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Abstract: In this study, we numerically investigated the effects of design parameters, such as the strut
geometry or diffusion angle, on the performance of an industrial turbine exhaust diffuser. Turbine
exhaust diffusers are commonly used to change the kinetic energy of exhaust gases from the outlet of
turbine stages into the static pressure. The turbine exhaust diffuser investigated in this work consisted
of an annular diffuser with five identical struts equally spaced around the front circumference and
a conical diffuser with a hub extension at the rear. Four design parameters were considered and
several values for each parameter were tested in this study. The aerodynamic performances of the
studied diffusers were evaluated according to their pressure recovery coefficients and rates of total
pressure loss. Contours for the velocity, pressure, and entropy increase were plotted and compared
for the various diffuser shapes. The numerical results showed that the strut thickness and the axially
swept angle of the strut significantly influence the aerodynamic performance of the turbine exhaust

check for diffuser, whereas the strut lean angle and the diffuser hade angle are less important.
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enl4165171 The purpose of exhaust diffusers on industrial gas turbines is to convert the kinetic

energy of exhaust gas exiting the turbine outlet into static pressure. Since the conditions at
the outlet are usually just the atmospheric conditions, pressure recovery causes a reduction
in turbine outlet pressure, which increases the efficiency and output of the gas turbine.
Exhaust diffusers in large-scale gas turbines are generally axial or annular types, while
those used in small gas turbines or gas turbines for offshore plants tend to be radial or
quadrilateral types. One of the important features of gas turbine diffusers is the presence
of a structure called a strut in the flow path. Struts are necessary for structural reasons,
such as for supporting the rotor bearings of gas turbines or for installing pipe systems.
published maps and institutional affil- Previously, a wide range of studies have been conducted to improve the performance
{ations. of turbine diffusers, that is, to convert the kinetic energy of the flow at the turbine outlet

into pressure energy while minimizing losses. Previous research can be classified into

studies that focus on diffuser or strut shape changes and studies that focus on diffuser inlet
flow control.

Ubertini et al. [1] experimentally investigated how the presence of struts affects
annular diffuser performance. It was shown that using struts reduces the cross-sectional
area, allowing the flow to diffuse more. Struts, however, generated greater diffusion losses,
resulting in a drop in system efficiency. Vassiliev et al. [2] tested the effect of two-stage
conditions of the Creative Commons  Struts on gas turbine diffuser performance when an inlet guide vane was installed between
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by the inlet swirl flow. Based on these results, Vassiliev et al. [3] sought to design a diffuser
strut suitable for improved gas turbine operating conditions. The operating conditions
were changed by upgrading the existing gas turbine. The existing diffuser suffered from
high total pressure loss under the new operating conditions. To tackle this problem, the
struts were redesigned using optimization techniques to make them more suitable for the
flow characteristics of the new operating conditions.

Sieker et al. [4] investigated the effects of turbine blade wake on flow separation and
pressure recovery. Kluf$ et al. [5] confirmed the effects of interactions between the wake and
secondary flow on turbine diffuser performance through an unsteady numerical simulation.
Pradeep et al. [6] attempted to improve the performance of the diffuser by changing the
strut profile and changing the diffuser shroud face design.

Babu et al. [7] evaluated the improvement in the aerodynamic performance of a
turbine exhaust diffuser after adding an elliptical hub extension to the rear of the hub.
Hirschmann et al. [8] attempted to improve the performance by combining two different
types of diffusers with two cylindrical hub extensions of different lengths. They conducted
a computational analysis for all four cases to verify the effects. Schaefer et al. [9] derived
the optimal strut shape for existing gas turbine diffusers and the optimal shroud shape for
the duct through a multi-purpose optimization method. They compared their results with
existing models through computer analysis.

Vassiliev et al. [10] confirmed that inlet flow conditions, such as the Mach number,
total pressure distribution, flow angle, and turbulence intensity have a great influence
on the internal flow through the diffuser by using computational analysis, league tests,
and measurements taken from a real-world engine. Hirschmann et al. [11] confirmed
the effect of the total pressure distribution at the inlet of the diffuser on gas turbine
diffuser performance through both experimental and computational analysis. The velocity
distribution at the diffuser’s longitudinal section was confirmed by creating a setup with
a uniform total pressure distribution at the diffuser inlet, a setup with a total pressure
distribution that was stronger at the hub, and a setup with a total pressure distribution that
was stronger at the tip. Dobhal et al. [12] investigated the improvement in turbine diffuser
performance that comes from modifying the diffuser shape in terms of the strut back angle,
hub surface extension, and reduction in duct length.

Xu et al. [13] investigated the influence of the inlet flow conditions on the exhaust
diffusers of steam turbines using computational fluid dynamics (CFD). The two exhaust
diffusers investigated in their study had different area ratios and axial lengths. The
numerical results showed that inlet flow produced sufficiently high velocity jets due to
tip leakage flow from the last stage rotor, which was found to play a role in avoiding
flow separation near the diffuser casing. Schaefer et al. [14] investigated the effects of
inhomogeneous inlet flow on gas turbine diffusers through experiments and computational
analysis. Three inlet flows with different inlet blockage factors were set up to analyze the
flow field inside the diffuser and their effect on the pressure recovery coefficient. Vassiliev
et al. [15] investigated the flow characteristics of a turbine exhaust diffuser with two-stage
struts and modifications at the off-design conditions. Radial splitters were installed at the
first-row struts or at the second-row struts while the central body was removed. Neither
modification was found to be effective in reducing the loss at the design point, but a slight
reduction in pressure loss was achieved with the radial splitter modification at the strong
off-design point relative to the original design.

Rasouli et al. [16] conducted experiments and computational analysis on four types
of hub extension: cone, ellipsoid, hollow cylinder, and cylinder extensions. The diffuser
with the hollow cylinder hub extension achieved the best performance. Xue et al. [17]
investigated turbine exhaust diffuser/collectors with three different types of diffuser strut:
no strut, profiled strut, and cylindrical strut; these were tested while changing the inlet
swirl angle. The experiments showed that the diffuser/collector system with the profile
strut was best over a broad range of inlet swirl angles. Siorek et al. [18] numerically studied
the performance of gas turbine exhaust diffuser-collectors at off-design conditions. The
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strut stagger angle as well as the inlet swirl angle were changed to evaluate their effect
on diffuser performance. Mihailowitsch et al. [19] numerically investigated interactions
between the last stage of a turbine with a shrouded rotor and the subsequent diffuser at
part-load, design-load, and over-load conditions. Three different seal gap widths were also
considered to control leakage flow. The results showed that the optimum gap width was
operating point-dependent in terms of the efficiency of the whole system, but the turbine’s
best performance occurred when the rotor had the minimum gap width. Three operating
conditions: part-load, design-load, and over-load, were also investigated experimentally
and numerically by Bauer et al. [20].

The previous studies discussed above tend to focus on the inflow conditions, especially
the wake or swirl angle of the working fluid; however, few studies have investigated the
effects of strut geometry. Strut geometry should be considered in view of the aerodynamics
because struts interfere with the flow of the combustion gas in the diffuser, and the pressure
recovery of the gas can decrease. The amount of pressure recovery is determined by not
only the diffusion angle, but also the strut geometry. The research objectives of this study
were to find the correlation between the strut and diffuser geometry and the pressure
recovery and pressure loss of combustion gas by using computational fluid dynamics
(CFD). Four design parameters related to the strut design or diffusion angle of the turbine
exhaust diffuser for a H-class gas turbine were considered. The turbine exhaust diffusers
we investigated included an annular diffuser with five simple struts, a manifold section
with a hub extension, and a conical diffuser. The predicted design condition at the last-
stage rotor outlet as well as ideal gas mixtures, including carbon dioxide and steam were
considered in our real-scale computations, while off-design conditions were not considered
in this study:.

The turbine exhaust diffuser geometry and four design parameters are introduced
in Section 2. Section 3 describes the numerical methodology including the computational
domain, mesh generation, boundary conditions, and numerical validation. The influence
of each design parameter on the aerodynamic performance is investigated in Section 4.
Section 5 concludes the present study.

2. Geometry of Turbine Exhaust Diffuser

The reference turbine exhaust diffuser we considered is designed for H-class gas
turbines with a generating capacity of 200 MW. The exhaust diffuser was designed to avoid
structural problems while trying to achieve the best aerothermal properties. Also, it was
designed as simply as possible to make it easy to install various facilities and pipes for
driving the gas turbine.

The reference turbine exhaust diffuser is an annular diffuser with five struts upstream,
a cylindrical manifold section with a hub extension in the middle and a conical diffuser, as
shown in Figure 1. The struts are arranged at 72° intervals, their leading edges have an
elliptical shape while the trailing edge is rectangular. The struts have a lean angle of 0°,
an attack angle of 0°, and an axially swept angle of 80°. In the annular diffuser domain,
diffusion due to increasing cross-sectional area occurs twice; the primary diffusion angle
was set to 19° while the secondary diffusion angle was set to 12°. The hub extension in
the manifold section has a hollow cylinder shape in which the hub of the annular diffuser
domain is extended. The diffusion angle of the conical diffuser was fixed at 5° and the total
axial length was also fixed.

Several strut design parameters (thickness, lean angle, axially swept angle) and the
diffusion angle of the annular diffuser play an important role in determining the perfor-
mance of the turbine exhaust diffuser. As such, the aforementioned four design parameters,
which are shown in Figure 2, were chosen to investigate how the aerodynamic performance
changed according to each of the design factors using CFD. The design target in this study
was to achieve a pressure recovery coefficient of 0.75 or more with a rate of total pressure
loss of 4% or less.
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Figure 1. The schematic of the reference turbine exhaust diffuser.

(c) Strut swept angle (d) Diffuser hade angle

Figure 2. Four design parameters that were varied in the industrial turbine exhaust diffuser.

3. Computational Method
3.1. Computational Domain and Mesh Generation

To reduce the computational time, only one-fifth of the circular passage containing
one strut was considered as the computational domain to reduce the total number of
points in the mesh. The hexahedral mesh of the annular diffuser domain, as shown in
Figure 3, was created using commercial software called ANSYS Turbogrid V16.2. The
hexahedral mesh of the manifold section and the conical diffuser domain, as shown in
Figure 4, was generated by ANSYS ICEM-CFD V16.2. The two domains have 1.46 million
and 3.32 million grid points, respectively, and the number of points in each mesh was
determined by grid independency tests, which are discussed in Section 3.4. In order to
improve calculation accuracy for boundary layer flow, the meshes were denser near the
wall so that y+, the dimensionless distance from the wall to the first node, was 2 or less in
all regions.
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(a) (b)

Figure 3. Mesh structure for the annular diffuser domain: (a) external, (b) hub and strut.

Figure 4. Mesh structure for the manifold section and conical diffuser domain.

3.2. Boundary Conditions

To predict the aerodynamic performance of the turbine exhaust diffuser, the 3D steady
Reynolds-averaged Navier—Stokes equations were solved using ANSYS CEX V16.2. The
total pressure, total temperature, flow angle, turbulent kinetic energy, and turbulent eddy
frequency distribution according to the span predicted downstream of the last turbine
stage were given as the inlet boundary conditions. Figure 5 shows the graph of the inlet
boundary conditions. The design mass flow rate of the industrial gas turbine was used
as the outlet boundary condition. The boundaries, that is, the wall surfaces of structures
like the strut, hub and shroud, were assumed to have no slip, smooth walls and to be
adiabatic. The working fluid was set to an ideal gas mixture including argon, carbon
dioxide, steam, oxygen, and nitrogen; each gas in the mixture satisfied the ideal gas
equation. The specific heat capacity and dynamic viscosity of each gas were set to the
NASA format and Sutherland’s formula [21], respectively. The mass fractions of each gas
component predicted downstream of the last turbine stage are listed in Table 1. The k — w
SST (shear stress transport) turbulence model, which is widely used for turbomachinery
applications [22-26], was used as the turbulence model. The domain interface used between
the outlet of the annular diffuser and the inlet of the manifold section followed the frozen
rotor method because the shape of the two interface surfaces were not exactly the same. If
the domain interface is set to none in this situation, the ANSYS CFX-Solver will recognize
the non-adjacent parts as a wall. The convergence of the steady-state simulations was
set to 1 x 10~ for the root mean square residuals of all the governing equations. The
mass, momentum, energy and turbulence equations were treated with a high-resolution
advection scheme.
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Figure 5. Inlet boundary conditions.

Table 1. Mass fractions of each gas component in the combustion gas mixture.

Gas Component Argon CO, H,0 (o)) N,
Mass fraction 0.01249 0.06364 0.05658 0.13251 0.73478
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3.3. Performance Evaluation

The pressure recovery coefficient (Cp) and the rate of total pressure loss (Cp; joss) Were
used to evaluate the performance of the turbine diffuser, the definition of each is as follows.

Ps,out — Ps,in
C, = boout = Poin 1
P Ptin — Ps,in ( )
Cpt,loss = M % 100 [%] 2)
pt,m

In the equations, p; ;, and p;ou+ are the mass flow averaged total pressure at the inlet
and outlet, respectively, while p; ;, and p; o+ are the mass flow averaged static pressure
at the inlet and outlet, respectively. For a detailed analysis of the internal flow field
through the turbine exhaust diffuser, several cross-sectional planes were used to show
the distribution of the Cp and Cp; ;s Or calculate the mass-averaged C, and Cp; joss- The
axial distance of the cross-sectional planes, expressed by x, was normalized according to
the length of the annular diffuser, L. In addition, two internal longitudinal sections were
also used to evaluate the velocity distribution. Plane 1 was designated to pass through
the center of the strut, while plane 2 was designated between two of the struts. The angle
between the two planes was set to 30°.

3.4. Grid Independency and Turbulence Model Test

The number of points in the mesh of the annular diffuser domain with the reference
strut as well as the manifold section and conical diffuser domain were determined by
the grid independency tests, the results of which are shown in Table 2. The k — w SST
turbulence model was used for these tests. The mass-averaged static pressure at the outlet
were compared for different size meshes, and its value was found to increase as the number
of points in the mesh increased. The relative error of the result for the very fine mesh
to the result for the fine mesh was insignificant. Therefore, a fine mesh was chosen for
the computational grids in this study as it had the best balance between accuracy and
computational cost.

Table 2. Grid independency tests.

Mass-Averaged

Total Number of Mesh Static Pressure [Pa] Relative Error [%]
Very coarse 612,828 103,140 —0.164
Coarse 1,587,128 103,199 —0.106
Moderate 2,699,986 103,250 —0.057
Fine 4,774,610 103,294 —0.015
Very fine 6,063,871 103,309 -

The turbulence model test with the fine mesh selected from the grid independency
tests was conducted using standard k — €, standard k — w, and k — w SST models to
determine the turbulence closure. In order to compare the experimental results with the
numerical results, the mass-averaged C, was plotted over the normalized distance of the
cross-sectional planes, as shown in Figure 6. When the standard k — e turbulence model
was applied, the mass-averaged C, was overpredicted compared to the experiment for
the whole section. The standard k — w turbulence model, on the other hand, generally
underestimated the mass-averaged C,. The k — w SST was found to be the most accurate
turbulence model so this was applied in the simulations in this study.
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Figure 6. C), plot for the turbulence model test.

4. Parametric Study
4.1. Strut Thickness

Figure 7 shows the shape of the reference strut and the five derived struts. The shape
chosen for the strut leading edge was half an ellipse. The major axis of the elliptical leading
edge of the reference strut is over three times longer than the minor axis, and the strut
thickness is maintained when we move behind the minor axis of the half ellipse. The
trailing edge thickness of the strut in the reference strut gradually decreases in a taper as
we move backwards, but the trailing edges of the five derived struts have no taper and are
rectangular. The strut thickness of the Case_T1 strut is the same as the reference strut, while
each of the other derived struts shows a consecutive increase of 13% over the previous case.
Other design parameters, such as the major axis of the strut leading edge are the same as
the reference strut. Details of the strut geometries are shown in Table 3.

Major axis 4

N
=~
Minor axis \\\
—/—_‘//
2

Reference Case_T1 Case_T2 Case T3 Case_T4 Case_T5

Figure 7. Schematic of the reference and derived struts with varying thicknesses.

Table 3. Geometric information for the reference and derived struts with varying thicknesses.

Major Axis Length Minor Axis Length

Strut of Strut LE of Strut LE Strut Thickness
Reference 3.183 1 1— 05
Case_T1 3.183 1 1
Case_T2 3.183 1.1305 1.1305
Case_T3 3.183 1.2610 1.2610
Case_T4 3.183 1.3915 1.3915
Case_T5 3.183 1.5220 1.5220

The mass-averaged C and Cp 1455 plots when using struts with varying thicknesses
over the normalized distance of the cross-sectional planes are illustrated in Figures 8 and 9,
respectively. The plots in Figure 8 indicate that approximately 70% of the pressure recovery
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was achieved in the annular diffuser. For the reference, Case_T1 and Case_T?2 struts, the
value of C, at the conical diffuser outlet was found to be lower than the design target of
0.75; in contrast, the Case_T3 and Case_T4 struts satisfied the design target, with a C,
increase of 3.5% compared to the reference. In addition, it can be seen from Figure 9 that
approximately 30% of the total pressure loss was generated in the annular diffuser. All
struts met the design target of 4% for Cpy 55, While Cpy 155 at the conical diffuser outlet
increased as the strut thickness increased from the reference to Case_T2, but Case_T3
and Case_T4 did not follow this tendency and showed a decrease in Cpy joss- The Cpy joss
of Case_T3 measured at the conical diffuser outlet was the lowest, decreasing by 8.9%
compared to the reference.

0.80 -
0.75

0.70
0.65 -

]
]
L
|
]
]
]
1
]
0.60 - :

0.55
0.50 -

0.45
= 040 -
0.35

0.30

0.25

0.20 —Reference
——Case_T1
0:43 9 ——Case_T2
0.10 ——Case_T3
0.05 ——Case_T4
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0.00 T T T T
0.0 10 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0
x/L

Figure 8. C) plot for the derived struts with varying thicknesses.
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0.5 4

0.0 1 ! ! ! } ! ! }
0.0 1.0 20 3.0 40 5.0 6.0 7.0 8.0 90 100 110
x/L

Figure 9. Cp; 155 plot for the derived struts with varying thicknesses.

The velocity contours from the two longitudinal sections are shown in Figure 10;
these were used to evaluate changes in the flow field at the annular diffuser with changes
in strut thickness. It was confirmed that a recirculation zone exists at the center of the
manifold section due to rapid expansion. The low-speed region shown in Plane 1 is caused
by the wake generated at the strut trailing edge, and becomes wider as the strut thickness
increases. This is one of the factors that degrades the performance of the turbine exhaust
diffuser. It can be seen that the recirculation zone shown in Plane 2, which originates
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from the hub at a dimensionless distance of 0.4, gradually decreases as the strut thickness
increases. This occurs after a dimensionless distance of 1.0 is reached in the Case_T4 and
Case_T5 struts. As the strut thickness increases, the strut passage decreases, resulting in
an increase in the velocity of the fluid passing between the struts. This is thought to play
a role in delaying the emergence of a recirculation zone downstream, and is one of the
factors that increases the performance of the turbine diffuser. Taking into account the two
effects that strut thickness has on aerodynamic performance, the Case_T3 strut showed
the best performance. This is because the performance enhancement due to the velocity
increase between the struts has a greater effect than the performance degradation caused
by the decrease in velocity behind the struts.

Plane 1 Plane 2
Velocity [m/s]
[ cum— ]
% D% %% %% % % % %

x/L=1.0 2.0 3.0 x/L=1.0 2.0 3.0
(a) Reference

x/L=1.0 2.0 3.0 x/L=1.0 2.0 3.0

(b) Case_T1

x/L=1.0 2.0 3.0 x/L
(c) Case_T2

x/L=1.0 2.0 3.0 x/L=1.0 2.0 3.0

(d) Case_T3

x/L=1.0 2.0 3.0
(e) Case_T4

x/L=1.0 2.0 3.0

(f) Case_T5

Figure 10. Velocity contours at planes 1 and 2 for the derived struts of varying thicknesses.
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The Cp 1055 contours at two cross-sectional planes, at normalized distances of 0.4 and
1.0, streamlines and vortex structures inside the annular diffuser are shown in Figure 11.
The swirl flow at the inlet of the annular diffuser rotates counterclockwise on the basis
of the rotating axis, and it was confirmed that horseshoe vortices are generated by the
characteristics of this swirl flow. The horseshoe vortex near the strut hub was found to be
on the left side of the strut from the front view, the horseshoe vortex near the shroud is to
the right. The total pressure loss identified in region @ shown in Figure 11, appears to be
caused by the horseshoe vortex generated near the shroud. The total pressure loss due
to flow separation in region () can be explained in connection to the velocity contours in
Plane 2 that are shown in Figure 10. For the Case_T5 strut, in contrast to other struts, the
total pressure loss due to backflow was additionally generated in region (©), as shown in
Figure 11f. It is thought that the performance degradation due to the velocity decrease
behind the struts would be greater than the performance enhancement based on the velocity
increase between the struts.

Cpt,loss (%)
11.0

10.0
9.0
8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

gl

(e) Case_T4

Figure 11. Cp; 555 contours at x/L = 0.4 & 1.0 for the derived struts of varying thicknesses.
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4.2. Strut Lean Angle

The strut lean angle of the reference strut is 0° and the derived struts that lean in the
clockwise direction when looking from the inlet are denoted by the lean angle plus (LAP),
while the derived struts that lean in the counterclockwise direction are denoted by the
lean angle minus (LAM). Lean angles of 15° and 30° were used for both LAP and LAM
struts, resulting in a total of four derived struts with varying lean angles. Other design
parameters were the same as the reference strut. Illustrations of the four derived struts are
shown in Figure 12, while the strut name and the geometric information for each derived
strut are shown in Table 4.

(a) Case_LAP15

. _ -

/

(c) Case_LAM15 (d) Case_LAM30

Figure 12. Schematics of the derived struts with varying lean angles.

Table 4. Lean angles of the reference and derived struts.

Strut Reference Case_LAP15 Case_LAP30 Case_LAM15 Case_LAM30
Lean angle 0° +15° +30° —15° —30°
of strut

Figures 13 and 14 show the mass-averaged Cp and Cp; joss OVer the normalized distance
of the cross-sectional planes for the struts with various lean angles, respectively. These
plots confirm that pressure recovery generally increases as the strut leans in the counter-
clockwise direction. However, for all the struts, C, at the conical diffuser outlet was less
than the design target of 0.75, including the reference strut. In addition, the Cp; joss at the
conical diffuser outlet was found to be less than the design target of 4% for all derived
struts except for the LAP30 strut. However, the reference strut had the lowest value for
Chpt 1oss at the conical diffuser outlet, as such it can be concluded that it is difficult to improve
aerodynamic performance by changing the strut lean angle.
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Figure 14. Cp; ;455 plot for the derived struts with varying lean angles.

In Figure 15, the Cp; 1055 contours from the point of view of two cross-sectional planes
at normalized distances of 0.4 and 1.0, streamlines and vortex structures inside the annular
diffuser are shown. The positions of the horseshoe vortex structures near the hub and
shroud both are similar to those seen for the derived struts with varying thicknesses. This
is because the swirl flow at the annular diffuser inlet is fixed. For the LAM struts, the
high total pressure loss region near the hub (@) due to flow separation is similar to that
seen with the reference, and the magnitude of the total pressure loss increases when the
counter-clockwise lean angle increases. However, for the LAP struts, the high total pressure
loss region is more widely spread. The magnitude of the total pressure loss also increases
as the clockwise lean angle increases. Additional high total pressure loss regions ® and ©
appear due to the axially reversed flow.

To evaluate the changes in the flow field according to the struts’ lean angles, C,
contours at a cross-sectional plane with a normalized distance of 1.0, and Chpt,loss contours
at a cross-sectional plane with a normalized distance of 5.0 are shown in Figure 16. It can
be seen that there is a high C, region near the shroud while there is a low C,, region near
the hub surface, indicating that pressure recovery occurs mostly around the shroud. The
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low C, region near the hub of the LAP struts is smaller than for the LAM struts, which is
why the Cp difference between the LAP struts and the LAM struts is large. In addition,
high Cp; jpss 0ccurs at the center for all struts, indicating that the total pressure loss comes
mostly from the center due to recirculation flow. The low C,; joss region near the shroud of
the LAP struts is larger than it is for the LAM struts, which is why the C; 155 difference
between the LAP struts and the LAM struts is so large.

Cpt,lass (%)
1.0

10.0
9.0
8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

(d) Case_LAP15 (e) Case_LAP30

Figure 15. Cp; o5 contours at x/L = 0.4 & 1.0 for the derived struts with varying lean angles.



Energies 2021, 14, 5171

15 of 25

Cpatx/L=1.0 Cptloss at x/L =5.0
Cp cpt,lass (%)
0.80 6.50
0.77 5.96
0.73 ;
0.70 g
0.67 :
. 1063 X
Case_LAM30 oo :
0.57 ;
0.53 !
0.50 .
047 ?
0.43 ]

0.40

Case_LAM15

Reference

Case_LAP15

Case_LAP30

Figure 16. Cp contours at x/L = 1.0 and Cp; joss contours at x/L = 5.0 for the derived struts with
varying lean angles.

4.3. Strut Swept Angle

The angle between the rotation axis and the leading edge, or the trailing edge, of
the strut is called the “axially swept angle of the strut” or simply the “strut swept angle”.
The strut swept angle of the reference strut is 80°. The reference and derived struts with
varying strut swept angles are labeled using the prefix ASA (the acronym for axially swept
angle) followed by the value of the angle. The shapes of the derived struts are shown
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in Figure 17, the strut name and shape information for each derived strut are shown in
Table 5. Other design parameters are the same as the reference strut.

[ 0,=70° 0, = 75°

(a) Case_ASA70 (b) Case_ASA75

6, = 80°

(c) Case_ASAS80 (Ref.)

GS = 85° 63 = 90°
. A m—
(d) Case_ASA85 (e) Case_ASA90

Figure 17. Schematics of the derived struts with varying swept angles.

Table 5. Geometry information for the reference and derived struts with varying swept angles.

Strut Case ASA70 Case ASA75 Cas(eﬁ;s)Aso Case ASA85 Case ASA90
Swept angle 70° 75° 80° 85° 90°
of strut

The mass-averaged Cp and Cpy 055 plots over the normalized distance of the cross-sectional
planes for the struts with varying swept angles are illustrated in Figures 18 and 19, respectively.
Figure 18 shows that pressure recovery increases as the strut swept angle becomes smaller.
ASA70 and ASA75 satisfy the C, design target of 0.75 or over, while the C, of the ASA70
strut, which is higher than any other strut, increases by 2.9% compared to the reference
strut. In addition, all struts except for ASA90 meet the design target of 4%, while the Cpy s
at the conical diffuser outlet increases as the strut swept angle becomes larger, as shown in
Figure 19. The strut with the lowest Cp; ;555 is ASA70, with a decrease of 7.8% compared to
the reference.

The contours viewed from two cross-sectional planes at normalized distances of 0.3 and
0.8, streamlines and vortex structures inside the annular diffuser are shown in Figure 20. The
horseshoe vortex structures seen near the hub and shroud are similar to those seen with the
derived struts with varying thicknesses and lean angles. The size of the horseshoe vortex
decreases as the strut swept angle becomes smaller. The total pressure loss identified in
region @ shown in Figure 20 is related to the horseshoe vortex generated near the shroud.
Hence, it can be concluded that the high Cp; ;455 region is reduced as the strut swept angle
gets smaller.
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Figure 18. C;, plot for the derived struts with varying swept angles.
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Figure 19. Cp; jo55 plot for the derived struts with varying swept angles.
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Figure 20. Cp; ;555 contours at x/L = 0.3 & 0.8 for the derived struts with varying swept angles.

4.4. Diffuser Hade Angle

Diffusion in the annular diffuser is able to occur due to increases in the cross-sectional
area that occur according to the hade angle of the diffuser. The reference diffuser had two
sections with different hade angles, as shown in Figure 2d. The first diffuser hade angle
(6y1) of the reference diffuser was 19°, and this remained fixed throughout this study, the
second (01) was 12°. The reference and derived diffusers are denoted by the prefix for the
diffuser hade angle (DHA) followed by the value of their second hade angle. The shapes
of each derived diffuser are shown in Figure 21, and the diffuser names and the shape
information for all the derived diffusers are shown in Table 6. The other design parameters
are the same as the reference diffuser.
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e ;;id
0, = 8° Op, = 10°

(a) Case_DHAO08 (b) Case_DHA10

(c) Case_DHA12 (Ref.)

ﬂz = g4 ”onz = 16°

(d) Case_DHA14 (e) Case_DHA16

Figure 21. Schematics of the derived diffusers with varying hade angles.

Table 6. Geometry information of the reference and derived diffusers with varying hade angles.

Model Case DHAO8 Case DHA10 Casfﬁ]:f})mu Case DHA14 Case DHA16
Hade angle 8° 10° 12° 14° 16°

The mass-averaged C, and Cyp; joss plots over the normalized distance of the cross-sectional
planes for the diffusers with varying hade angles are illustrated in Figures 22 and 23, respec-
tively. The C, and Cpy s calculated at the conical diffuser outlet were expected to change
as the diffuser hade angle changed, however, the results did not show much difference
between the diffusers because of the flow characteristics at the diffuser inlet, as shown in
Figure 5, combined with the existence of the struts. All models met the C;, design target
of 0.75 or more, but the differences between the diffusers were small compared to the
changes seen when the other design parameters were varied. The Cp; ;555 value for all of the
derived diffusers was lower than the design target of 4%, but the gap between the models
was small.

To evaluate the change in the flow field according to changes in the diffuser hade
angle, the Cp 1055 contours at a cross-sectional plane with a normalized distance of 1.0, 5.0,
and 8.5 are shown in Figure 24. We can see a high Cp; jss region near the hub of the annular
diffuser at the x /L = 1.0 plane and the center of the conical diffuser at the x/L = 5.0 plane.
For the DHAO8 model, the high Cp; j,ss region at the x/L = 1.0 plane is the smallest while
the contour patterns of the other diffusers are mostly similar. This trend can also be seen
at the x/L = 5.0 plane. The Cp; jo5s contour patterns, however, are similar for all diffusers
as the pressure recovery due to diffusion proceeds. For the DHA10 model, there remains
a high Cp; 1055 region at the x/L = 8.5 plane due to the extension of the high C, 1555 flow
from the strut. Figure 25 shows the Cp 55 contours at Plane 1 with the velocity contours
at the x/L = 1.0, 5.0, and 8.5 planes. As shown in the dashed line circle, there exists
the high C; ;455 flow from the strut which has the low momentum. The flow influences
the high Cp; joss flow in the hub region afterwards, and has the greatest influence in the
DHAT10 strut.
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Figure 22. C;, plot for the derived diffusers with varying hade angles.
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Figure 23. Cp; ;55 plot for the derived diffusers with varying hade angles.

T

9.0

T T

10.0 11.0

1 1

1
]
1

1 4 =
1
- |
1
]

7 1
]
1
]

o 1
]
! 4.0

| H 3.9
| 3.8
1
: 3.7 /
i 36 /
1
: 3.5

, 10.0 11.0
1
| Case_DHAO8

1 H ——Case_DHA10
H ——Case_DHA12(Ref.)

1 i —Case_DHA14
: ——Case_DHA16

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0
x/L



Energies 2021, 14, 5171 21 of 25

Case_DHAO08

Case_DHA10

Case_DHA12
(Ref.)

Case_DHA14

Case_DHA16

Figure 24. C 155 contours at x/L = 1.0, 5.0 and 8.5 for the derived diffusers with varying hade angles.

4.5. Evaluation of the Influence of Geometric Parameters

The effect of changes to the geometric parameters on pressure recovery and the total
pressure loss of the turbine exhaust diffuser are plotted on the graphs in Figures 26 and 27,
respectively. The mass-averaged Cp and Cp 1055 calculated at the conical diffuser outlet for
all derived models were normalized in relation to the reference model. Changes in the strut
thickness and strut swept angle were found to have a large influence on Cp, and Cpy joss,
whereas the diffuser hade angle only had only a very slight influence. Moreover, applying
a strut lean angle affected both C, and Cp joss negatively. In summary, it is possible to
enhance the aerodynamic performance of turbine exhaust diffusers by designing struts
with the optimum thickness and swept angle.
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Figure 25. Cp; 555 contours at Plane 1 with velocity contours at x/L = 1.0, 5.0 and 8.5 for the derived
struts of varying diffuser hade angles.
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Figure 26. Comparison of normalized C, with respect to the reference.
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Figure 27. Comparison of normalized C; joss With respect to the reference.

5. Conclusions

Numerical simulations of turbine exhaust diffusers for H-class gas turbines were con-

ducted to investigate the effect of geometric variations on their aerodynamic performance
at the design point. The design targets for the turbine exhaust diffusers were a C;, of 0.75
or more and a Cp; joss 0f 4% or less. The strut thickness, strut lean angle, strut swept angle,
and diffuser hade angle were selected as the parameters varied in this study.

When varying strut thickness, there is a conflict between the performance enhance-
ment gained by increasing the axial velocity between the struts and the performance
degradation caused by the wake generated at the strut trailing edge. We expect that
there is an optimal strut thickness that gives the maximum C, and minimum C; oss-
In the present study, the Case_T4 strut, which was 1.4 times thicker than the reference
strut, produced an increase of 3.5% in C, and a decrease of 8.9% in Cp; j,s; compared
to the reference.

Applying a lean angle to the struts was shown to have a negative effect on aerodynamic
performance in terms of both the pressure recovery and the total pressure loss.
When the strut swept angle was increased, the total pressure loss due to horseshoe
vortexes generated at the strut leading edge near the casing and the total pressure loss
due to separation at the annular diffuser hub both increased. In the present study, the
Case_ASA70 strut, which had a strut swept angle of 70° provided an increase of 2.9%
in Cp and a decrease of 7.8% in Cp; oss compared to the reference.

When the diffuser hade angle was varied, no definite effects on performance were
found, and the Cp, and Cp; 155 at the conical diffuser remained much the same.

Based on the current study, it was found that the design parameters of the strut

thickness and the strut swept angle for turbine exhaust diffusers play an important role
in increasing Cp, and decreasing Cp; jo55- Therefore, an optimization procedure is required
using the current data to find the optimal strut geometry for improving the pressure
recovery and reducing the pressure loss throughout the turbine exhaust diffuser.
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