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Measurements and
Characterization of Turbulence
in the Tip Region of an Axial
Compressor Rotor

Modeling of turbulent flows in axial turbomachines is challenging due to the high spatial
and temporal variability in the distribution of the strain rate components, especially in
the tip region of rotor blades. High-resolution stereo-particle image velocimetry (SPIV)
measurements performed in a refractive index-matched facility in a series of closely
spaced planes provide a comprehensive database for determining all the terms in the
Reynolds stress and strain rate tensors. Results are also used for calculating the turbulent
kinetic energy (TKE) production rate and transport terms by mean flow and turbulence.
They elucidate some but not all of the observed phenomena, such as the high anisotropy,
high turbulence levels in the vicinity of the tip leakage vortex (TLV) center, and in the
shear layer connecting it to the blade suction side (SS) tip corner. The applicability of
popular Reynolds stress models based on eddy viscosity is also evaluated by calculating
it from the ratio between stress and strain rate components. Results vary substantially,
depending on which components are involved, ranging from very large positive to nega-
tive values. In some areas, e.g., in the tip gap and around the TLV, the local stresses and
strain rates do not appear to be correlated at all. In terms of effect on the mean flow, for
most of the tip region, the mean advection terms are much higher than the Reynolds stress
spatial gradients, i.e., the flow dynamics is dominated by pressure-driven transport. How-
ever, they are of similar magnitude in the shear layer, where modeling would be particu-
larly challenging. [DOI: 10.1115/1.4037773]

Introduction

Substantial effort, too large to summarize in a single paper, has
already been made to characterize the structure of Reynolds
stresses in turbomachines. Reviews covering different generations
of modeling efforts are summarized, e.g., in Refs. [1-4]. While
computational fluid dynamics (CFD), especially Reynolds-
averaged Navier—Stokes (RANS) simulations, have become the
primary tool for characterizing the flow in turbomachines, they
raise questions about the applicability of the Reynolds stress mod-
els involved, and their impact on the flow dynamics [5]. The
impact of different models has been assessed by comparing simu-
lation results with experimental data at varying scales and levels
of details, ranging from the blind CFD tests in the early 1990s [6]
to recent comparison between particle image velocimetry (PIV)
data and simulation results [7,8]. Several observations have been
made, such as the required empirical tuning of constants [6], pos-
sible generation of negative normal stresses and associated realiz-
ability issues [9], the so-called stagnation point anomaly [10],
model-dependent predictions [8,11], and turbulence anisotropy in
contrast to k—¢ models [8]. The latter could be resolved, e.g., by
using full Reynolds stress transport models, or resort to large eddy
simulations (LES). Application of fully resolved direct numerical
simulation is not feasible at the present time, especially for indus-
trial applications. Hence, as suggested in Refs. [5] and [12],
RANS predictions need to be validated and calibrated based on
experimental data.

Modeling of tip leakage flows is particularly challenging, where
measured trends do not necessarily agree. For example, Lakshmi-
narayana et al. [13] show that turbulence at the tip region is
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dominated by radial velocity fluctuations, presumably due to cen-
trifugal effects, while experiments [14,15] and LES [16,17] in a
linear cascade show higher wall-parallel velocity fluctuations. The
cascade studies also show that shear is the dominant contributor to
turbulence production around the tip leakage vortex (TLV). A
recent comprehensive stereo-PIV (SPIV) data obtained in an axial
waterjet pump by Wu et al. [18-20] show a very complex spatially
nonuniform turbulence anisotropy, and both normal contraction/
extension and shear contribute to turbulence production. These
measurements have been performed in a refractive index-matched
facility enabling unobstructed measurements of all the Reynolds
stresses and terms affecting the turbulence production. The pres-
ent paper extends this effort by examining the Reynolds stresses,
parameters affecting them, and their relation to the strain rate ten-
sor in the tip region of an axial compressor introduced in recent
publications [21-29]. They provide detailed information about the
formation, rollup, and breakup of the TLV, associated instabilities
and mechanisms affecting the onset of stall [29], as well as the
effects of flow rate and tip gap size on the tip region flow structure
[28]. Here, the focus is the properties of turbulence in a selected
midchord volume, where measurements performed in a series of
closely spaced planes provide all components of the Reynolds
stress and mean strain rate tensors. Specific reasons for the turbu-
lence anisotropy are identified, followed by analysis of the
stress—strain rate relations, and applicability of eddy viscosity-
based models to the rapidly changing spatially varying strain rate
field in the tip region. While the mean flow dynamics is domi-
nated by the balance between acceleration and pressure gradients
for most of the sample area, the spatial gradients in Reynolds
stresses have comparable magnitudes in high shear regions,
emphasizing their significance.

Experimental Setup

All the measurements have been performed in the JHU refrac-
tive index-matched facility discussed in detail in several recent
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publications, e.g., see Refs. [24] and [29]. Unobstructed optical
access to the flow passages is achieved by using casing and blade
rows made of transparent acrylic, and a fluid that has the same
refractive index (1.49). This concentrated (62-63% by weight)
aqueous solution of sodium iodide (Nal) has a specific gravity of
1.84 and a kinematic viscosity of 1.1 x 10~® m%/s in the relevant
temperature range of 20-25°C. The fluid properties, mean pres-
sure, and pressure drop in the loop are monitored and controlled
[24]. As illustrated in Fig. 1(a), the current compressor model
consists of a row of inlet guide vanes (IGV) with 20 blades, a rotor
with 15 blades and a stator with 20 blades. The blade shapes are
derived from the first one and a half stages of the LSAC facility at
NASA Glenn research center [22-24,30,31], but have a lower
aspect ratio to facilitate measurements in the liquid. Relevant geo-
metric parameters are provided in Table 1. The rotor blade inves-
tigated in the current study has a relatively large tip clearance of
2.4 mm, corresponding to 2.3% of blade chord length or 5.5% of
the blade span. This tip clearance is determined directly by meas-
uring the distance between the casing and blade tip from the PIV
images, since a slight mismatch in refractive index leaves faint
traces of the solid boundaries. The effects of tip clearance on the
flow structure and distributions of turbulence intensity are dis-
cussed in previous papers [27,28]. The blade rows are housed in a
thick transparent acrylic casing, with five flat surfaces allowing
optical access from multiple views. All the tests discussed here
have been performed at 480 RPM, resulting in the tip speed and
Reynolds number specified in Table 1. A long channel upstream
of the IGV is aimed at generating a nearly fully developed turbu-
lent channel flow at the entrance to the test section. The measured
velocity fluctuations, 12.7 mm upstream of the IGV and away
from the wall, have a spatially averaged rms value of about 3.7%
of the blade tip speed. This level is much lower than typical values

Table 1 Geometric parameters of the test section

Casing inner diameter, D (mm) 457.2
Hub diameter, d (mm) 365.8
Rotor diameter, Dg (mm) 453.6
Rotor passage height, L (mm) 45.7
Rotor blade chord length, ¢ (mm) 102.6
Rotor blade axial chord length, ¢4 (mm) 53.5
Rotor blade span, H (mm) 439
Rotor blade stagger angle, y (deg) 58.6
Nominal tip clearance (mm) 1.8 (1.75%c)
Measured tip clearance, 7 (mm) 2.4 (2.3%c)
Shaft speed, Q (rad/s) {RPM} 50.27{480}
Rotor tip speed, Ut (m/s) 11.47
Reynolds number, Urc/v 1.07 x 10°
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measured in the blade tip region, as discussed in the Turbulence
Intensity and Anisotropy section.

The machine performance is quantified using the static-to-static
pressure rise coefficient, yss=Ap/(0.5pU3), and the flow rate
coefficient, ¢ =V,/Ut. Here, Ap is the pressure rise across the
entire compressor measured using taps located upstream of the
IGV and downstream of the stator. The flow rate is measured by
translating a Pitot tube across the pipe in the return line and inte-
grating the velocity profile. The uncertainties in pressure rise and
flow rate measurements are about 1.2% and 1.7%, respectively
[29]. The performance curve for current tip gap size is provided in
Fig. 2, where the condition selected for the present study,
¢ =0.35, is highlighted.

The data used in this paper are part of a large database obtained
using SPIV for a smooth endwall casing. The experimental setup
is shown in Fig. 1(b). The sample volume selected for the present
analysis is illustrated in Fig. 1(c). It consists of a series of 11
closely spaced meridional planes centered around the chord frac-
tion s/c=0.437, and separated by A0=3.6 x 10~* rad, corre-
sponding to a circumferential distance between planes of
0.081 mm (A(s/c) =9.2 x 1074) at the casing and 0.071 mm at the
bottom of the field of view [29]. Here, s is a linear chordwise
coordinate, with s/c =0 located at the tip leading edge. The SPIV
measurements are performed using a 1 mm thick, 200 mJ/pulse
Nd:YAG laser sheet for illumination and a pair of PCO® 2000,
2048 x 2048 pixels, interline transfer cameras with 105 mm
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Fig. 2 Performance curve for the compressor with tip clear-
ance of h/c=2.3% and a smooth endwall. The operating condi-
tion for the present analysis is highlighted by a circle.
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macrolenses for imaging. The lenses are inclined to the cameras
by the Scheimpflug angle, and the sample areas are viewed
through external prisms. The time delay between pulses is 20 us.
The flow is seeded with silver-coated, hollow, spherical glass par-
ticles, with an averaged diameter of 13 um and a specific gravity
of 1.6, slightly lower than that of the fluid. The image acquisition
is synchronized with the rotor orientation using a shaft encoder.

Calibration of the SPIV images based on the two-step proce-
dure of Wieneke [32] and image enhancement are discussed in
Refs. [24] and [33]. The velocity is calculated using the commer-
cial software LaVision® DaVis to conduct multipass cross-
correlations with a final interrogation window of 32 x 32 pixels
and 50% overlap. The field of view is 21.3 x 28.8 mm?, and the
vector spacing is 0.161 mm. Hence, the circumferential distance
between planes is smaller than the in-plane vector spacing, facili-
tating 3D calculations of mean flow parameters [18,19,34]. One
should note that the current vector resolution is not fine enough to
resolve details of the boundary layers, but is capable of capturing
the spatial variations of flow and turbulence parameters away
from the walls. For each plane, the database consists of 2500 stat-
istically independent instantaneous velocity distributions. The
uncertainty in instantaneous velocity is about 2% [19,20,33,35].
Ensemble averaging reduces the uncertainty in mean velocity to
about 1/+/2500 of the instantaneous values [28]. Ensemble-
averaged velocity, vorticity, and Reynolds stress components are
calculated for each plane using the 2500 realizations. A second-
order central difference scheme is used for calculating the in-
plane gradients of flow variables. A comparison of this approach
to the results of a fourth-order central difference scheme shows
agreement in the flow patterns, with less than 5% difference in
magnitudes for most of the flow field, and 10-20% differences in
regions of particularly high velocity gradients, e.g., the pressure
side (PS) tip corner. The differences can be directly attributed to
the limitations in spatial resolution in such areas. However, the
circumferential derivatives (0/00) are calculated using second-
order polynomials fitted to the data points across multiple planes
to alleviate the effects of jitter while matching the data obtained
in different meridional planes.

Results and Discussion

The database obtained from ensemble averaging consists of
spatial distributions of mean flow kinematic parameters and turbu-
lence quantities. The former includes all components of velocity,
vorticity, and strain rate tensor. The latter includes all the Reyn-
olds stresses, and most (but not all) of the terms in the transport
equation for turbulent kinetic energy (TKE) and Reynolds
stresses. Some of these terms, e.g., the turbulence diffusion rate,
involve third-order terms of the velocity fluctuations. They are
presented in this section to elucidate trends in the TKE evolution,
but a detailed investigation of their dynamics is beyond the scope
of the present paper. A cylindrical coordinate system (r, 0, z) is
used throughout this paper, with the origin located on the shaft
centerline, and z=0 and 0 =0 coinciding with the blade tip lead-
ing edge. Results are presented using r*=(r —0.5d)/L for the
radial direction. Also, the analysis is performed in a rotating refer-
ence frame fixed to the blade, i.e., the blade rotation speed is
already subtracted from the measured circumferential velocity.

Velocity and Vortical Structures in the Tip Region. The evo-
lution of flow structures in the tip region of the present machine
has been presented in multiple previous publications [24-29].
Hence, only features that are relevant to the analysis of turbulence
properties are discussed briefly here. Figure 3(a) illustrates the 3D
velocity distribution around the blade tip using a perspective view
to highlight the variations in U, superimposed on the in-plane
velocity vectors (U, U,). The distributions of all three mean vor-
ticity components, (w,), (wg), and (w,), are provided in Figs.
3(b)-3(d), respectively. Characteristic relevant features can be
summarized as follows: As the tip leakage flow passes through the
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tip clearance and rolls up into a TLV, it creates a complex 3D
structure that involves all three vorticity components, but (wg) is
dominant (Figs. 3(b)-3(d)). Second, a shear layer with high (wy),
which is bounded by the backward leakage flow above and the
forward main passage flow below, connects the TLV to the blade
suction side (SS) tip corner (Fig. 3(c)). Near the SS tip corner, the
axial and radial variations in Uy result in an elevated (w,)<0, and
the formation of two layers with opposite sign (w.) (Fig. 3(d)),
respectively. Third, elevated (w,) with the expected signs can be
observed in the boundary layers along the SS and PS of the blade
(Fig. 3(b)). A boundary layer with (wy)<0 can also be seen along
the casing endwall (Fig. 3(c)). Finally, as observed in a series of
other axial turbomachines [19,20,36] as well as this compressor at
different flow rates and tip gap sizes [26-29], a region with low
circumferential velocity (protruding out in Fig. 3(a)) is located
radially inward from the TLV center. The area of this region
grows with s/c [26], and it represents a body of fluid swirling in
the same direction of the blade, making it an integral part of the
blade-induced blockage. The TLV center, as defined by the distri-
butions of (wy), is located in a region with sharp radial gradients
in Uy, resulting in (w.)<0. At low flow rates and in the aft part of
the passage, the low U, area covers large portions of the tip
region, and the associated velocity relative to the blade becomes
very low. Propagation of associated instabilities also causes the
onset of stall [29].

Turbulence Intensity and Anisotropy. The TKE distribution
(Fig. 4(a)) is obtained by summing the three Reynolds normal
stresses (Figs. 4(b)—4(d))

k=0.5((?) + (ul?) + () M

where the primes denote fluctuating quantities. Evidently, the tur-
bulence is elevated in the vicinity of the TLV center and the shear
layer connecting it to the blade SS corner. The TKE peak at
the center corresponds to an average velocity fluctuation
(v/(1/3)(uful)) of the order of 0.16Ur, a significant fraction of
which is associated with the interlacing large-scale vortical fila-
ments [36]. Although their magnitudes and spatial distributions
vary, these phenomena have appeared in all of the tip flow meas-
urements that we have performed to date [25-29]. Hence, the
present paper focuses on the dynamics involved and associated
modeling issues. Common and distinct features in the distributions
of TKE in the tip region for different tip gap sizes and operating
conditions have already been discussed in previous papers
[27,28]. However, for comparison purpose, two samples of TKE
distributions, one for the narrow gap rotor (h/c =0.49%), but the
same flow coefficient, and the other for the same tip gap, but at a
lower flow rate (¢ =0.25), are provided in Figs. 5(a¢) and 5(b),
respectively. In Fig. 5(a), the narrow gap results also show high
turbulence in the TLV and in the shear layer, in agreement with
the wide gap trends. They also indicate that the turbulence is ele-
vated around the point of endwall boundary layer separation, in
contrast to Fig. 4(a). For the narrow gap, the TLV entrains the
negative {wg) originating from the endwall boundary layer, and
creates a negative vorticity layer that surrounds the TLV. Con-
versely, for the present wide gap, although the boundary layer sep-
arates from the endwall, it remains largely above the TLV, and
generates a significantly lower turbulence level [28]. Also, the
delayed rollup and breakup process of the TLV for this wide gap
[28] confines the associated high TKE region to the vicinity of the
TLYV and the blade SS corner at the current s/c. In contrast, for the
same geometry, but at a lower flow rate corresponding to the pre-
stall condition (¢ = 0.25 [29]), the turbulence level in Fig. 5(b) is
substantially higher due to earlier TLV breakup, and the develop-
ment of large-scale backflow vortical instabilities [28,29] that
propagate from one blade to the next across the tip gap. These
instabilities increase the TKE along the blade PS, in the tip
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clearance, and even the SS of the next passage. Consequently, the
turbulence level is much higher over the entire tip region under
the prestall condition. The size and intensity of the vortical

|

(a)

Fig. 3 (a) A perspective view illustrates the three-dimensional
ensemble-averaged velocity distributions using vectors for
the in-plane velocity (U,, U,), as well as elevation and con-
tours for the out-of-plane velocity (Uy) in a rotating reference
frame. The vectors are diluted by 3:1 in the z-direction for
clarity. A white dot marks the TLV center. (b)—(d) Distributions
of the ensemble-averaged radial, circumferential and axial vor-
ticity, respectively. The dashed lines follow the locations of
zero values.
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instabilities diminish, but do not vanish at ¢ = 0.35, resulting in a
low TKE along the blade PS (Fig. 4(a)).

The spatial distributions of three Reynolds normal stresses
(Figs. 4(b)-4(d)) show strong anisotropy, a common phenomenon
for axial turbomachines, e.g., see Refs. [8], [18], and [19]. How-
ever, the dominant components are not necessarily the same [18].
Here, (u’z) peaks in the shear layer, with a lower but elevated level
in the TLV center, and («/?) dominates in the vicinity of the TLV
center. The latter trend is consistent with Lakshminarayana et al.
[13]. Elevated (u’é) locates near the SS tip, and near the TLV cen-
ter, but its magnitude is significantly lower than the other two
components (note the difference in the scales). As in the

0.01

0.17

0.27

Z
/cA

Fig. 4 Distributions of (a) TKE and three Reynolds normal
stresses, (b) (u'2), () (u'?), and (d)(u2)for ¢ =0.35 and hic
= 2.3%. The white contour lines show the distribution of ().
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assessment of RANS solvers by Liu et al. [8], full Reynolds stress
transport models might be able to predict the existence of anisot-
ropy around the TLV while most commonly used models assume
isotropy, which is clearly incorrect for tip flows. The realizability
of the Reynolds stress tensor has been assessed by calculating the
eigenvalues and three invariants of the anisotropy tensor at every
point, and by examining the spatial distribution of the anisotropy
states based on how they fall in the “Lumley triangle” [37-39].
Results (not shown) demonstrate substantial spatial variability,
but with some persistent trends. For example, turbulence domi-
nated by one component occurs in the shear layer, nearly isotropic
conditions appear in the main passage flow under the TLV, and
two components with comparable magnitude appear in the high
Uy region. Addressing this topic in detail is deferred to future
papers.

Turbulence Production and Transport. The anisotropy of
normal stresses should be attributable to a significant extent to the
differences in their production rates

P.. = 2[(UHO.U, + (W0, U, + r " (ulu))0pU.]  (2)

P, = —2[(ld)0.U, + ()0, U,
+ (uul)(r ' 0pU, — r~"Up) — (uup)r—"Up] + 4Q(uu})
(3)

P()() = 72[(u’zu§,>8zUo + <M:.M;;>8,~U0
+ (W) (7 QU + 7" Uy) + ()™ Ug) — 4Q(uuy) - (4

0.03
0 0.02

z/c, 013

0.04 0.06

0.16

0.26 0.36

Z,
/cA

Fig. 5 Distributions of TKE for (a) ¢ = 0.35, h/c = 0.49% and (b)
¢ =0.25, hic =2.3%. The white contour lines show the distribu-
tion of (wy).
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These terms can be calculated completely by the present data. Use
of a rotating reference frame adds additional terms to the produc-
tion rates of (1/2) and ('3), the magnitude of which depends on Q.
However, this Coriolis force effect is canceled for the production
rate of TKE [18]

P =0.5(P, + P, + Pp) )

Hence, the effect of rotation is to redistribute the turbulence
energy among three normal stresses terms [1,40]. Instead of show-
ing the total production terms, we opt to display the distributions
of the most dominant contributors to each term and discuss the
physical processes affecting them. The main contributors to the
production of (i'?), ('), and (i/}) are plotted in Figs. 6(a) and
6(b), 6(c) and 6(d), and 6(e) and 6(f), respectively. In measure-
ments performed in a linear cascade [14,15], the dominant terms
in TKE production are associated with the gradients of streamwise
velocity. In the present compressor, the gradients of radial veloc-
ity are also major contributors to the production rate (Figs. 6(c)
and 6(d)). Several phenomena are evident. First, consistent with

the distribution of (1/2), high shear production (—2(i/.u/,)d,U.)
occurs in the shear layer due to the large 0,U. there (Fig. 6(b)).
Although the effect of this term is partially canceled by the nega-
tive region of 72(u’_§>8ZUZ shown in Fig. 6(a), corresponding to
streamwise extension, the shear production still dominates. The

peak of (i 2) near the SS tip corner corresponds to combined
effects of axial contraction (—2<u/f)8zUz > 0, Fig. 6(a)), the domi-
nant term, and shear production (—2(u’,/,)0,U.).

Second, interestingly, Figs. 6(b) and 6(c) indicate that the TLV
center is affected by two shear production terms of similar shapes
and magnitudes, but with opposite signs. The first, —2(u’,u/,)0,U.
is positive and affects P_., and the second, —2(u/,1/,)0.U, is nega-

tive and affects P,,. Since they share the same Reynolds shear
stress term, their net effect is a transfer of energy
from () to (%) in a flow domain where the circumferential vor-
ticity (wg)=0.U, — 9,U. is high and the corresponding shear strain
rate is low, consistent with being located near the vortex center.
Hence, this energy transfer is inherent to being located in a high
vorticity region where the Reynolds stress is high. Similar trend
has been found in other turbomachines [18]. Such an energy trans-
fer might be able to explain the weak but distinct peak
of ('?) near the TLV center, in contrast to the high («/?) there.
Furthermore, the sink for (1’ ,2) (—2(u',u',)0.U, <0) is largely bal-
anced by a bigger radial contraction source term —2(14’,2.)(9,,U,. near
the vortex center (Fig. 6(d)). The radial contraction is also high in
the shear layer, where it is not opposed by other terms.
Yet, (u'?) is low there indicating that other transport terms are
involved. Interestingly, near the TLV center, —2(u/>)d.U. (Fig.
6(a)) and —2(u/ %}6,U, (Fig. 6(d)) are divided into four quadrants
and have opposite signs since stretching of one velocity compo-
nents co-occurs with contraction of the other. Hence, they par-
tially cancel each other in the TKE production (but not
components). Similar patterns have been observed in the LES of
linear cascades [16].

Third, consistent with the much weaker (i'3), its production
terms (Figs. 6(e) and 6(f)) are significantly smaller than those of
the other components. The main contributor is the circumferential
shear production, —2(u/',u},)0,Uy, shown in Fig. 6(e). However,
there are also obvious places where trends of the stress and the
production are quite different. For example, both main contribu-
tors cannot explain the high (u’z) around the SS tip corner, indicat-
ing that either transport terms or pressure-driven intercomponent
transfer from the other terms are important. Also, the present cir-
cumferential contraction term (Fig. 6(f)) is very small. However,
as shown for another axial pump [18], this term is significant dur-
ing TLV breakup, which, for the present machine, occurs at higher
s/c [28]. In summary, several trends in the spatial nonuniformity
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and anisotropy of Reynolds normal stresses can be explained by
examining the corresponding local production rate terms. How-
ever, some of the trends are inconsistent, requiring a more com-
prehensive examination of the entire transport equations,
accounting for the effects of advection by mean flow, turbulent
diffusion, pressure—strain correlation, and dissipation.

The evolution equation for TKE can be written as

Ok=M+P+A+T+M—¢ (6)

where I1 is the pressure diffusion, A is the mean-flow advection
rate, T is the turbulent diffusion rate, M is the viscous diffusion
rate, and ¢ is the dissipation rate. They are defined as follows:

M= —p™ @.4p'ul) + 0,p'ul) + 7 ()
+ ' 0p(p'up)) @)

A = —(U.0:k + U,0vk + r~ ' Ugdypk) ®)

T = —0.5(0:(qu) + 0, (qu.)

+r N aqug) + 7 0u(quy), (g = +u? ) (9)

M = uvVk 0% i) 10
- v Ox;0x; 10
& =2v(S;S}) (11)

Of these terms, the present data cannot be used for calculating IT.
However, recently introduced techniques, which involve time-
resolved 3D velocity measurements, are already being used for
calculating the instantaneous pressure distributions in simpler tur-
bulent flows [41-45]. Also, the spatial resolution of the present
data is not sufficient for calculating ¢ without significant attenua-
tion. Hence, in the following analysis, it is denoted as ¢*. Distribu-
tions of P, A, T, ¢*, and M are provided in Figs. 7(a)-7(e),
respectively. Figure 7(a) demonstrates that the production rate is
positive and high in the shear layer, and in parts of the TLV cen-
ter. These trends are consistent with the distribution of TKE in the
shear layer, but only in part for the TLV center. In some areas, P

is negative, e.g., below the shear layer. Such a phenomenon might
occur under nonequilibrium conditions, e.g., when the direction of
mean strain rate changes rapidly, and the turbulence does not
respond fast enough. As an example, we have shown that it occurs
around the leading edge of a rotor intersecting an IGV wake [46].
For the present machine, the region containing the TLV and the
shear layer involves rapid spatial variations in flow directions (see
Fig. 3(a)). Hence, the associated strain rates vary significantly
along the path of vortical filaments entrained into the TLV. It
begins with axial extension (S..>0) and radial compression
(S,-<0) along the shear layer, but switches to radial extension
(S,->0) and axial compression (S.. < 0) when the leakage flow
meets the passage flow and separates. Then, the filaments travel
through a region with radial compression and axial stretching
while following the passage flow, followed by another change in
normal strain rate direction to radial stretching and axial compres-
sion when the blade SS is approached. Since these changes occur
over a short distance, it is unlikely that equilibrium conditions
could be reached. As shown later, the shear strain rates also vary
significantly in space and as a result, their magnitudes and signs
are not always consistent with those of the shear stresses, also
contributing to the nonequilibrium condition and generation of
negative production rates in certain areas.

The advection by mean flow term shown in Fig. 7(b) has com-
parable order of magnitude as P. The high advection rate is mostly
associated with axial (—U.d.k) and circumferential (—r ' Uydgk)
transport. The latter is affected by performing the analysis in a
rotating reference frame, and its values are not necessarily high in
a stationary frame. The turbulent transport term (Fig. 7(c)) is ele-
vated in the TLV and the shear layer, but is for the most part
smaller than P or A. Around the TLV center, this diffusion term is
divided into four quadrants. Further decomposition (not shown)
shows comparable contributions from all the four terms involved
in Eq. (9), but with differences in spatial distributions and signs.
As one might expect, in regions of high TKE production, e.g.,
near the TLV center and the SS corner, the mean advection and
turbulent transport terms are negative, implying that the turbu-
lence is transported to other areas. The viscous diffusion term M
(Fig. 7(e), note the difference in scales) is significantly smaller
than the aforementioned ones.

Accurate estimation of the dissipation rate from experimental
data is challenging, especially in the inherently inhomogeneous

0.8 T + -
0.07 0.17 0.27 0.37 0.07 0.17

z/c .

0.27 0.37 0.07 0.17 0.27 0.37

Fig. 6 Dominant terms in the production rate of Reynolds normal stresses: (a) —2<u’§>azuz (QU%)“, (b) —2(u,u,)o,U,
(QU2)™, (0) —2(u, 1)U, (QU2) ™, (d) —2(u?)d,U, (QUZ) ", (€) —2(u,u})d,Uy (QU2)™", and (f) —2r " (1) dpU, (QUZ) ™
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turbomachinery flows. Several factors affect the accuracy of typi-
cal methods, most importantly a spatial resolution of about two
Kolmogorov length scales are required for fully resolving the
small-scale velocity gradients [47,48]. A coarser resolution rap-
idly attenuates the dissipation rate. For the current study, the spa-
tial resolution of the measurements is much larger than the
Kolmogorov length scale. Also, some of the instantaneous out of
plane derivatives are missing, requiring an assumption of small-
scale isotropy [49]. Therefore, ¢* based on Eq. (11) is highly
underestimated, resulting in a production rate that is 50-100 times
higher over a broad area. In well resolved systems, they should
have similar magnitudes.

As mentioned earlier, the pressure diffusion term is not avail-
able for the present database (future studies will). However, some
of the trends of the pressure diffusion term could be roughly esti-
mated from a balance involving the other terms. Neglecting the
unsteadiness caused by the IGV wakes (which is questionable),
the TKE is time-independent in the rotor reference frame
(0,k=0). Hence, I1 can be estimated from

—II"'=P+A+T+M-—¢" 12)
where the IT* is added to denote the effect of the underestimated
e*. The result is plotted in Fig. 7(f). In the shear layer, —IIx
changes sign from high positive values in the upper part, which
originates from the production rate, to high negative values in the
bottom half, which originates from the mean advection. One
should also notice that if the same analysis would be performed
using a much higher and more realistic dissipation rate (which is
always positive), the negative region in Fig. 7(f) would expand,
and could not be balanced by any other term except for pressure
diffusion. High levels of pressure—velocity correlations, hence
pressure diffusion, should be expected for a flow impinging on a
solid wall [42].

A Discussion on the Eddy Viscosity Models. The availability
of the complete Reynolds stress and mean strain rate tensor ena-
bles direct validations of the eddy viscosity concept and associ-
ated models. The first possible approach for evaluating the eddy

viscosity (vt) is based on the turbulence production term [50],
namely,
P = —(u:uj’)SU = 2VT7PS,‘]‘S,*I‘ (13)

The distribution of vt p, provided in Fig. 8, displays substantial
spatial variation both in sign and magnitude. Particularly, high
positive values are measured around the TLV center due to the
high production rate and unmatched levels of strain rate there.
Conversely, in the shear layer, the strain rate is substantially
higher, resulting in a much lower vt p. In the tip gap, the eddy vis-
cosity is largely negative, with particularly high values above the
blade tip and along the endwall, both due to low strain rates there.
The eddy viscosity is also negative along the PS and SS of the
blade. Existence of a negative eddy viscosity, an obvious indicator
of nonequilibrium conditions, is not considered in the turbulence
models applied in common CFD practices.

The eddy viscosity can also be obtained from the stress—strain
rate relation directly

2
Ri)[)’ = —(u;uk) + gkauﬁ = 2VT,0<BSOCIJ’ (14)

(Greek letters indicate no summation.) As a demonstration of its
extreme variability and inconsistency, Fig. 9 shows the distribu-
tions of three shear strain rates, the corresponding Reynolds shear
stresses, and the resulting eddy viscosity values obtained for each
component. Numerous observations can be made from these plots.
For instance, the high negative S,. and —(&/.«/,) in the shear layer
result in a high shear production rate (Fig. 6(b)) and a positive
vr,.. However, in other areas, the values of eddy viscosity change
sign and fluctuate over many orders of magnitude. In particular,
around the TLV center, the shear strain rates are distributed in a
spatial pattern of four quadrants with opposite signs, but the Reyn-
olds shear stresses do not have a similar pattern, indicating lack of
functional correlation, which results in sharp variations in sign
and magnitude. One obvious example is the positive S,y and nega-
tive —(u'.u/p) in the TLV center, resulting in high negative eddy
viscosity in this area.

Following Schmitt [51], one can use the ratio indicator pgg,
defined as

Fig. 7 Terms in the transport equation for TKE: (a) production rate, (b) advection by mean flow, (c) turbulent transport, (d) dis-
sipation rate (underestimated), (e) viscous diffusion, and () P+ A+ T+ M —¢*
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Fig. 8 Distribution of production-based eddy viscosity.
Dashed contour lines follow the locations of zero values.
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to evaluate the correlation between S;; and the deviatoric part of
the Reynolds stresses Rll.j). . The result is shown in Fig. 10. When
there is a good correlation between the two tensors, the value of
Prs approaches 1, and when the correlation is poor, it approaches
zero. As is evident, far from the tip region, in the area occupied
by newly arriving main passage flow, S;; and Rfj? are indeed well
correlated. Conversely, the correlation either fluctuates signifi-
cantly or has near zero values in significant fractions of the tip
region, strongly suggesting that the eddy viscosity concept, which
assumes local equilibrium conditions, is inherently improper for
modeling the Reynolds stresses in the rapidly strained tip region.
Modeling of each of the Reynolds stresses individually using
RSM might lead to more reasonable predictions, as confirmed by
Uzol et al. [7] and Liu et al. [8] for turbomachinery flows.

One of the questions associated with the present analysis
involves the impact of the Reynolds stresses (properly or improp-
erly modeled) on the mean flow dynamics. One possible approach
is to compare the divergence of the measured Reynolds stresses to
the distributions of mean flow advection. As an example, Fig. 11
compares the distributions of (U - V)U, to that of (V - RP)_. One
should note the difference in scales. Evidently, for most of the tip
flow, the mean flow advection is an order of magnitude larger
than the corresponding Reynolds stress divergence, indicating the
dominance of advection and pressure gradients. However, as the
ratio between them (Fig. 11(c¢)) indicates, the Reynolds stress
term is of comparable magnitude to the mean flow advection in
the shear layer. Therefore, proper modeling of the Reynolds
stresses would be critical for this region.

Conclusions

High-resolution measurements performed in a series of closely
spaced planes in the tip region of an axial compressor provide a
comprehensive database on the flow structure and turbulence
characteristics there. The latter includes the distributions of all the
components of Reynolds stress tensor, along with parameters
affecting them, such as production, advection, and diffusion rates.
For the current tip clearance and relatively high flow rate, the
TLV and associated region of elevated turbulence remain located
close to the blade SS tip corner, and the flow is not disrupted by
large-scale instabilities. Significant high turbulence levels are
measured in the vicinity of the TLV center and in the shear layer
connecting it to the blade SS tip corner. Decomposition of TKE
into three Reynolds normal stresses reveals high anisotropy, with-
(1'?) peaking in the shear layer, (1/>) dominating the vicinity of
the TLV center, and (' 5) being significantly smaller. Qualita-
tively, similar trends are also observed in other axial turboma-
chines, e.g., see Ref. [18], in spite of variations in the load
distributions. The distributions of corresponding production rate
terms can explain some of the trends. For example, the peak

50

-50

Fig. 9 Distributions of: (top row) mean shear strain rate components; (middle row) Reynolds shear stresses, and (bottom row)
corresponding eddy viscosity: (a) Sy, (b) Sz, (€) Sw, (d) —(u,uL,), (€) = (ujup), (A = (U;u}), (9) v,z (H) V1,0 aNd (1) v, Dashed

lines follow the locations of zero values.
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of (1) in the shear layer is associated with high shear production,
and the elevated (1 ,2) in the TLV center corresponds to high radial
contraction. The axial contraction near the SS tip corner as well as
the radial and circumferential shear production in the vicinity of
the TLV also contributes to the high turbulence level in these
regions. However, some of the trends cannot be explained by the
local production, requiring evaluations of other terms in the evolu-
tion equations of the corresponding stresses. Hence, other terms in
the transport equation of TKE, such as mean-flow advection, tur-
bulent transport and viscous diffusion, are also presented. The
production rate, advection by mean flow, and turbulent transport
appear to be significant contributors. Unfortunately, the present
data do not have sufficient spatial resolution for calculating the
dissipation rate, but it should also be a major component in the
Reynolds stress dynamics. The discussion also leads to the conclu-
sion that the pressure diffusion term, which is not calculated
directly, should also play a significant role around the shear layer,
especially in the region where the TLV-induced flow impinges on
blade surfaces. Recently introduced techniques [41-45], using
time-resolved 3D velocity to calculate the instantaneous pressure
distribution, could be adopted for turbomachinery flows in future
studies.

The applicability of popular turbulence models based on eddy
viscosity is evaluated by several means. Both the production-
based eddy viscosity and those directly estimated from the
stress—strain rate relation reveal high spatial variation in sign and
magnitude. These inconsistencies, along with the existence of sev-
eral flow regions with negative stress production rates, indicate
the prevalence of nonequilibrium conditions, where the Reynolds
stresses and mean strain rates are poorly correlated. Although the
Reynolds stress divergence terms are for the most part much
smaller than the mean advection terms in the RANS equations,
their magnitudes are comparable in high shear region, indicating
the significance of proper Reynolds stress modeling. Such model-
ing is particularly challenging in the tip region. It should be noted
that the present findings do not account for effects of compressi-
bility. Hence, they are relevant to the rear stages of compressors.
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Nomenclature

A = advection rate
¢ = rotor blade tip chord
ca = rotor blade tip axial chord
d = hub diameter
h = width of the rotor blade tip gap
i, j = indices for tensor notation (summation convention
applied)
k = turbulent kinetic energy
L = distance from the hub surface to the inner casing
endwall
M = viscous diffusion rate
p = static pressure
P = production rate
QO = volumetric flow rate
r* = normalized radial coordinate
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RP = deviatoric part of Reynolds stress tensor
r, z, 0 = radial, axial and circumferential coordinates
= rotor blade chordwise coordinate
= strain rate tensor
T = turbulent diffusion rate
Ut = rotor blade tip speed
u,, U, up = radial, axial and circumferential velocity
U,, U,, Uy = ensemble-averaged radial, axial and circumferential
velocity
u.., u., uy = fluctuating radial, axial and circumferential velocity
components
V, = volumetric flow rate divided by the annular through-
flow area
o, f = indices for tensor notation (summation convention
NOT applied)
¢ = dissipation rate
v = kinematic viscosity
vt = eddy viscosity
IT = pressure diffusion rate
= density
= flow coefficient
Wss = static-to-static pressure coefficient
Q = rotor angular velocity
w,, 0., ®y = radial, axial and circumferential vorticity
() = ensemble average
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