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PERFORMANCE IMPACTS DUE TO WAKE MIXING IN AXIAL-FLOW TURBOMACHINERY

T. J. Praisner', J. P. Clark’, T. C. Nash', M. J. Rice', and E. A. Grover'

'Aerodynamics Group
United Technologies Pratt & Whitney
400 Main St., M/S 1685-29
East Hartford, CT 06108

ABSTRACT

One of the last loss mechanisms remaining to be quantified
and correlated for inclusion in meanline predictive systems
concerns the mixing of wakes across downstream airfoil rows.
Here, we demonstrate that the unsteady losses incurred as
rbomachinery wakes mix in downstream rows are a function
of the velocity ratio across the downstream row as calculated in
the frame of reference of wake generation. Analytical and
computational results, compared to measurements of wakes
mixing under variable free-stream velocity conditions, reveal
that wake-loss modification is primarily a result of an inviscid
dilation of the stream tubes that comprise the wake fluid.
Further, simulations of wakes exposed to a range of
wrbomachinery-specific velocity ratios indicate that wake-loss
augmeniation caused by stream-tube dilation is significantly
more pronounced than wake-loss reductions imparted by
stream-tube contraction. [t is demonstrated that wakes in
turbines are dilated in the adjacent downstream row, whether it
is @ vane or a blade row, through a work extraction process that
occurs in the wake-generation reference frame. Finally,
comparisons between rig data and CFD simulations suggest
that wake-mixing losses, enhanced by downstream rows, can
contribute as much as 1.5 percent of lost efficiency in multi-
stage low-pressure turbines.

INTRODUCTION

The alteration of wake mixing caused by changes in free-
stream velocity was first studied experimentally by Hill et al.
[1] by exposing wakes to adverse pressure gradients within a
diffuser. They found that when a wake is subjected to a range
of adverse pressure gradients, the velocity profile across it
could be dramatically altered, even to the point of local flow
reversal along the wake centerline. Hill et al. also developed a
model to predict the change in major wake-shape parameters
for a range of favorable and adverse pressure gradients.
However, the authors did not attempt to quantify the change in
wake-mixing losses engendered by the changes in flow area.

Following closely the work of Hill et al. [1], Smith [2]
considered the effects of wake stretching that occur in axial-
flow compressors when the wake from one airfoil row enters a
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downstream row. Smith used the term “wake recovery” to
describe the reduction in wake-mixing loss that occurs as the
wake fluid stream is contracted, or stretched, and extended the
modeling of wakes to include this aspect. Similarly, Van Zante
et al. [3] reported on their development of a new modesl to
predict wake recovery in compressors. Utilizing a compressor
rig, the authors also presented experimental data illustrating the
effects of wake recovery on stage efficiency levels. They
demonstrated good agreement between their model and the
compressor-specific experimental data. The process of wake-
loss attenuation engendered by stream-tube confraction in
compressors is also covered conceptually by Greitzer et al. [4].

In his landmark paper concermning loss mechanisms in
turbomachinery, Denton [5] discussed the effects of pressure
gradients on wake mixing. Denton presented CFD-based
results clearly demonstrating wake-loss augmentation caused
by adverse pressure gradients (wake compression) and wake-
loss attenuation, resulting from favorable pressure gradients
{wake siretching). In the later part of his report, Denton
presented mid-span entropy distributions from a time-accurate
CFD simulation of a Low-Pressure Turbine (LPT). Denton
concluded from his analysis of the simulation results that,
primarily due to the disparate velocities on the suction and
pressure sides of the simulated LPT airfoils, wakes undergo
stretching in turbines and that losses would be reduced as a
result. This conclusion contradicts the work of Smith [2] who
reported “Wakes are amplified in turbines rather than
attenuated [as in compressors).”

Hoffenberg and Sullivan [6] presenied measured time-
mean velocity and turbulence quantities of wakes passed
through a variable-area diffuser. Although they did not report
loss levels for their decelerated wakes, their results revealed
significant dilation of the wake profiles with the application of
adverse pressure gradients. The authors also performed
numerical simulations of their experimental configuration.
They concluded that while turbulence quantities within the
decelerated wakes were matched reasonably well with both
two-equation and Reynolds-stress turbulence models, the time-/
mean velocity profiles were very well duplicated by beth
classes of turbulence modeis.
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Hodson and Dawes [7] provide a detailed discussion of the
interpretation of measured turbine cascade losses with }:nstga.ldy
rod-generated wake passing. The authors presented pitch-wise
experimental loss distributions of a cascade at midspan that
revealed unexpectedly high losses incurred on the suction side
of the passage in the core flow. This region of elevated loss
was linked to unsteady losses associated with wakes convecting
through the cascade passage. Hodson and Dawes reported that
the mixing losses of the rod-generated wakes could be as much
as doubled, relative to constant-area mixing, as the wakes
passed through the cascade. :

An assessment of wake mixing in turbine blade rows was
presented by Rose and Harvey [8]. A wake-mixing-loss model
was developed based on a canonical diffuser study such as that
employed by Denton [5]. The model was vahd&md‘ by
comparison to a single time-accurate simulation of a high-
pressure turbine vane wake passing through a blade row. The
authors reported that it was through a “differential work”
mechanism that wake losses are attenuated in both turbines and
compressors. So, while Smith [2] conjectured (in part based on
his own thinking about the differential enthalpy extracted from
the wake versus the freestream) that wake-loss modification
trends are opposite in turbines and compressors, Rose and
Harvey present the alternate view that the trend (attenuation) is
the same, regardless of the direction the work takes as it crosses
the control surface.

Recently, Praisner et al. [9] presented measured efficiency-
versus-span data from a four-stage commercial LPT rig along
with steady and time-accurate transitional CFD predictions.
Their results demonstrated that the time-accurate simulation
matched the data closely and provided the highest fidelity
prediction. They also found that the steady simulation,
conducted with a mixing-plane model, predicted significantly
higher (less accurate) absolute levels of efficiency at all span-
wise locations. It was suggested that the lower, more accurate
results of the time-accurate simulation were primarily a result
of increased losses in the core flow, due to wake-mixing effects
not captured in the steady simulation.

There is consensus in literature that flow-area changes can
attenuate or augment wake-mixing losses. Also, it is accepted
that wake losses are attenuated in compressors. However, there
is contradictory information in the open literature conceming
the effect of downsiream rows on wake-mixing losses in
turbines. Moreover, there is limited turbomachinery-specific
experimental data that directly addresses this phenomenon. So,
the primary goals of the current work were to:

e Determine if turbine wake losses are attenuated or

augmented in downstream rows.

¢ [solate the salient geometric features that drive the

alteration of wake mixing in turbines and compressors.

¢ Quantify the impact of wake mixing on turbine

mmance.

Where possible, existing experimental data was augmented by
computational studies to address the aforementioned goals.
However, wake-mixing loss variations due to downstream rows
arise from unsteady effects and are relatively small (they will
be shown to be of the order 10% of the loss of a typical LPT
row). As a result, experimental evidence, such as that
presented by Hodson and Dawes [7], of this small unsteady loss
source is limited. Consequently, much of the work presented
here is from analytical and computational work.

NOMENCLATURE
A Flow area
ADP  Aerodynamic Design Point
Wake half width
Chord
' Wind tunnel height
Wake segment length
Low Pressure Turbine
Mach number
Mixed-Out quantity
Normal direction
Pressure
Reynolds number
Stream-wise distance
Steady simulations
Velocity magnitude
Wake Velocity Ratio
Circumferential or cross-wake direction
Zweifel load coefficient
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Flow angle relative to axial direction
Circulation
Efficiency
Airfoil pitch
Vorticity
Total pressure loss coefficient

Superscripts/Subscripts:

Wall units

Freestream

Degrees

Referenced to row inlet
Referenced to row exit

bs Absolute reference frame
Passage between airfoils
Relative reference frame
Static conditions

Total (stagnation) conditions
Referenced to upstream conditions/location
Wake centerline

Axial direction
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FUNDAMENTAL STUDIES

Steady-state and time-resolved turbine flow fields were
predicted using the 3-D RANS code described collectively by
Ni [10], Ni and Bogoian [11], and Davis et al. [12]. Numerical
closure for turbulence is obtained via the k- model (Wilcox
[13]) or the Baldwin Lomax [14] mixing length model. An O-
H grid topology was employed with approximately 40,000 grid
points per passage for two-dimensional simulations and
approximately 600,000 grid points per passage for three-
dimensional simulations without tip clearance. These grid
counts provided essentially grid-independent solutions with
values of " of the order 1 and approximately 7 grid points per
momentum thickness, In steady mode the code is accurate to
second-order in space, multi-grid techniques are used to obtain
rapid convergence, and a mixing-plane model is employed at
each inter-row boundary. To account for losses generated by
the mixing of flow distortions, the exit flow field from each
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row is circumferentially “mixed out” by a control-volume
analysis that assumes a constant-area condition for the mixing
process. The resulting 1D span-wise profiles are then passed
into the downstream row. When run in time-accurate mode, the
code employs implicit dual time stepping to solve for the
periodic, unsteady flow field, and a sliding grid interface exists
at inter-row boundaries. The code is accurate to second-order
in space and time, and multi-grid techniques are used for the
inner sub-iterations,

The results from simulations of wakes mixing under
constant, and variable-area conditions are shown in Figure 1.
The simulations were setup to simulate the experimental work
of Hoffenberg and Sullivan [6] in which a flat plate was
employed to generate a wake that was passed through a
variable-area diffuser. Hoffenberg and Sullivan [6] considered
only wake dilation (compression along the wake length} in their
experimental study. As in their original report, the profiles
shown in Figure 1 have been scaled by the velocity at the
leading edge of the plate. The pertinent flow conditions were;
Rec=4.5x10%, Tu;~0.1% and M,=0.1. Here C refers to the plate
length. It is convenient to introduce the Wake Velocity Ratio
(WVR), which is defined as:

wvr=22 (1)
M

where the right-hand side of Equation 1 is the ratio of the exit-
to-inlet free-stream velocities related to the stream-wise
distance over which the area change occurs. While a low-order
parameter, it will be shown that ¥R is useful for comparing
geometrically simple cases with more complicated cases that,
for example, include unsteady wake chopping as well as work
extraction. Note that WFR is also called the de Haller
coefficient [15] when used to indicate the velocity ratio across a
passage in a compressor. A new term is adopted here because
it is used with respect to the level of velocity variation, and
hence dilation or contraction experienced by an airfoil wake in
its own frame of reference as it propagates through a
downstream blade row. By contrast, the de Haller number is
used to indicate a velocity ratio across an airfoil row in the
frame of reference of the local airfoil row.

e ©  DatsWVR=1.0 E
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Figure 1. Comparisons of measured and predicted wake

profiles exposed to constant- and variable-area mixing. Results

for a WVR level of 0.7, analytically imposed on the predicted

WVR=1.0 wake shape, are also shown.

The constant-area mixing condition of Hoffenberg and
Sullivan [6] was modeled with both the two-equation model

and the mixing-length model. The results plotted in Figure 1
show that the mixing-length model grossly over-predicts the
peak velocity deficit in the wake. This is an inherent limitation
of any mixing-length model because non-wall-bounded flows
are modeled as laminar. As a result, the spreading/mixing rate
of wakes is significantly under-predicted by mixing-length
models. In contrast, the two-equation prediction more closely
matches the data. The higher fidelity prediction from the two-
equation turbulence model is primarily a result of the wake-
mixing process being modeled as a turbulent one.

Simulation results for the WFR=0.7 condition (increasing
arca) are also shown in Figure 1. Because of the low fidelity of
the mixing-length model for wake flows, only the
computational results from the two-equation turbulence model
are shown for this condition. It is seen that the predicted wake
profile for the compressed-wake condition matches the data
from Hoffenberg and Sullivan [6] nearly as well as for the
constant-area mixing condition. Most importantly though, the
mixed-out loss of the compressed wake (WFR=0.7), both
measured and predicted, is 50% higher than that of the baseline
wake exposed to constant-area mixing.

In order to isolate potential-field effects from viscous
effects, the predicted wake-shape from the case with W¥'R=1.0
was, by employing the Bernoulli and continuity equations,
analytically exposed to an area increase equivalent to
WVR=0.7. This process of taking the partially mixed constant-
area (W¥R=1.0) wake profile from the exit and super-imposing
a reduced WVR level assumes that the mixing process in the
wake is minimally impacted by the pressure gradient. The
results of this study, shown in Figure 1, demonstrate that the
inviscid application of the pressure gradient causes the wake
shape to be altered in a manner that matches the data nearly as
well as the fully viscous simulation results also shown. This
demonstrates that the dominant mechanism in wake-loss
augmentation caused by flow divergence is an inviscid dilation
of the stream tubes that comprise the wake. Van Zante et al. [3]
drew a similar conclusion conceming the propagation of wakes
through their compressor rig. :

The numerical simulations of Hoffenberg and Sullivan [6],
which employed two-equation and Reynolds-stress turbulence
models, all matched the measured wake profiles essentially as
well as the results presented here. Hoffenberg and Sullivan
also found that if the area change applied to their wake was
large enough, flow reversal, or wake bursting, occurred, and as
a result wake characteristics became more difficult to
accurately predict with CFD (Reynolds-Average WNavier
Stokes) simulations. Therefore, up to the point of wake
bursting, CFD simulations, performed with at least the fidelity
of a two-equation turbulence model, can provide reasonably
accurate predictions of this phenomenon, Based on these
results, controlled numerical experiments were conducted to
identify the salient physical phenomena that govern wake
mixing in turbomachines.

Figure 2 shows schematically the setup for a numerical
study on the impact of flow-area changes on wake losses in
compressible-flow regimes. A baseline wake was generated by
passing flow over a NACA 0012 symmetric airfoil at zero
incidence. Flow area was varied downstream of the airfoil by
symmetric variation of the endwalls. Care was taken to énsure
that the inlet (to the variable-area section) wake profiles were
identical for all WVR levels considered. The span-wise
dimensions in Figure 2 are exaggerated to show the shape of
the endwalls. The actual inlet span for the calculations was set
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at 0.02 cm with a slip boundary condition held for the ent?wails,
The dimension labeled s,, represents the stream-wise distance
between the trailing-edge plane of the upstream row and the
leading-edge plane of the downstream row while the dimension
labeled Spus represents the stream-wise distance within a
downstream row passage. The flow oonditiuns; for the
calculations were as follows: C,=3.4cm, Rep,=1.5x10°, M=0.4,
s,p=1.3cm, and Sp,=3.4cm. These values approximate the
stream-wise distances and flow conditions that exist in the
LPTs of typical commercial engines, while the NACA 0012
airfoil represents the wake generating row and the endwalls
impart the WFR of the downstream row in which the wakes
mix. The chord of the NACA 0012 airfoil was scaled to
provide a wake that approximated typical LPT wake
characteristics at design conditions.

/’;H"d—
Wake genermting
WACA 0012 airfail B
_:—"-'_F'-'-F'_F

-

Figure 2. Schematic illustrating the setup for numerical study of
wake mixing under variable-area conditions.

Figure 3 is a plot of wake-loss modification relative to the
constant-area mixing case (WVR=1.0) as a function of WVR.
Here loss is defined as follows:

E = ;m[‘_.}_i.:ﬂh“_ﬂi (2)
al

where the pressures are mass averaged, MO indicates a mixed-
out quantity, and stations / and 2 are taken at the inlet and exit
to the diffuser section (labeled Spy in Figure 2). Wake-loss
maodification is defined as the difference in wake-mixing loss
between the WFR=1.0 case and cases with WFR=1.0. Note that
the baseline wake-mixing loss for the WFR=1.0 case in Figure
3 is 0.15. The results presented in this figure reveal that for
WVR levels below 0.5, wake-mixing losses can increase as
much as 100% or more above the baseline constant-area level,
Also, the asymmetry of this plot about W¥R=1.0 indicates that
wake loss augmentation (WVR<1.0) can be significantly more
pronounced compared to wake-loss reductions (WVR=1.0).
This asymmetry in wake-loss characteristic is consistent with
results presented by Denton [5] and Rose and Harvey [8] based
on analytically exposing an idealized square wake to a range of
favorable and adverse pressure gradients. Finally, additional
numerical studies revealed that the wake-loss behavior shown
in Figure 3 is a weak function of Reynolds number.

One may note that the wake-loss augmentation for the case
shown in Figure 1 with WFR=0.7 is 50% above constant-area
mixing loss, while the wake-loss augmentation for the same
WFR level in Figure 3 is approximately 30%. The higher

wake-loss augmentation for the results shown in Figure 1 is a
consequence of the area'velocity change being applied to the
wake immediately at the trailing edge of the flat pl_a:c (8,=0.0
in Figure 2). The velocity gradients are highest in the wake
near the trailing edge and little mixing loss has yet to be
incurred. So, for a given WFR level, mixing-loss augmentation
is highest when flow dilation is applied to a newly formed
wake.

0.3
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Figure 3. Wake-oss modification as a function of Wake
Velocity Ratio (WVR) for the endwall-variation simulations.

TURBINE-SPECIFIC APPLICATIONS

Up to now the discussion has concerned primarily the
effects of wake compression achieved by the application of
adverse pressure gradients, whereas turbine designers and
analysts typically think of vanes and blades as flow accelerators
in the local reference frame. The range of WFR<1.0 in Figure 3
is labeled “Turbines,” based on results such as those shown in
Figure 4, This figure shows instantaneous mid-span entropy
distributions from a time-accurate simulation of an LPT. Time-
mean wake-fluid trajectories (in the wake-generation reference
frame) through the downstream row have been overlaid in this
figure for clarity. Comparison of the flow area change (labels
A; and A4;) between the two wake trajectories illustrates the
dilation of the flow through the second row. In this case, the

o, o Lk = - 3
Figure 4. Instantaneous entropy distributions with time-mean
wake paths from a time-accurate simulation of an LPT.
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flow dilation represents nearly an 80% increase in flow area
and is imparted mainly by work being extracted from the flow
by the second row in the wake-generation reference frame. No
information has been given as to which row is the blade and
which the vane in Figure 4 because the wake-trajectory
behavior shown is the same regardless. That is to say, vane
rows dilate blade wakes and blade rows dilate vane wakes.

While one normally analyzes the flow through a turbine
passage in the frame of reference of the local airfoil, what is
important in this context is the effect of the downstream airfoil
on the wake in the frame of reference where the velocity defect
was generated. In other words, because wake-mixing losses are
generated by mixing between low- and high-momentum fluid
streams in the vicinity of the wake, the wake-generation
reference frame is the appropriate frame for analyzing this
phenomenon. For example, consider the effect of downstream
blades on the wakes from stationary vanes in the absolute
frame. In Table 1, a portion of the velocity triangle data
presented by Cherry and Dengler [16] for the GE E" LPT is
given. For all five stages of the LPT, the flow accelerates
through the vane row from an inlet Mach number of order 0.4
to an exit Mach number of order 0.6. Then, the flow passes
through a downstream blade row with a consequent decrease in
the absolute Mach number. Since each blade row extracts
stagnation enthalpy from the flow, it follows that the blade row
has decreased the local velocity substantially from the level
obtained at the exit of the upstream vane. Similarly, if one
considers the effect of a downstream vane row on the flow
velocity exiting a blade row in the rotor-relative frame, the
effect is the same: the vane row decelerates, or dilates the
blade-exit flow in the rotating reference frame. So, the
discussion of the effect of a diffuser on a wake velocity profile
is indeed germane to the case of flow through a turbine.

Table 1. Inlet and exit Mach numbers for the GE E® LPT from

Cherry and D&n_g_ler [16].
Vane Blade Blade Blade
Stage Mz ane My M: i Mz ges

1 0.63 0.43 0.60 0.38
2 0.63 0.41 0.62 0.39
3 0.64 0.40 0.65 0.39
4 0.58 0.34 0.60 0.35
5 0.53 0.32 0.50 0.33

Smith [2] was the first to argue, on the basis of both
potential flow theory and the energy equation, that a turbine
blade row acts to increase the velocity defect across a wake
emanating from an upstream vane. Adamczyk [17] and
Greitzer et al. [4] have in turn discussed Smith’s view of the
physical process in more detail, and their arguments can be
understood with reference to the two-dimensional flow depicted
in Flgureds. Because the wake propagation through the blade
passage is assumed inviscid, no fluid crosses the wake
b-uunda.ljr_as the wake convects. And, because the flow is also
assumed incompressible, Kelvin's circulation theorem applies
to a closed loop that passes through the wake centerline and the
suction-side boundary of the velocity defect. Invoking Stokes'
theorem, the flux of vorticity through the area enclosed by the
IWI?. remains constant as the wake propagates, and Equation 3
applies:

r =f{z-a d.4=ﬁ|a')|;i.4 3)

Since the area integral involves only the vorticity magnitude,
which is in the span-wise direction for this 2-D flow, coordinate
axes can be chosen arbitrarily along and normal to the axis of
the wake centerline. Assuming the wakes are rectangular, as
did Smith, and assuming that the velocity profile across the
wake half width is linear {a rough approximation consistent
with the wakes shown in Figure 1), gives:

]

r=‘[u1@={yqﬁ nA (4)

; b
In Equation 4, dy is an infinitesimal distance normal to the
wake centerline, b is the wake half-width, / is the wake height,
and ¥y and V, are the velocities at the edge of the wake and
along the wake centerline, respectively. Applying Equation 4
at the two locations demarcated in Figure 5 gives:

[Vw'Vw}2= [Vw_pw};il‘lrl!z {5]

Figure 5. The development of a wake through a downstream

row of airfoils. The idealized view of Smith [2] is shown applied
to the wake half width.

So, as the streamlines converge through the turbine passage, the
length of the wake segment subsequently decreases, and the
velocity defect across the vane wake intensifies. The results of
this simple analysis due to Smith are in keeping with the effects
deduced by considering the propagation of a velocity defect
through a diffuser. However, since the latter viewpoint
suggests the simple correlating parameter of the WVR, it was
adopted exclusively for the remainder of this work. This is not
to say that the unsteady nature of the flow through a turbine
row imparts an identical level of loss augmentation as the
steady flow through a diffuser with the same WVR level.
However, it will be demonstrated that loss increases
engendered by both forms of flow dilation are essentially the
samme.

To study the details of wake mixing within downstream
rows in turbines, two-dimensional “stages™ were designed with
systematically varied WVR levels for the second row. As
illustrated in Figure 6, a flat plate was employed to generate
moving wakes upstream of the vane row. For the plates, a five-
to-one elliptical leading edge and circular trailing-edge shapes
were employed while the plate thickness was set to match the
trailing-edge thickness of typical commercial LPT airfoils. As
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in the endwall study, the lengths of the wake-generating plates
were scaled to provide wake profiles that approximated those
from typical in-service LPTs at design conditions. The axial
spacing between the two rows was initially set at half the axial
chord of the second row, although subsequent simulations
involved variable spacing in order to study that effect on wake-
mixing losses.

Flat Plate Wake

Generating row
Figure 8. Schematic representation of the setup employed to
study the mixing of wakes in a multi-row environment.

The wariation of WFR for the stage calculations was
accomplished by adjusting the design exit flow angle of the
second row while maintaining the loading convention (e.g.
front- versus afi-loaded) in three separate studies;

1) Holding the Zweifel load coefficients (Zw) constant for
all three WVR levels and running with the second row
as a vane (stationary).

2) Holding the Zweifel load coefficients constant and
running with the second row as a blade (rotating).

3) Holding the airfoil pitch (1) constant while allowing the
Zweifel load coefficients to vary (second row as vane).

The primary design parameters of the second row for studies 1
and 2 are shown in Table 2. In the third, constant-pitch vane
study, the pitch was held to the W¥'R=0.56 level shown in Table
2. The inlet flow angle and Mach number were maintained for
all of the stage simulations at 43.0 degrees and 0.4 respectively
while the Reynolds number based on the vane axial chord was
held at 1.5x10°. Wake velocity ratio (WVR) is defined here as
the exit-to-inlet velocity ratio across the second row in the
reference frame of the wake-generating row.

Table 2. Design parameters for the second row of the stage
calculations. All dimensions are in cm.

B B G T 2w  Tuming
WVR=065. 430 590 254 249 126 102°

WVR=0.56: 430 568 254 225 126 100°
WVR=0.46. 430 520 254 196 1.28 g5°

The computational interface plane was placed midway
between the two rows, or, 0.25C, upstream of the second row.
The pitch of the wake-generating flat plates was set to match
that of each airfoil design in order to simplify running of the
time-resolved simulations. Consequently, for studies 1 and 2,
wake-passing frequency varied (by approximately 10%) with
each WVR level considered. For the third study, where the
airfoils were redesigned to all have the same pitch, the Zweifel
load coefficients varied by approximately 10% between
designs. Finally, the wake shapes generated by the upstream

plates were compared for all stage calculatioris and found to be
very nearly identical.

Each stage was first run in steady mode with the boundary
layers modeled as fully turbulent and employing the mixing-
plane model to transfer flow quantities between the two rows.
In this mode, wakes do not pass into the second row: instead,
they are mixed-out at the inter-row interface assuming a
constant-area mixing condition. Each stage was also run in
time-accurate mode with the boundary layers modeled as fully
turbulent. The time-accurate simulations were performed with
100 time steps per cycle and 10 inner iterations per time step.
The simulations required approximately 8 cycles to converge to
a periodic solution,

Figure 7 is a plot of predicted row-loss augmentation levels
as a function of WFR for the three stage studies performed.
The term “row-loss augmentation” is used here instead of
“wake-loss augmentation™ because the losses presented in this
figure also include variations in boundary-layer generated
losses on the airfoil. Also included in Figure 7 is a plot of
predicted wake-loss augmentation from a series of endwall-
variation simulations such as that depicted in Figure 2.
Surface-distances, Reynolds number, and inlet Mach number of
the stage calculations were all matched for the endwall-
variation simulation results shown in Figure 7. The initial (pre-
dilation) wake profiles were also matched to those of the stage
simulations by using the same wake-generating flat plate.

Row-loss augmentation was established for the stage
calculations by subtracting the steady airfoil (second row) loss
from the time-mean loss of the time-accurate simulation, where
the two losses are defined as follows:

£ =100 (Fy=Fioso) (6)
i
‘:n =100 ['Prl' = F;:—m] (7

In each relation MO indicates a mixed-out pressure, all other
pressures are mass averaged, subscripts / and 2 denote the inlet
and exit to the vane row respectively, and quantities in the
relative reference frame of the second row were employed.

050
045 ~g— Endwall Simulations of Stage Setups i
b P -rsmaﬂmumm.ﬁwim‘u'm_
g oo Stge Fesults, Zw=const, Row 2 &s Blade
038 | —3—5tage Results, T=const, Row 2 as Vane
lwl:t::n:t
i 4 :
Gz}
Lomp
"T;m 1
wn ok
ans b
oo - 1
o3 04 05 o8 i} [+1] og 10
WVR
Figure 7. Loss augmentation as a function of WVR for endwall-
vanation and stage calculations. {

The steady row losses, {sr, obtained in the constant-loading
stage calculations with W¥R levels 0.46, 0.56, and 0.65 were
1.24, 1.50, and 1.66 percent, respectively. These loss levels,
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taken together with the results shown in Figure 7, indicate that
row losses were increased by 6 to 22 percent for the WVR
levels considered here. Time-mean suction-side boundary layer
momentum deficits were compared to the result from the steady
simulations and found to experience no more than a 7%
increase. Variations of the pressure-side boundary layer
parameters between steady and time-averaged time-accurate
results were comparatively negligible.  Considering the
fractional contribution of the suction-side boundary layers to
the total row loss, a maximum loss contribution of 0.04 percent
is attributable to increased boundary-layer loss. Also, a
comparison of steady and time-mean wall-shear distributions
revealed variations of less than 5% over the airfoil surface.

The results for the three stage studies (constanti-loading
vane, constant-loading blade, and constant-pitch vane) shown
in Figure 7 reveal similar trends and loss-augmentation levels.
These results support the thesis that flow dilation within the
downstream row, caused by work extraction in the wake-
generating reference frame, results in enhanced mixing losses.
This phenomenon occurs for both vane wakes passing through
blade rows and blade wakes passing through vane rows.

Additionally, the results shown in Figure 7 from the three
stage studies also exhibit the same trend and similar loss-
augmentation levels as the results from the endwall-variation
simulations. This agreement in wake/row-loss augmentation
between the stage and endwall-variation simulations
demonstrates that, although the unsteady kinematics of wake
chopping and advection present in the stage calculations appear
complicated, wake-mixing loss is primarily affected by the
gross flow dilation or coniraction imparted by the row of
downstream airfoils.

In Figure 8 the steady and time-averaged entropy
distributions for each WFR level considered in the stage study
with constant-loading vanes are shown. The entropy increase
relative to the inlet state was calculated using Gibbs® equation
at each computational node for each time step, and the results
were then time-averaged. In the time-averaged distributions, a
region of elevated entropy (relative to the steady results),
biased to the suction-side of the passage, is evident for all three
WV¥R levels. Hodson and Dawes [7] reported a similar
augmentation of measured loss levels on the suction side of a
cascade passage when unsteady wakes were introduced. This
region of elevated entropy was reportedly linked to wake fluid
migrating toward the suction side of the passage as the chopped
wake segments were convected through the passages.

For all three WFR levels shown in Figure 8, the time-mean
entropy elevation begins just downstream of the leading-edge
plane of the passages. This is consistent with the wake fluid
responding to an increase in flow area imparted by the second
row {a vane in this case) as it begins to turn the fluid. Entropy
can be seen to accumulate through the passage (just above the
suction-side boundary layer) until the trailing edge, after which
the entropy levels remain relatively constant with axial
distance. This trend is consistent with flow dilation taking
place only within the passage as the flow is tumed by the
downstream row. As a last note related to Figure 8, time-mean
entropy distributions for the constant-loading blade and
constant-pitch vane studies were similar to those shown in
Figure 8.

Figure 9 shows time-mean wake paths (in the wake
reference frame) superimposed on instantaneous distributions
of entropy for the time-accurate simulation with WFR=0.56
from the constant-loading vane study. It can be seen from the

Steady

Time-mean

WAR=065

Figure 8. Comparisons of steady and time-mean entropy
distributions from the constant-loading stage simulations.

wake paths that the wake fluid begins to tumn immediately upon
entering the passage of the second row. The accumulation of
wake fluid on the suction side is evident in this figure and is
consistent with the results presented in Figure 7. This
phenomenon of wake fluid migration toward the suction side of
the passage is also consistent with the experimental and
computational works of Hodson and Dawes [7], Korakianitis
[18), and Stieger and Hodson [19] for turbine-specific
configurations.

As mentioned previously, Rose and Harvey [8] developed
a model for predicting wake-mixing losses that included the
effects of passing through blade rows, They validated their
model by comparing their predicted trends to results from a
time-accurate CFD prediction of a vane wake passing through a
blade row at a single instant in time. Comparisons were made
to instantaneous mid-span, pitch-wise distributions of entropy
at the inlet and exit of the blade row. In Figure 9 two instants
in time for which one could compare inlet and exit pitch-wise
entropy distributions across this airfoil row are indicated by ¢;
and ¢; (i.e. if one considers small changes in time to translate to
small variations in distance). The pitch-wise averaged entropy
at ¢; is found to be significantly higher than at ¢; because a
segment of wake fluid is included in the t; average and not in
the t; average. In fact, the instantaneous loss across the airfoil
row shown in Figure 9 experiences a minimum that is negative,

J..-I:f £ ; ‘i—- i, "3 o "h"'q,E

/4 £od .'..Ii' e i i
Figure 9. Instantaneous entropy  distributions
superimposed time-mean wake paths (in the wake-genaration
reference frame) for the stage simulation with WVR=0.56.
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while the peak instantaneous loss level is more than two times
the time-mean level. So, because wakes are segmented by the
downstream row, a variety of conclusions might be drawn
concering wake-mixing behavior in downstream rows if the
entropy change across the downstream row is evaluated in an
instantaneous sense. Also, the CFD code utilized by Rose and
Harvey employed a mixing-length turbulence model, a class of
turbulence model which was earlier shown (Figure 1) to be
particularly deficient in predictive capabilities for wake flows.

For the constant-loading vane case with WVR=0.56, the
inter-row stream-wise distance, 5,,,, was varied to investigate its
effect on wake mixing in a multi-row environment. For this
study, the row interface plane (mixing plane in the steady
simulations) was maintained at 0.25C, upstream of the vane
leading edge. Figure 10 is a plot of row-loss augmentation as 2
function of 5,,. One can see from this figure that row-loss
augmentation can be decreased dramatically with increased s,
The reduction in row-loss augmentation with increased s,, is
primarily a result of additional (relative to the baseline case
with s,,=0.5C,) mixing of the wakes occurring before entering
the vane row. On the other hand, Figure 10 demonstrates that
as s,, is decreased, row-loss augmentation increases because
the wakes are less mixed upon entering the downstream row.
This is of course opposite the trend typically reported for
subsonic compressors [3, 4].

.25

0.00 . . : .
0.2 0.4 08 08 10 12
S, (Fraction of C)

Figure 10. Row-loss augmentation as a function of stream-wise
distance between stage rows.

To investigate if the airfoil loading convention, i.e. front or
aft loading, plays an important role in the mixing of wakes in
turbines, the airfoil with WFE=0.56 was redesigned to be
distinetly front loaded. The row-loss augmentation for the front
loaded airfoil was predicted to be minimally higher (0.01%)
than for the original design. This is consistent with the concept
that a less mixed-out wake will realize a larger loss
augmentation for a given level of WFR because the front loaded
design turns the flow earlier in the passage than the original
design, where the incoming wakes are less mixed.

In summary, it has been demonstrated that the first order
parameter govemning wake-loss modification in axial-flow
Furh'mes and compressors is the gross level of velocity change
imparted by the row of downstream airfoils. Quantification of
the gross velocity change, or W¥'R, of the downstream row can
only be realized by considering the velocity gradient across that
row in the wake-generation reference frame. However, the
results presented here demonstrate that wake-loss augmentation
in turbines is not only a function of W¥R. Two additional key
parameters that govern how a wake mixes in a downstream row

are the state of mixing of the wake as it eniers the downstream
row, as well as the stream-wise distance over which the
velocity decrease due to work extraction occurs.

As the effects of wake-loss augmentation have not been
quantified for practical applications, the following section
attempts to illustrate the impact of this phenomenon on the
performance of LPTs through the use of rig data and
simulations.

ENGINE APPLICATIONS

Evaluation of LPT rig efficiency data in the context of
wake-mixing losses is shown in Figure 11. The data and time-
accurate simulation results are the same as those presented as
“Rig B" results in Praisner et al. [9] with the addition here of
the steady simulation results, The transition-modeling
capability reported by Praisner and Clark [20] and Praisner et
al. [9] was employed for these rig simulations. Use of a
transition modeling capability is important here because it
allows for useful comparisons to be made with the data
(absolute values), which are from a rig run at conditions where
the boundary layers cannot be considered fully turbulent. Also,
although these simulations were performed with tramsition
modeling, there were no suction-side boundary layer
separations, and hence, one would not expect wetted losses to
change appreciably between steady and time-accurate
conditions as a result. Finally, it should be noted that the
simulation results presented here included simplified geometric
modeling of the endwalls, which results in the over-prediction
of efficiency levels at the extreme span-wise locations.

The time-mean results from the time-accurate simulation
shown in Figure 11 provide more accurate prediction of
efficiency levels between approximately 5 and 95 percent span
compared to the steady simulation. Similar to the results
presented by Praismer et al. [9], the predicted integrated
efficiency drops 0.8% between the steady and time-accurate
simulations for this rig. This level of efficiency drop is present
even at mid-span, well away from endwall effects.
Comparisons of steady and time-mean boundary layer
parameters revealed small variations, again indicating that a
mechanism for core-flow loss enhancement was at the root of
the difference. In Figure 11 it can also be seen that the
efficiency lost to unsteadiness is highest in the span-wise
regions between 5 and 25 percent and 75 and 90 percent span.
This is thought to be a result of: 1) span-wise mixing being

- 1%
£
o
=
w
2
g A Rig Data
= —— Steady Transitional CFD
= . Time-mean Transitional CFD
Ao Rt
o 20 40 80 80 100

Ll

Percent Span

Figure 11. Efficiency-versus-span data with steady and time-
accurate transitional CFD predictions for an LPT rig.
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more accurately captured in the time-accurate simulation, and
2) the greater fraction of the flow occupied by distortions, such
as the passage vortices generated in endwall regions (see Payne
et al. [21] and Walraevens and Gallus [22]).

While the LPT presented in Figure 11 realized a 0.8%
efficiency debit attributable primarily to enhanced wake-mixing
losses, other LPT designs have been found to produce as much
as a 1.5% drop in efficiency associated with enhanced wake-
mixing losses. As in the results reported in Figure 11, for the
case with a 1.5% efficiency drop the time-resolved simulation
was the most accurate. It is worth noting that this large loss in
efficiency is attributable to incremental loss increases in each
row (due to mixing loss enhancements) across the numerous
rows (up to 14) that comprise an LPT. Since efficiency
degradation due to wake-loss enhancement is roughly
proportional to the number of airfoil rows, one might expect it
to be significantly smaller for high-pressure turbines.

Figure 12 is a plot of predicted row-loss augmentation (as
defined by Equations 6 and 7) compared with W¥R levels for
two embedded stages of an LPT rig. Comparison of the WVR
levels and wake-loss augmentation befween rows is only valid
here because the Mach numbers and stream-wise distances
between rows are essentially the same for the four rows
considered. In Figure 12 the inverse relationship between WI'R
and row-loss augmentation is clearly evident. However, more
importantly, the losses of each vane and blade row increase as a
result of enhanced wake-mixing losses. This is consistent with
the stage-simulation results presented in the previous section in
which both vane and blade rows were shown to increase the
mixing losses of wakes passing through them.
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0.25 0.70
020 085
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Figure 12. Row-loss augmentation compared to WVR levels for
four rows of an LPT,

As the Mach numbers and stream-wise distances of the
stage-simulations (Figure 7) are similar, by design, to those in
the rig considered in Figure 12, a comparison of loss
augmentation levels between the two is presented in Table 3.
Here a least-squares fit of the stage-simulation results was
employed to interpolate the results between Figures 7 and 12.
From Table 3 it is clear that the row-loss augmentation levels
and trend from the rig simulation are in good agreement with
the wake-loss augmentation levels and trend shown in Figure 7.
The systemically higher row-loss augmentation levels realized
in the rig simulation are thought to be primarily a result of the
larger level of flow distortions (wakes Plus passage vortices,
endwall boundary layers, etc.) per passage in the three-

dimensional simulation compared to the two-dimensional
simulations that capture only wakes. That is to say, any
velocity gradient, whether it comprises a voriex sheet such as a
wake, or a passage vortex generated in an endwall region, will
experience increased mixing losses when convecting through a
downstream row in a turbine.

Table 3. Comparison of rig and stage-calculation row-loss

augmentation levels for each row of the rig.
Stage Simulations __ Rig simulation
Row 3, WWR=0.68 0.09% 0.11%
Row 4, WVR=0.70 0.09% 0.10%
Row 5, WVR=0.63 0.12% 0.14%
Row 6, WvR=0.51 0.21% 0.25%

CONCLUSIONS

An investigation has been conducted into the behavior of
wakes mixing though downstream rows in turbomachines.
Basic experimental data, analytical and numerical studies, and
low-pressure turbine rig data were employed to study the
phenomenon of wake mixing in downstream rows. It was
shown that the dominant mechanism in the alteration of wake
mixing caused by free-stream velocity changes is an inviscid
dilation or contraction of stream tubes. The simulation code
employed in this study has been shown to capture this effect
with a good degree of accuracy by comparison to experimental
data. Numerical studies of realistic wake profiles revealed that
the detrimental effects of wake dilation on wake-mixing losses
are significantly more pronounced than the benefits of wake
recovery engendered by wake contraction.

Experimental and numerical results have been presented
which demonstrate that in turbines, wakes are dilated within the
immediate downstream row, be it a blade or a vane. A simple
parameter, the wake velocity ratio, has been employed to
isolate the effects of downstream rows on the wake-mixing
process.  Additionally, the loading convention of the
downstream row has been shown to be of secondary importance
in determining the impact of downstream-row geometry on
wake losses. A more dominant geometric parameter is the
stream-wise distance between rows: larger stream-wise distance
results in better performance because the wakes mix more
before they experience the dilation imparted by the downstream
row.  Additionally, comparisons between rig data and
simulations indicate that dilation of flow distortions, such as
wakes and endwall vortices, can contribute up to 1.5 percent of
lost efficiency in low-pressure turbines.

Future work might include the development of a reduced-
order model of wake-loss augmentation for implementation in
preliminary design methods such as meanline predictive tools
or for modification of a mixing-plane formulation in steady
CFD simulations,
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