is due to an elevated level of freestream turbulencethat is convected
at the local propagation speed. Therefore, the propagationspeed of
the transition strip is equal to the local convection velocity inside
the boundary layer (0.55W d ).

Zone B (Figs. 12 and 13) has several features of the calmed re-
gion. A low level of turbulent kinetic energy and eddy viscosity in
this region is similar to that observed in a laminar � ow. At the same
time, it has an elevatedlevel of shear stresses in comparisonwith the
shear stress in the laminar zone. Phase lag between the maximum
amplitude of k and the maximum amplitude of C f at the transition
inception(about 5% of t / T , Figs. 12 and 13) results in higher shear
stresses in the zone above the wake-induced transitional strip. This
phase lag diminishes farther downstream and is equal to zero at the
end of the transition.There is a signi� cantlydelayedtransitiononset
in zone B. A low level of the momentum thickness in combination
with low eddy viscosity results in signi� cantly smaller boundary-
layer losses. Nevertheless, this region lacks another crucial feature
of the calmed region. A predicted shear stress pro� le does not have
relaxing distribution of C f at the side of the calmed region. Exper-
imental data indicate that the trailing edge of the calmed region is
propagating at 0.3W d . In the prediction, the line of a zero momen-
tum thickness variation, which can be considered as a boundary of
the region B, has a propagation velocity equal to 47% of W d .

Effect of Inlet Turbulence
Additional simulation studies were carried out with different

freestream turbulence intensities at the inlet. The design condition
had a 7% turbulence intensity in the freestream at the inlet. The
additional simulation includes freestream turbulence intensity of 2
and 15%, which is closer to that which exists in aircraft engines.
The major feature is the decay of the nozzle wake. The amplitude
of unsteady pressure distribution shown in Fig. 14 reveals that the
freestream turbulence intensity plays a major role. The wake de-
cay is slower and unsteadiness is higher at low turbulence intensity
and decreases signi� cantly as the turbulence intensity is increased

Fig. 14 Variationof the maximumbladeunsteadypressure atdifferent
inlet turbulence levels.

Fig. 15 Variation of the maximum wake defect [ D V = (Vwake ¡
Vaver )/Vaver] at different inlet turbulence levels.
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to 15%. This is con� rmed by the nozzle wake defect plotted in
Fig. 15.

Conclusions
The unsteady � ow in a turbine rotor due to nozzle wake–rotor

interaction is investigated numerically. The predicted velocity and
pressure � eld is in good agreementwith the experimentaldata at the
design and the off-design conditions.

The pressure gust has the most in� uence near the leading edge.
Beyond this, the counter-rotatingvorticesare the sourceof unsteadi-
ness.The maximum variationin the unsteadypressurewas observed
at x / Cx = 0.28 on the suction surface.

Up to 15% of the chord, the viscousdissipationis responsiblefor
45–75%of thewakedecay.Fartherdownstream,thewakeundergoes
both the inviscid decay and the ampli� cation inside the passage.
Because of the viscous dissipation,the contribution is equal to 75%
of the total decay and 58% in the passage. Most of additional losses
due to unsteady � ow occur upstream of the leading edge ( » 55%).
Inside the blade passage, the nozzle wake mixing losses are small in
comparison with blade pro� le losses. The increase in pro� le losses
is attributed to the modi� cation of the suction surface boundary
layer due to the nozzle wake–blade interaction.

The numerical solver was able to predict most of the features as-
sociated with the wake-induced unsteady transition (wake-induced
transitional strip, turbulent strip, etc.). Even though the k ¡ e model
lacks the physics of the bypass transition, the predicted develop-
ment of various zones follows the trend observed in the experiment.
The major exception is the calmed region. The predicted region
downstream of the wake-induced transitional strip possesses some
characteristicsof the calmed region.However, this regioncan not be
identi� ed as a calmed regionbecauseit lacksother essentialfeatures
of the calmed region, such as the spreading angle of the zone with
trailing edge propagating at 0.3W d .

The nozzle wake interaction with the rotor wake leads to an in-
creased unsteadiness observed in both the experiment and the pre-

diction. The suction side segment of the nozzle wake merges with
the rotor wake, causing � uctuations in the rotor wake.
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