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Transition in Low-Pressure Turbines: Effects of Unsteady
Acceleration and Turbulence Intensity

Nan Jiang* and Terrence W. Simon*
University of Minnesota, Minneapolis, Minnesota 55455

Wakes generated by upstream airfoil rows create an unsteady flowfield to downstream rows of a low-pressure
turbine. Pressure gradients and local turbulence intensity levels imposed on the airfoil surface boundary layers
change as the wakes pass through the passage. Separation and laminar-to-turbulent transition onset locations and
transition path characteristics also change during the wake passing cycle. The effects of unsteady acceleration
(composed of spatial acceleration and temporal acceleration) and time variations in turbulence intensity on tran-
sition onset and transition path are described. Results come from an experiment in which the wakes and passage
flow of a low-pressure turbine are simulated. The total acceleration field is separated into spatial and temporal
components. Also important is the changing turbulence field as affected by passing wakes. Deceleration and high
turbulence levels, as experienced by the boundary layer as the wake approaches, promote transition, whereas
acceleration and low levels of turbulence, experienced as the wake departs, can delay transition.

Nomenclature

L = chord length

L = suction surface length

L, = span

Re = Reynolds number

Rep = Reynolds number based on the suction surface
length and exit velocity

P = pitch

s = distance along the blade’s suction surface
from the leading edge stagnation line

TI = local turbulence intensity iy, /i

TI = ensemble-averaged turbulence intensity

U = freestream velocity at the separation point

U, = approach flow velocity

Ulocal = local velocity at the edge of the boundary layer

Usms = rms fluctuation of Ujgey

U, = wake generator velocity (rod velocity)

u, = axial component of inlet velocity

u = ensemble-averaged velocity

Urms = ensemble-averaged velocity fluctuation

X = normalized position along the suction
surface s/ Lgs, %

X = Xx at the separation point

X, = X at transition onset point

y = distance normal to the wall

B = blade inlet angle

B2 = blade outlet angle

y = intermittency (fraction of the time the flow
is turbulent or fraction of the surface covered
by turbulent flow)

y = ensemble-averaged intermittency
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0 = phase angle within the wake passing period
or momentum thickness, depending on context
Ao = pressure gradient parameter

Introduction

TREAMWISE pressure gradients and freestream turbulence in-

tensity are known to influence transition onset and the transition
path. Gostelow et al.! compared measurements of boundary-layer
transition under six different turbulence levels and a wide range of
adverse pressure gradients. The transition length became severely
reduced as the strength of the adverse pressure gradient increased.
Consistent with this, the turbulent spot formation rate was found to
increase. Solomon et al.? found that transition in regions of strongly
changing pressure gradient showed quite different characteristics
than those predicted by correlations of data from flows in which
the pressure gradient parameter remained uniform throughout the
transition zone. Using the local pressure gradient was shown to be
moderately successful in the prediction of transition in such flows.
Simon et al.> showed how high freestream turbulence intensity
causes a more upstream transition. Volino*> measured separated-
flow transition under low-pressure turbine (LPT) conditions. Cases
varied in Reynolds number and freestream turbulence intensity. Re-
sults were discussed in terms of mean and fluctuating velocity pro-
files, turbulent shear stress profiles, and intermittency profiles. From
power spectral distributions, transition was identified by the emer-
gence of a sharp peak in the spectra when the freestream turbu-
lence level was low and a growth of broadband turbulence when the
freestream turbulence level was elevated. The latter is a character-
istic of strong bypass transition.® Volino et al.” applied conditional
sampling against data from a transitional boundary layer subject
to high (initially 9%) freestream turbulence intensity and strong
acceleration to separate the turbulent and nonturbulent zone data.
Eddy transport in the nonturbulent zone was significant, however,
and the nonturbulent zone did not behave precisely like a laminar
boundary layer. The marked difference between transport levels in
laminar vs turbulent flow indicated a distinct need for accurate tran-
sition modeling and proper handling of the effects of freestream
turbulence and streamwise acceleration on the pretransitional
flow.

In turbomachinery, the passing wakes from the upstream airfoils
cause the flow to be unsteady. In particular, pressure gradients and
turbulence intensity levels change throughout the wake passing cy-
cle. Lou and Hourmouziadis® experimentally studied separation and
laminar-to-turbulent transition on a plate under the influence of un-
steady pressure gradients. The periodic-unsteady main flow was
found to induce an oscillation of the separation bubble. Transition
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and the associated reattachment of the separation bubble were dom-
inated by the free shear layer instability. Wolff et al.” investigated
unsteady, wake-affected transition of a boundary layer on a linear
LPT cascade suction surface. Between the passing wakes, quasi-
steady flow conditions were reestablished. Kaszeta,'” Kaszeta and
Simon,!' and Kaszeta et al.!>!3 simulated an LPT flow passage,
including the effects of passing wakes, and then documented the
unsteady flowfield over the suction surface. The Kaszeta data set!°
is used in the present paper. Yaras'* suggested that separation-bubble
transition depends on the pressure gradient history of the laminar
boundary layer before the separation. Howell et al.!> measured un-
steady boundary-layer behavior in two, high-lift geometries and
one, ultra-high-lift LPT geometry using surface-mounted hot-film
sensors. Regions of wake-induced transition, natural transition, and
calming in the boundary layer were identified, and effects of passing
wakes on these regions were discussed. The calmed boundary layer
is that which follows, and is thinned (stabilized) by, the turbulent
spot.

The velocity deficit within a passing wake in a turbomachinery
flow causes the freestream velocity over the suction surface bound-
ary layer to oscillate during the wake passing cycle. This oscillation
causes a temporal acceleration and deceleration of the flow, du/dt.
Also, the freestream velocity changes spatially along the suction
surface due to the passage geometry, u(du/ds). This spatial accel-
eration also changes throughout the wake passing cycle by virtue
of the velocity change associated with the passing wake. The total
acceleration or substantial derivative of the velocity is the sum of
temporal and spatial acceleration components,
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In this paper, we will describe these acceleration components
measured within an experiment that simulates LPT flow conditions.
We will discuss the effects they have on transition onset and on
the transition path. Kaszeta,'? Kaszeta and Simon,!" and Kaszeta
etal.'>!3 documented the ensemble-averaged distributions of veloc-
ity (s, y, 6), rms fluctuation of velocity ity (s, y, 0), local turbu-
lence intensity 7'/ (s, y, 0), and fraction of the time the flow is turbu-
lent and the intermittency y (s, y, 6), for a simulation of a LPT suc-
tion surface flow under very low Reynolds number (Re;, =5 x 10%)
conditions. They used an ensemble size of 100 wake passing cycles
for their averaging. With these data, we can calculate the ensemble-
averaged spatial acceleration, temporal acceleration, and total accel-
eration of the wake passing cycle. We then discuss the relationship
between the acceleration and transition characteristics.

Experiment

Experimental Facility

The experimental facility consists of a low-speed wind tunnel,
a wake generator, and a turbine cascade simulator. Each will be
discussed.

Low-Speed Wind Tunnel

All experiments were done using a low-speed, open-return,
blown-type wind tunnel (Fig. 1). This facility consists of a filter
box, a blower, a redistribution section, an oblique header, a heat
exchanger, a flow conditioning section, a nozzle, a developing sec-
tion, and the test section. The flow is delivered to the developing
section uniformly and steadily in velocity and temperature and at a
low turbulence intensity (~0.5%).

Turbulence Generation

A turbulence generator grid (Fig. 2) raises this approach flow
turbulence level to 2.5%. This grid is located in the developing
section 45.5 cm downstream of the nozzle exit and about 100 cm
upstream of the inlet plane shown in Fig. 3. It consists of nine rods
that are evenly spaced in the horizontal (cross-stream) direction and
two rods arranged in the vertical (spanwise) direction, as shown.

Wake Generator

The wake generator (Fig. 3) installed in the developing section
simulates wakes emerging from upstream turbine rows in an LPT. It
consists of a moving sled assembly containing the wake generating
objects (0.635-cm-diam stainless steel rods), an H-beam rail upon
which the sled slides, a speed-controlled motor and transmission
assembly to drive the sled, and a dashpot to stop it. The rods are
driven at a uniform speed until the end of the traverse; then they
are returned for the next traverse. Data from four of seven rods on
the sled are used for processing. Measurements indicated that their
wakes are similar to one another, whereas the wakes from the first
two rods and the last rod are slightly different. Details can be found
by Kaszeta,'® Kaszeta and Simon,'" and Yuan.'¢

Test Surface

The airfoil surface geometry (Fig. 4 and Table 1) is the PAK-B
airfoil shape offered for research by Pratt and Whitney and used in
numerous studies.>~>7-10=13.17=21 Coordinates of this airfoil, which
has become a standard test airfoil for LPT transition studies, may
be found in the literature, for example, Refs. 3 and 11. Measure-
ments used in this study were taken at the midspan of the test sec-
tion, which has an aspect ratio of 6. Access is provided through
the pressure surface wall, as needed. Wall-normal profiles were col-
lected at 10 streamwise locations along the suction surface, sta-
tions PO4-P13, at 30 different wall-normal distances ranging from
y=0.1 mm to y=16.5 mm, unevenly spaced with steps ranging
from Ay=0.1 mm near the wall to Ay =1 mm approaching the
freestream. (See Table 2 for measurement locations.)

The single-sensor anemometry is used in this study to obtain
instantaneous time-series measurements of velocity and velocity
fluctuations. The overall uncertainty of the velocity and turbulence
intensity measurements is 5%, based on a 95% confidence interval.

Base Case

The test facility is designed to produce flow conditions that sim-
ulate an LPT environment. All measurements used herein are with
Re;, =5 x 10* and approach flow turbulence intensity (AFTI, de-
fined as U, ms/U,) =2.5%. The steady-state experimental results
(no wakes) discussed by Simon et al.*> and Qiu'® showed laminar
flow separation followed by transition of the separated shear layer
and reattachment near the trailing edge, leading to a large separation
bubble for this case. The pressure distribution for this case is shown
in Fig. 5 along with the high Reynolds number design distribution
of this PAK-B airfoil. A similar case, but with AFTI = 10%, showed

Table 1 PAK-B airfoil details

Parameter Value
Chord length L, mm 114
Pitch P, mm 91.2
Span Lz, mm 684
Blade inlet angle S;, deg 35
Blade outlet angle $;, deg —60
Flow coefficient uy /u, 1.43

Table 2 Pressure taps and profile
locations (same) on the suction surface

Tap s/Lsgs, %
PO1 0.00
P02 5.19
P03 19.78
P04 31.36
P05 37.35
P06 43.34
P07 49.33
P08 55.33
P09 61.32
P10 70.31
P11 76.11
P12 84.00
P13 93.49
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Fig. 4 Importantflow and geometry characteristics; parameter values
in Table 1.

separation, transition of the separated shear layer, and reattachment,
with a very small separation bubble. This second case is notewor-
thy because the peak turbulence within the wakes of the present
case is approximately 10%. The pressure profile for the steady flow
(no-wake) AFTI = 10% case is shown also in Fig. 5.

The case discussed in this paper has wakes. The inlet velocity
u, =3.03 m/s, and the wake generator velocity u, =0.7u,, or
2.12 m/s. The wake passing frequency is 23.2 Hz. For this
case, ensemble-averaged distributions of (s, y, 6), Ums(s, y, ),
TI(s,y,0), and 7 (s, y, 0) were recorded for each of 12 stations
spaced along the suction surface length.

The raw velocity signals were processed using the turbulent event
recognition algorithm (TERA) of Falco and Gendrich,?? as modi-
fied by Walker and Solomon,? to obtain the turbulence intermittency

function. This function has two states, 0 or 1, to indicate whether the
flow is laminar or turbulent, respectively. The intermittency value y
is the phase-averaged value of the intermittency function. A more
complete discussion of the TERA algorithm used in this study may
be found by Kaszeta and Simon.!! The profiles of near-wall in-
termittency in the attached flow or intermittency over a separation
bubble are used to determine transition onset. We look for a sharp
and sustained rise in intermittency to indicate that transition has be-
gun. This process requires some effort. The entire data set (time and
space variations) must be reviewed to determine the onset of transi-
tion. For 6 values during which the flow is separated, we note that
this is at the edge of the separation zone as indicated by the mean
velocity and turbulence level plots. The transition onset location is
given with an estimated uncertainty of 5% in s /L. We found that
movies showing the time-varying data were far more valuable than
still photographs for this process.

A sheet of hot-film surface sensors (Senflex Systems sensor sheet
Model SF9501) was used to identify the unsteady separation points.
The thin-film sensors were powered by a hot-wire anemometer
bridge. The voltage required to maintain the sensor at the desired
temperature is related to the wall shear stress at that sensor.>* Be-
cause it was only related to the shear stress and not directly corre-
lated with the shear stress, the term applied is pseudoshear stress.
The skewness distribution of the pseudoshear stress was monitored
as one indicator of incipient separation because it was determined®’
that a sudden drop of skewness indicates incipient separation. Used
also in determining the unsteady separation location were the ve-
locity and turbulence intensity field data.

Uncertainty Analysis

The uncertainties in the calculation accelerations are difficult to
assign. We can measure our velocity to within 5% of these data over
most of the flowfield. Our temporal resolution is 1/90 of a cycle and
our spatial resolution in the streamwise direction is approximately
7-8% of L. Thus, we estimate uncertainties of du/dt and du/ds
of 10 and 17%, respectively.

Unsteadiness due to Passing Wakes

The wakes periodically pass through the turbine blade passage.
This causes the total flowfield to be unsteady. The pressure gradient
field, the local turbulence intensity field, and the convection field
are all changing during the wake passing period. In this section, we
will discuss this unsteadiness. The following discussion is guided
by visualizing movies of the i, iy, 71 and y data (essentially,
dynamic pictures of Fig. 6 changing with 6, the angular position
within the 360-deg wake passing period).

Figures 6a, 6b, and 6f show profiles of velocity, turbulence inten-
sity and intermittency at 6 =292 deg. High intermittency is seen in
the freestream within the passing wake (centered at s/Lg =70%
at this time) due to elevated turbulence and high advection ve-
locity. The algorithm used to compute intermittency shows high
values for a combination of high frequency and high disturbance
level. The movement of the passing wakes can be viewed as the
moving region of high intermittency in the core flow. The veloc-
ity deficit of the moving wake will make the main flow velocity
oscillate. A temporal acceleration is caused, and spatial accelera-
tion is made unsteady, by this oscillation. Generally, as the wake
arrives, there is a local and instantaneous deceleration followed by
an acceleration. The deceleration leads the wake by about 10-20%
of the suction surface length and the acceleration lags the wake by
about 10-15% of the suction surface length. Figure 6 shows this
in the velocity (Fig. 6a) and the total acceleration (Fig. 6¢). Note
that at this position within the cycle (6 =292 deg), the deceleration
is centered at s/L¢ = 80-90% and the acceleration is centered at
40-60%.

The spatial acceleration profile (Fig. 6e) is mainly influenced by
the passage geometry, but it is also affected by the passing wake.
The presence of the wake will cause a local decrease in the flow
velocity as it approaches. Downstream, the flow recovers. Therefore,
local spatial acceleration precedes the wake arrival time. This spatial
acceleration and deceleration will vary with streamwise location. At
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the throat of the passage (about s/ L =45%), the flow experiences
higher velocities. Thus, generally, there is acceleration ahead of
the throat and deceleration downstream. At the trailing edge of the
blade, the suction surface flow generally experiences deceleration,
except near the wall, where transition, if it is present, is accelerating
the flow due to improved mixing with the main stream. Generally
the largest deceleration is near the wall immediately downstream of
the throat. This is due mostly to the passage geometry. As expected,
this deceleration has a dominant effect on boundary-layer stability,
separation, and transition.

The total derivative is the sum of the temporal acceleration and
the spatial acceleration. We find that total acceleration (Fig. 6¢) has
more of the characteristics of spatial acceleration, u (du/ds) (Fig. 6e)
than those of temporal acceleration, du/d¢ (Fig. 6d). As the flow
approaches the throat region of the passage, it accelerates, whereas
over the downstream portion of the blade, there is deceleration.
There is also a strong deceleration region near the wall immediately
downstream of the throat of the passage. It is in this region that
boundary-layer separation is observed. For the case discussed, sep-
aration is observed during most of the cycle. Note that, generally,
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much of the far-field flow is decelerating at this location. However,
because of the passing wake, this deceleration region changes. When
the wake is approaching, the level of deceleration in this region is
the largest. Just after the wake passes, the level of deceleration is the
weakest. Thus, the size and location of this decelerating flow region
change as the wake passes.

Oscillation of the freestream due to passing wakes is visible in
the velocity traces. The boundary layer is particularly influenced by
the passing wakes. We see that the boundary layer thickens more
rapidly in the region 60 < s/L < 70%. This is where separation
is observed, as indicated by a near-zero, near-wall velocity. The
separation point changes throughout the wake passing cycle. When
the freestream is accelerating at a particular streamwise location, the
boundary layer at that location will thin. If the freestream accelerates
where the boundary layer tends to separate, the flow will recover
and separation will be delayed.

Also, the turbulence intensity is affected by the passing wake.
When the wake comes, the turbulence intensity at the inlet of the
passage will increase. The turbulence intensity of the freestream in-
creases as the wake moves along the surface. After the wake passes,
the freestream turbulence intensity recovers to the between-wake
levels.

Effects of Unsteady Turbulence Intensity
and Acceleration

Transition Onset

Because of the unsteadiness of the turbulence intensity and accel-
eration, transition onset, as described by the near-wall intermittency
distribution (Fig. 6f) in the transition region, will change. During
the wake passing cycle, two modes of transition, attached flow tran-
sition and separated flow transition, are found. Both the transition
onset location x, and the flow separation location x; move forward
and rearward during the wake passing cycle (Fig. 7). The transition
path from laminar to turbulent flow is obviously affected by the
passing wake. This can be observed in the near-wall intermittency
(Fig. 6f or 6h).

In the period 224 < 6 < 312 deg, attached-flow transition is found
in the region near the passage throat, s /Ly = 45%. It moves toward
the trailing edge as time passes. At 8 =292 deg (Fig. 6), separation
is observed at s /Ly = 60% (dotted line in Fig. 6), whereas transi-
tion onset (dashed line in Fig. 6) is at s/Ls = 50%. The boundary
layer thickens after the separation point; see near-wall velocities in
Fig. 6a. At this time, the wake had just passed this region (Fig. 6f).
Recall that the high intermittency in the freestream marks the wake.
In the boundary layer, high intermittency shows transition. The flow
is decelerating temporally (Fig. 6d) in the freestream in this region
at the time shown in Fig. 6, whereas there is a small part near the
wall where the flow is beginning to accelerate. Spatial acceleration
(Fig. 6e) in the freestream in this region is strong due to its near-
ness to the passage throat. However, immediately downstream of
the throat, there is a decelerating region near the wall. These two
regions are both affected by the passing wake. The sum of the spa-
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Fig. 7 Separation and transition location during cycle.1?

tial acceleration and the temporal acceleration, total acceleration,
is shown in Fig. 6c. The total acceleration distribution looks more
like the spatial acceleration distribution than the temporal accelera-
tion distribution, although the levels of acceleration and deceleration
are different. Comparing Fig. 6¢ with Fig. 6f, we can find a strong
correlation between total acceleration and transition, as expected.
Transition onset is in the deceleration region. Figure 6g shows a
profile of the pressure gradient parameter, Ay = 62 /v)(AUrca/d5).
The trend of this parameter agrees with the spatial acceleration or
total acceleration trend. It is weak until s /Ly = 50%, but shows an
obvious decrease in value thereafter. When the flow is accelerating,
the boundary layer remains thin. In the boundary layer beneath the
wake, the turbulence intensity is high (Fig. 6b). The high unsteadi-
ness in the wake destabilizes the flow. It is another trigger to the
onset of transition. The distribution of the peak intermittency in the
boundary layer (Fig. 6h) will be discussed in the next section.

At 6 =0 deg (the time chosen for Fig. 8), the separation point is
ats /Ly = 58%. In this period, the wake has moved far downstream
of the passage throat and is near the trailing edge. From the velocity
profile (Fig. 8a), we can see the boundary layer begins to thicken at
this point. Transition starts at s /L = 76%, as indicated by the ele-
vated level of intermittency near the wall (Fig. 8f). In the freestream,
the intermittency at the trailing edge is large, indicating the pres-
ence of the wake. From the passage throat to the trailing edge, the
flow is temporally decelerating (Fig. 8d) except for a small portion
of acceleration near the wall at the trailing edge. The flow at the
trailing edge is decelerating spatially (Fig. 8e). The total effect of
the temporal deceleration and the spatial deceleration is the strong
total deceleration shown in Fig. 8c. The profile of the pressure gra-
dient parameter 1y shows a strong deceleration at the location of
transition onset (Fig. 8g). The turbulence intensity in the bound-
ary layer downstream of transition is large, reaching its peak at the
streamwise position of the wake.

In the period 56 < 6 < 220 deg, no transition can be seen. Figure 9
shows the flow status at @ = 136 deg. Separation is at s /L = 54%
(Fig. 9a). The wake is entering the passage at the leading edge,
5 /L =10% (Fig. 9f). In the region from the passage throat to the
trailing edge, the intermittency value is small, indicating that the flow
is stable in this region. No sign of transition is indicated. The flow
near the throat is temporally accelerating (Fig. 9d). The profiles
of total acceleration and spatial acceleration in this period are not
very different from those taken during a period in which transition
is observed, such as 8 =292 deg. (Compare Figs. 9c and 6¢ and
Figs. 9e and 6e.) The only difference is that the wake is not in the
deceleration region of flow (s/Ls > 40%). Thus, we can conclude
that destabilization by the wake is important to transition onset. We
notice that transition will always take place in a flow deceleration
region. Note also that turbulence intensity in the boundary layer
upstream of the throat does not change in a spatial sense regardless
of the position of the wake (Fig. 9b).

Transition Path

In the steady case (the no-wake case discussed by Qiu and
Simon!?), transition proceeds until the flow is fully turbulent. How-
ever, in the unsteady case the situation changes. The unsteady pres-
sure gradients affected by the passing wake may cause temporal
acceleration while the flow is decelerating spatially. Such a situa-
tion may retard the transition process. For instance, at 6 =292 deg
(Figs. 6h and 6f), transition onset is at s/Ly = 50%. Because of
destabilization as a result of the wake being present, transition devel-
ops quickly at the beginning (Fig. 6h). However, we see its progress
slow, and then we see a decrease in intermittency downstream of
s/Ls =75% (Fig. 6h). From Fig. 6g, we see that the deceleration
level begins to decrease at this location, and we see that the flow is
temporally accelerating at this location (Fig. 6d). Thus, the stream-
wise progression of transition is retarded. This is characteristic of
the period 224 < 6 < 312 deg. Typically, transition-path modeling,
extended from the works of Emmons,?® assumes that transition pro-
ceeds in the streamwise direction with ever-increasing intermittency
values. These data indicate that unsteady-flow transition modeling
must include this stabilization effect.
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In the periods 0 <6 < 50 deg and 320 < 6 < 360 deg, transition
is not retarded as discussed earlier. In these periods, the wake is
moving within the decelerating flow region near the trailing edge
and in the freestream there is no temporal acceleration.

The application of transition-path models to the data set discussed
herein was presented by Jiang and Simon.2*2!

Summary

The unsteadiness caused by the passing wake substantially
changes the transition situation within the LPT passage. Though the
flow responds to total acceleration, it is instructive to consider tem-
poral acceleration and spatial acceleration separately in discussing
modeling of transition onset. The transition onset location is not
fixed in time or space, but is moving on the suction surface in an un-
steady fashion. Turbulence within the wake is also important. In this
study, we document the effects that wake-associated acceleration
and wake-associated turbulence have on the flow. We see transition
onset either upstream or downstream of separation, periods of com-
plete transition to turbulence, extended (spatially) transition zones,
and streamwise decreasing intermittency indicating a streamwise
reversal of the transition process. Clearly, transition models that
capture the entire unsteady transition process of the LPT must be
capable of capturing all of these features.
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