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Abstract: A dynamic simulation was launched to research the influence of high-pressure turbine
(HPT) rotor wake passing frequency on the flow mechanism in an integrated aggressive interturbine
duct (AITD). Sweeping rods were adopted to replace the HPT rotors to decouple the influence of its
wake from those of other secondary flows. The diameter of the rods (d/s, nondimensionalized by
the pitch (s) of the integrated struts at midspan) was 0.10, and their reduced frequency (f) ranged
from 0.49 to 1.61. The k-w SST turbulence model and y-8 transition model were adopted for the
turbulence closure. A 6.3-million-node structured grid was used to meet the grid dependency. Along
with increasing f, the intensified circumferential motion of the wake (1) enhances the wake vortex
stretching and exhaustion near the hub; (2) promotes the radial inclination of wakes and elongates
and narrows the wake vortex band, resulting in increased spacing between the adjacent wake vortices
and the weakened vortex interaction. In the high-f cases, the enhanced turbulence intensity in the
interval between the adjacent wakes could suppress the separation bubble on LPT-GV in advance, but
the elongated and narrowed wake vortices resulted in a substantial reduction in the radial extent and
duration of their suppression on the separation bubble. Therefore, the influence of f on the integrated
AITD and its parts was bidirectional, and adjusting the sweeping frequency to balance its positive
and negative effects could minimize the total loss in the integrated AITD.

Keywords: interturbine transition duct; sweeping rods; boundary layer transition; unsteady flow

1. Introduction

The interturbine transition duct (ITD), being designed to connect the low-pressure
turbine (LPT) and high-pressure turbine (HPT) of aeroengines, is an important part that
affects turbine performance. The aggressive interturbine duct (AITD), with larger rise angle,
greater area ratio, and shorter non-dimensional length, is adopted in modern turbofan
engines to further improve aeroengine performance due to its large bypass ratio and
high thrust-to-weight ratio [1-3]. At the same time, the complexity of the axial, radial,
and circumferential pressure gradients in the AITD affects the evolution of its internal
secondary and loss mechanism [3-5].

Upstream wakes have great influence on the flow field in ITD. Dominy et al. [1,2]
simulated the wakes of HPT blades by the plates and found a counter vortex pair near
the casing and hub that was induced by the interaction between the HPT wakes and the
boundary layer of the end wall, affecting the flow angle and the loss distribution at the
ITD outlet. Zhang et al. [3] further revealed the evolution of the vortex pairs in more
detail: the vortex pair around the hub was formed from the low-energy fluid driven by
the radial pressure gradient, while the migration of low-energy fluid accumulated on the
shroud induced the formation of the three-dimensional boundary layer, which further
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developed into a vortex pair around the shroud. Miller et al. [4] attributed the main loss
sources in ITDs to the radial movement and flow mixing between the mid-passage and
casing. Zhang et al. [5] found that the greater area ratio and mean rise angle aggravated the
inverse streamwise pressure gradient and the separation bubble on the casing. Liu [6] and
Liu [7] found that the negative effect of the large rising angle could be offset by modifying
LPT vanes. Norris et al. [8] indicated that the change of curvature and expansion rate,
resulting from the shortening non-dimensional length, was the primary factor influencing
the secondary flow in ITDs. Along with the inlet swirl, the increased effective motion path
of the fluid decreased the pressure gradient on the wall, resulting in inhibition of the flow
separation on the casing [9-11]. Along with the increasing tip clearance of the HPT blades,
the swirling flow around the casing was enhanced at the ITD inlet, which was conducive
to the inhibition of the flow separation on the casing [12-14]. However, the greater tip
clearance caused more total pressure loss in ITD. Schennach et al. [15] proposed that there
is a circumferential location of the LPT-GV for optimizing the effect of its potential flow
and maximizing aerodynamic performance for a particular ITD.

Miller [16] found that the divergence of the flow channel initiated by the struts de-
teriorated the flow separation and the nonsteady flow significantly, resulting in loss aug-
mentation. The design concept of struts integrated in ITD, proposed by Marn et al. [17],
could improve the flow quality at the integrated ITD outlet and also reduce the strut weight
by 20-39%. The aggravated outlet flow uniformity of the integrated ITD [18] could be
improved by adding two splitter blades with zero-loading between the adjacent struts, as
the splitter blades divided the large passage vortices into small ones [19,20]. However, the
flow homogeneity at the outlet was improved at the price of the total pressure loss augmen-
tation. Liu [21] and Xu [22] indicated that the convergence channel of the wide-chord strut
changed the pressure gradient in the radial and circumferential direction in the integrated
AITD, which was conducive to suppressing the flow separation on the shroud and reducing
the flow loss. Liu [23] studied the influence of the integration of strut and LPT-GV on
the ITD and found that the integrated strut changed the loading distribution of LPT-GV,
resulting in the aggravated radial migration of the low-energy fluid in the boundary layer
near the shroud around its trailing edge.

Due to the shorter axial distance, the HPT rotors’ wakes can reach LPT-GV and be used
to inhibit the flow separation on it. The underlying mechanism on how the wake inhibits the
flow separation has been disclosed in cascade wind tunnels [24-26]. However, compared
with the internal flow in cascade, the flow-field in the S-sharped AITD has a stronger
pressure gradient in the counter-axial and radial direction, which unavoidably affects
the propagation and exhaustion of the upstream wake in the AITD. Liu et al. [21,27,28]
investigated the decoupled HPT rotors” wake propagation in an AITD with different FSTI
(free stream turbulence intensity) and Re and found that the wake could periodically
inhibit the boundary layer separation on the integrated LPT-GV of the AITD. Lei et al. [29]
studied the influences of the HPT rotors” wakes with various trailing-edge radii on the
flow mechanism in an integrated AITD. They found that the strong wake could decrease
the pressure gradient in radial direction for the AITD and the circumferential pressure
gradient from the LPT-GV pressure surface to its suction surface, which inhibited the radial
secondary flow and the passage vortex in the integrated LPT-GV, respectively. Based on
these studies, the effect of the decoupled wake’s sweeping frequency on the secondary flow
in the AITD and LPT-GV channels is investigated in this paper.

2. Numerical Methods

The 3D Reynolds-averaged Navier-Stokes (RANS) equations were solved by the
ANSYS CFEX solver coupled with the SST (shear stress transport) k—w model and the y-0
transition model, which can precisely simulate the flow with intense turbulent dissipation
in the high curvature model [3]. In the simulations, the time terms and the convective and
diffusive terms were discretized by the second-order backward difference method and the
high-resolution upwind discrete scheme, respectively.
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2.1. Integrated AITD

We used the integrated AITD model shown in Figure 1a in [29] to study the effect
of the wake sweeping frequency. Table 1 shows the typical parameters of this integrated
AITD and the LPT-GV (Figure 1b). Detailed information about them can be found in [29].

B9

(a) Sketch of AITD (b) Integrated LPT-GV

Figure 1. The integrated AITD [29].

Table 1. Typical geometric information of the LPT-GV and the integrated AITD.

Integrated AITD LPT-GV
Inlet channel height, H (mm) 85 Radius of leading edge (mm) 35
Mean rise angle, 6 (°) 28.08 Radius of trailing edge (mm) 2.5
Inlet aspect ratio, Ryup /Riip 0.656 Inlet metal angle (°) —6
Dimensionless length, L/H 1.97 Outlet metal angle (°) 62
Outlet-to-inlet area ratio, AR 1.34 Stagger angle (°) 35

To isolate the influence of the HPT rotors” wakes, they were replaced by sweeping
rods with a diameter (d) of 4.6 mm, located 0.4 H (H is the inlet channel height of AITD)
in front of the AITD inlet. For the reference condition, the rotating speed of the rods was
185 r/min, and the corresponding reduced frequency (f = frprCx/u.) was 0.90. To study
the effect of the wake sweeping frequency, we also studied cases for f of 0.49, 0.71, 0.90,
1.07,1.34, and 1.61.

To study the flow mechanism in the integrated AITD, the data of 15 sections (B0O-B9,
C1-C5, as shown in Figure 1a) following the flow direction were extracted. Then, the
computing domain inlet (Section BO) was set as the reference plane, the AITD inlet was
defined as Section B1, Sections B2-B6 were approximately perpendicular to the hub and
casing, Sections B7-B9 were located at 0.25Cy, 0.50Cy, and 1.00Cy (Cy, the LPT-GV axial
chord at midspan) downstream of the LPT-GV respectively, and Sections C1-C5 were in the
integrated LPT-GV passage.

2.2. Calculation Scheme

The calculation domain (Figure 2a) included the rotation domain of the sweeping rods
and the static domain of the integrated AITD. The inlet was located 1.5 H in front of the
rod and was set as FSTI = 3% and Re = 71,600 (based on the channel height and velocity at
inlet). The exit plane was at 2.5C, downstream of the integrated LPT-GV and was specified
with the ambient pressure. All wall boundaries were prescribed with no-heat-transfer and
no-slip conditions. The minimum physical time step was At = 0.000065 s [29], and the total
duration of each unsteady simulation was 0.242 s—-0.794 s.



Appl. Sci. 2022,12,11751

40f 15

Sweeping Rods

Static Domain__ 023
0.22

021 F

> o2f
A 019 |
r'/
_— /\\ L
. j\/ 0.18
O Integrated LPT-GVs
o . L T T 8 o ]
Rotation Domain Number of nodes / Million
(a) Computational Domain and Grid (b) Mesh Independence

Figure 2. Calculation domain and grid of the integrated AITD.

Using the Numeca/AutoGrid, an HOH-type structured grid (Figure 2a) was adopted
to mesh the calculation domain [30,31]. Figure 2b shows the change of the total pressure
loss (Y) in the integrated AITD with the number of grid nodes in the case of f = 1.07. When
the number of grid nodes was greater than 5.06 million, the value of Y basically remained
constant. Considering the calculation accuracy and time, the grid with 6.3 million nodes
was adopted for the following simulations. For this selected grid, the node numbers were
552,133, and 73 in the streamwise, spanwise, and circumferential directions, respectively;
the node numbers of the O-type grid encompassing the rod and LPT-GV were 369 and
81, respectively. The Y+ value was less than 1 for all boundary layers, with the first layer
having a thickness of 0.02 mm and a growth rate of 1.15.

2.3. Validation

To verify the above numerical methods, the AITD model, which was experimentally
studied in [22], was simulated in this study. As shown in Figure 3a, this ITD is a typical
aggressive ITD, with a dimensionless length of 2.79, an outlet-to-inlet area ratio of 1.38, and
arise angle of 20.12°. The calculation domain was meshed by the HOH-type structural grid
(Figure 3b) with 4 million nodes, and the Y+ value of all walls was less than 1. According
to the test conditions in the low-speed wind tunnel, the boundary conditions were set
as follows: the inlet velocity was 30 m/s, the inlet turbulence intensity was 4.65%, the
outlet was prescribed by the ambient pressure, and all wall boundaries were set as non-slip
insulation walls.

Figure 3c compares the predicted limiting streamline with the result of oil-flow visu-
alization on the hub near the leading edge of LPT-GV. The numerical simulation results
clearly capture the saddle point (SA) upstream of the LPT-GV leading edge, the horseshoe
vortices (53 and S4) formed by the end-wall boundary layer rolling up, and the lateral
secondary flow moving from the pressure surface to the suction surface in the LPT-GV
passage; the predicted inflow direction, saddle point position, horseshoe vortex shape,
and lateral secondary flow direction are in good agreement with the result of the oil-flow
visualization. Figure 3d compares the simulated wall static pressure coefficient (Cps) with
the experimental ones along the hub and casing of AITD. Overall, the predicted Cps along
the hub and casing agreed with the measured result. However, the predicted Cps on the
hub was slightly higher than the experimental ones near the AITD outlet (close to the 2nd
bend of AITD), and there also were some differences between the predicted Cps on the
casing and the experimental ones in the region of 0.3 < x/L < 0.65 (at the 1st bend of AITD).
This aggressive ITD has a large rise angle and high geometric curvature at the first and
second bends, which correspondingly enhanced the unsteady flow characteristics (such
as separation bubble and secondary flow) on the hub near the 2nd bend and the casing
around the 1st bend. These unsteady flows increased the measurement error of the wall
static pressure coefficients, resulting in the differences with the predicted ones. In general,
this numerical method had high accuracy in predicting the internal flow of the AITD.
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Figure 3. AITD model and results for validation (SA: saddle point; S3 and S4: horseshoe vortices).

3. Results and Discussion

Dynamic numerical simulations were launched for cases of f ranging from 0.49 to 1.61.
This section analyzes the effects of the HPT rotor passing frequency on the propagation
and dissipation of the unsteady wakes in the integrated AITD through detailed analysis of
typical cases of f = 0.71, 0.90, and 1.61.

3.1. Wake Propagation in the AITD

Figure 4 compares the turbulence intensity (T,,) distribution at the midspan of Section
B1-B6. The initial shape of the wakes (as shown in Section B1 of Figure 4) is very similar
under conditions with different reduced frequencies, and the peak value of the turbulence
intensity is almost the same. When propagation is downstream, the wakes also move
clockwise (as following the flow direction) due to the tangential velocity induced by the
rotation of the rods. As shown in Figure 4, the approximate migration of the wakes is
identified by the red and black arrows for the cases of f = 0.71 and 1.61, respectively.
The tangential velocity of the wakes increases with f, and their travel distance in the
AITD passage also increases. As shown in Figure 4, with the journey from Section B1 to
B6, the sweeping wake (red arrow) travels one more pitch of the sweeping rods in the
circumferential direction in the case of f = 1.61 than in the case of f = 0.71 (black arrow).
The increasing travel distance of the wakes inevitably affects their shape and dissipation in
the cases with high reduced frequencies: in Section B5, the adjacent wakes have already
diffused to the contact position in the cases with high f (such as f = 1.61), while there is an
obvious freestream region with low T}, in the case of f = 0.71; in Section B6, by comparison
with the f = 0.71 case, the range of the high T, region increases by 10% span, and its peak
turbulence intensity decreases by 0.73% in the case of f = 1.61. These results indicate that
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the increasing reduced frequency of the sweeping wakes is beneficial to the acceleration of
wake diffusion, interaction, and dissipation.

—
18F f=0.71
18=F=t=— f=1.61

Figure 4. The T, distribution at the midspan of Sections B1-B6 (black arrow: the T, peak (wake
center) trace in the f = 0.71 case; red arrow: the T, peak (wake center) trace in the f = 1.61 case).

Figure 5 compares the time mean streamwise vorticity (Cys) contours of Sections B1-B6
for the various f cases. In Section B1, the initial wake shape is radial, while in Section B3-B6,
the wakes gradually become inclined and the inclination increases with the increasing
f. This is because the tangential velocity induced by the sweeping rods decreases with
the lifting of the AITD channel, but the reduction near the hub is less than that near the
casing due to the conservation of angular momentum, resulting in the tangential velocity
difference in the radial direction and the circumferential inclination of the wakes, as shown
with the red dashed line. Under the coupling effect between the circumferential motion of
the wakes and the radial movement of the low-energy fluid along the wakes from the hub
to the casing [29], the wake vortices near the hub are stretched in Section B3 (as shown by
“Str” in Figure 5). This stretching effect becomes more obvious in Section B4-B6, resulting
in the enhanced dissipation of the wakes in the corresponding regions.
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Figure 5. Time mean streamwise vorticity contours of Sections B1-B6.
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Comparing the cases with different f, the residual vortices near the hub in Sections B5
and B6 decrease with the increasing f: the wake vortices near the hub are almost dissipated
in Section B5 for the f = 1.61 case, while there are still a certain number of residual wake
vortices in Section B6 for the f = 0.71 and 0.90 cases. This means that the increasing f of
the sweeping rod is conducive to accelerating the wake dissipation near the hub, because
it enhances the circumferential motion and stretching effects of the wakes. Along with
increasing f, the promoted circumferential inclination of the wakes increases the spacing
between the adjacent wake vortices and the radial travel path of the low-energy fluid, thus
delaying the wake vortex squeezing and exhaustion in the middle-upper AITD passage. In
the case of f = 1.61, the spacing of wake vortices (marked by “s” in Figure 5) is increased
in the middle and upper regions of Section B5 compared with the other two cases. In
the cases with f < 0.90, there are only a small number of residual wake vortices in the
corresponding area of Section B5, which then almost dissipate in Section B6. However,
in the case of f = 1.61, the clear structures of wake vortices in the middle-upper area of
Section B5 can still be distinguished, and a certain number of residual wake vortices remain
near the shroud in Section B6. On the other hand, with the increasing f, the enhanced
circumferential inclination also elongates the wake vortices, which significantly reduces
their width (marked by “w” in Figure 5). Taking the case of f = 1.61 as an example, the
maximum width of the wake vortices is only 60% of that in the case of f = 0.71.

Figure 6 compares the radial distribution and contours of the Cpy in Section B6 for the
various f cases. Based on the above conclusion, the wake vortex dissipation is enhanced
with the increase of f in the bottom of the passage, so the pitchwise mass-averaged Cpg in
the area with h/H < 0.3 in the high f cases (such as f = 1.61) is lower than that in the low
f cases. Comparing the corresponding regions in Figure 6b, ¢, and d, the area of the high
Cpo contour decreases with the increasing f. In the case of f = 1.61, the wake has almost
been dissipated, so the corresponding region with h/H < 0.3 becomes a uniform low Cpg
area. In the middle-upper area, due to the delayed interaction of wake vortices and their
dissipation in the high f cases, the yellow block representing low total pressure coefficient
decreases with increasing f, as shown in Figure 6b—d.
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Figure 6. Radial distribution and contour of the Cpy in Section B6.

3.2. Influence on Flow Mechanism of Integrated LPT-GV

On the basis of the above conclusion on the wake propagation in various f cases, the
influence of the residual wakes on the unsteady flow mechanism of the integrated LPT-GV
such as flow separation, vortex dynamics, and loss mechanism is analyzed below.
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Figure 7 compares the instantaneous limiting streamline on the integrated LPT-GVs
suction surface in the cases with f = 0.71, 0.90, and 1.61. Att=0.2T and t = 0.4 T, before
the wake center reaches the separation bubble, upon comparing the limiting streamline
in the cases with different f, the size of the separation bubble (between the red separation
Line S and orange reattach Line R in Figure 7) at the same moment decreases with the
increasing f, which means that the separation bubble of the LPT-GV can be suppressed in
advance by increasing the reduced frequency. This is because the turbulence intensity in the
interval between the adjacent wakes (as shown in Section B6 of Figure 6) is promoted as the
wake diffusion is accelerated with increasing f. As the wake center reaches the separation
bubble of the LPT-GV (such as t = 0.6 T and t = 0.8 T in Figure 7), the wake can completely
inhibit the separation bubble in all cases studied in this paper, but the radial range of the
suppression (marked by “W” in Figure 7) decreases with increasing f. This is because the
width of the wake vortex band is narrowed by its enhanced elongating effect in the high f
cases. After the sweeping wakes pass (t = 1.0 T), the separation bubble size recovers to its
original level. The separation bubble of the LPT-GV in the case of f = 1.61 is smaller than
that in the other two cases, which is related to the enhanced turbulence intensity between
adjacent wakes in the high f cases.
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Figure 7. The instantaneous limited streamline on the integrated LPT-GVs’ suction surfaces (red dashed
line: leading edge of separation bubble; orange dotted line: reattachment line; PV@H: passage vortex
near the hub; PV@C: passage vortex near the casing; W: the radial range of the wake suppression).

Figure 8 shows the space-time diagrams of the loss coefficient (£) and shape factor
(Hjp) at the integrated LPT-GVs’ midspan in the cases of f = 0.71, 0.90, and 1.61. Based on
the empirical criterion [24], the wakes’ leading edge (A)/trailing edge (B)/centerline (L), the
transition location (T) and the calm zone bounds (C) are also marked in Figure 8. The Hj,
is defined as the ratio of the displacement thickness to the momentum thickness: a smaller
Hj; generally indicates the boundary layer velocity profile is fuller; on the contrary, a larger
Hj, tends to mean a concave velocity profile, which usually suggests that the boundary
layer separation has occurred [29]. Based on the experimentally verified conclusions,
the boundary layer of LPT has been separated when Hj, > 3.5 [26]. Compared with the
spatiotemporal range of the separation bubble identified by the isoline of Hj, = 3.5 in the
cases of f=0.71, 0.90, and 1.61, the maximum axial dimensions of the separation bubble
are 0.119Cy, 0.116Cy, and 0.101Cy, respectively, while the peak values of Hy, characterizing
the separation bubble thickness are 6.5, 6.45, and 5.75, respectively. This means that the
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separation bubble length and thickness decrease with the increasing f. This is because the
separation bubble size recovered after the wake passes, though is suppressed to a certain
extent by the enhanced turbulence intensity in the interval between adjacent wakes (as
shown in Section B6 of Figure 6) in cases with high f. However, with increasing f, the
duration of the recovered separation bubble increases: in the case of f = 0.71, 0.90, and
1.61, the maximum existence times of the recovered separation bubble were 0.48 T, 0.50 T,
and 0.58 T, respectively. This is because the significantly narrowed wakes band shortens
the time for the inhibition of separation bubbles in cases with high f. Reduction of the
separation bubble length and thickness is beneficial to reduce the loss of the integrated
LPT-GV, but the increased separation bubble duration will raise its loss. This indicates
that adjusting the wakes’ reduced frequency to balance the above two effects is the key to
reducing the profile loss of the integrated LPT-GV.
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Figure 8. Space-time diagrams of the Hyp and ¢ for various cases of f (Line A: right boundary of
wake; Line B: left boundary of wake; Line C: bound of calm region; Line L: wake center trace; Line T:
transition line).

The loss coefficient characterizes the magnitude of the viscous loss in the boundary
layer. As the separation loss is non-viscous loss, the & in the region corresponding to the
separation bubble is small in Figure 8. Along with increasing f, the separation bubble
duration increases, resulting in the increasing width of the green color block (representing
the low &) and the decreasing &. Within the sweeping interval of the wakes (Line A-B),
& increases significantly with the wake-induced boundary layer transition. In the case of
f=1.61, the transition Line T is obviously behind that in the other two cases in Figure 8,
and the yellow and red blocks representing the high ¢ in the high f cases are located
downstream of that in the low f cases, which indicates that ¢, is obviously decreased in the
high f cases. The leading edges of the isoline of & = 0.014 are located at 0.590Cy, 0.591C,,
and 0.604Cy for the three cases shown in Figure 8, respectively. Therefore, the above two
aspects indicate that the total boundary layer loss coefficient (i.e., viscosity loss) decreases
with increasing f.
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Cp,

Figure 9 shows the time-averaged Cpy contour of Sections C1-C5 and the limiting
streamlines on the LPT-GVs suction surfaces (marked by “SS”) in the cases of f = 0.71,
0.90, and 1.61. In the upper area of LPT-GV channel, the low-momentum fluid migrates
faster radially in the lower f cases (such as f = 0.71) and accumulates on the shroud, which
makes the boundary layer (the yellow blocks TBL in Section C1) on shroud significantly
thicker than that in the higher f cases (such as f = 0.90). The thicker boundary layer on the
shroud is conducive to promoting the pressure surface (PS) branch of the horseshoe vortex
at the leading edge of the LPT-GV to develop into a large-scale passage vortex (PV). As
shown in Section C2, the PV size in the case of f = 0.71 is significantly larger than that in
the case of f = 0.90. However, in the case with higher f (i.e., f = 1.61), the PS branch of the
horseshoe vortex entrains the residual wake vortices near the shroud (as shown by RWV in
Section C1 for the case with f = 1.61) and then develops into a large-scale passage vortex, as
shown in PV in Section C2. Under the radial downward pressure gradient, some of those
passage vortices detach from the shroud and continue to move radially downward along
the suction surface, as shown by PV2 in Section C3-C5. Compared with the lower f cases,
the passage vortex (PV2) has a larger scale in the case of f = 1.61. The sweeping wake can
completely eliminate the flow separation in the middle of the LPT-GV, as shown by the
smooth time-averaged limiting streamline. However, as mentioned above, the separation
bubble recovered after the wake passes has a smaller axial dimension and thickness in
the high f cases (such as f = 1.61), so the time-averaged thickness of the boundary layer is
thinner than that in the lower f cases. Near the hub, with increasing f, the initial boundary
layer becomes thicker and the passage vortices (PV3) seem to become stronger, but there
was not much difference among the passages vortices.
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Figure 9. Cont.
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(c) f=1.61

Figure 9. The Cp( contour of Sections C1-C5 and the limiting streamline on the LPT—-GVs’ suc-
tion surfaces.

Figure 10 compares the pitchwise mass-averaged Cpg in Section B9 for the three typical
cases. In the upper area (h/H = 0.55-1.0), Cpy is almost consistent when f > 0.90, while it
decreases significantly in the lower f cases. This is because the enhanced passage vortices
near the shroud (PV1 in Figure 9) increase the total pressure loss in the corresponding
region for the low f cases (i.e., f = 0.71). As the region of h/H = 0.36-0.55 is dominated
by the detached passage vortex (PV2 in Figure 9), the strongest PV2 in the case of f = 1.61
causes the Cpg of the corresponding area to be the lowest among the three cases. In the
lower region (h/H = 0-0.36), Cpy in the case of f = 0.90 is smaller than that in the other two
cases. Since this region is dominated by the PV3 (as shown in Figure 9) and the separated
flow on the middle section of LPT-GV, the previous conclusion indicates that the intensity
of PV3 is almost the same in all cases, so the change of the loss in this region is primarily
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affected by the flow separation. Compared with the case of f = 0.90, although the separation
bubble size is larger in the case of f = 0.71, its duration is reduced, resulting in the decreased
loss; in contrast, the separation bubble duration increases in the case of f = 1.61, but the
sharp reduction of the separation bubble size also reduces the loss. In general, the most
important influencing factor of sweeping wake on the LPT-GV loss is the passage vortices
(PV1 and PV2) in the upper region, and both the thicker boundary layer on the shroud in
the low f cases and the residual wake vortices around the casing in the high f cases can
enhance PV1 and PV2, which means that there must be a suitable reduced frequency that
can well suppress PV1 and PV2 to minimize the total loss of the LPT-GV.

1
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Figure 10. Pitchwise-averaged Cpg in Section B9.

Figure 11 compares the loss (Y) of the integrated AITD and its parts for the various f
cases. The loss of the AITD, including the wake dissipation and the end-wall boundary
layer loss, first decreases and then increases with increasing f, and its minimum value
appears in the case of f = 1.34. This is because (1) when f < 1.34, the increasing distance
between adjacent wakes weakens the wake interaction with increasing f, which is conducive
to reducing the mixing loss of wakes; (2) when f > 1.34, the enhanced mixing of wake
vortices near the hub is more significant, and causes a substantial increase in the loss of
wake mixing. The loss of LPT-GV, including passage vortices loss, separation bubble loss,
boundary layer viscosity loss, and wake dissipation, is almost the same in all cases, which
means that the loss is less affected by the sweeping frequency of the upstream wake as it is
almost dissipated before entering the LPT-GV due to the long propagation path. However,
it still decreases first and then increases with increasing f, and its minimum value appears
in the case of f = 0.90. This means that the sweeping wake can suppress the passage vortices
in the top area of the LPT-GV channel well in this case, and f = 0.90 is the optimal reduced
frequency to reduce the LPT-GV loss within the scope of this paper. Along with increasing
f, the total loss first decreases and then increases in the integrated AITD and reaches its
minimum value in the case of f = 1.34, which is 2.67% lower than that in the case with the
maximum loss (f = 1.61). In comparison, the LPT-GV loss accounts for more than 80 of the
integrated AID’s total loss, and is the largest loss source.
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Figure 11. Total pressure loss for the all cases.

4. Conclusions

A dynamic simulation was launched to study the influence of HPT rotor wake passing
frequency on the flow mechanism in an integrated AITD. Sweeping rods were adopted
to replace the HPT rotors to isolate the effect of its wake from those of other secondary
flows. Along with increasing reduced frequency, the circumferential motion of the wake
was also accelerated; its influence was multifaceted: (1) coupled with the radial secondary
flow, it enhanced the wake vortex stretching and exhaustion near the hub; (2) it further
increased the radial inclination of the wakes and the spacing between the adjacent wake
vortices, resulting in the delay of wake vortex dissipation in the middle-upper area of the
AITD channel; (3) it elongated and narrowed the wake vortex band (by as much as 40%).
In the high f cases, the accelerated wake diffusion enhanced the turbulence intensity in
the interval between the adjacent wakes, leading to an increase in the range of the high T,
region (up to 10%). The increasing T}, in the interval between the adjacent wakes could
suppress the separation bubble size on the LPT-GV in advance before the wake center
arrived, thereby reducing the separation loss. When the residual wake reached the LPT-GV,
it could fully suppress the separation bubble within the scope of this paper. However,
with increasing f, the narrower wake vortex band reduced the radial range and time of its
suppression effect, which undoubtedly increased the separation loss. Therefore, balancing
the above two effects by adjusting the wake sweeping frequency was the key to reducing
the LPT-GV separation loss. In comparison, the suppression of the wake with different
sweeping frequencies on the separation bubble had little effect on the loss of the LPT-GV,
while the influence on the passage vortices in the top area of the LPT-GV passage was
the decisive factor affecting the change of the loss. At low f, the enriched low-energy
fluids around the casing thickened the boundary layer on the inlet end-wall of the LPT-GV
and enhanced the passage vortices in the upper area; at high f, although there was no
accumulation of low-energy fluid around the casing, a large number of residual wake
vortices near the LPT-GV inlet end-wall could also strengthen the passage vortices in the
upper area. Therefore, there was an optimal f to minimize the total pressure loss caused by
passage vortices.

When f = 1.34, the influence of wake vortex interaction in the upper-middle regions of
the AITD channel and wake vortex dissipation near the hub could be well balanced so that
the loss of the AITD was minimized. For the LPT-GV, f = 0.90 is the optimal f within the
scope of this paper, since the sweeping wakes with this f could minimize the total pressure
loss caused by the passage vortices in the upper channel of the LPT-GV. For the integrated



Appl. Sci. 2022,12,11751 14 0of 15

AITD, the LPT-GV was the largest loss source (accounting for >80%), but the trend of its
total pressure loss was basically consistent with that of the AITD, which also reached a
minimum when f = 1.34.
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Nomenclature
AR: outlet-to-inlet area ratio LP: low pressure
AITD: aggressive interturbine transition duct LPT: low-pressure turbine
C,: resistance coefficient of the sweeping rod LPT-GV: low-pressure turbine-guide vane

Cpo = (P0 = Psyref) / (Pocet — Psyef): total pressure coefficient  Rpyp: radius of hub at the ITD inlet
Cps = (Ps — Psref) / (Poret — Psret): static pressure coefficient  Ryp: radius of casing at the ITD inlet

Coos = (Vxx + vyy +vow,) H/ (ue- V ViHvi V%): ref: reference plane (Plane BO)

streamwise vorticity coefficient

Cy: axial chord s: pitch of the LPT-GV at midspan

d: diameter of the sweeping rod sp: the sweeping rod spacing at midspan

d/s: nondimensional diameter of the sweeping rod T: the time of a full cycle sweeping wake

f: reduced frequency T,: turbulence intensity

fupr: passing frequency of the HPT rotor u,: mass-averaged exit velocity

FSTI: free stream turbulence intensity w: width of the wake

h: height relative to hub w/s: nondimensional width of the wake

H: annulus height of the ITD inlet Y: total pressure loss

Hjy: shape factor yT: nondimensional thickness of the first grid on wall
HP: high pressure Z: cosecant of the relative flow angle at the HPT outlet
HPT: high-pressure turbine 0: mean rise angle/momentum thickness

ITD: interturbine transition duct Be: the exit flow angle

L: axial length of the ITD ¢ =20/(s-cos(Be)): loss coefficient

L/H: nondimensional axial length of the ITD At: the minimum physical time step
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